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SHELL MICROCAPSULES OF SOLID LIPID NANOPARTICLES AND MESOPOROUS SILICA FOR

General Introduction

Since the first discovery of mesoporous silica materials in 1992, a lot of efforts have been addressed by scientists for applications of these materials in various fields. Due to their large surface area, pore size as well as well ordered pore network, mesoporous silica materials have shown their potential in applications, including catalysts, drug delivery system, chemical sensors, and so on. Moreover, since the surface functionalization, the control of pore size and the morphology modification could be easily achieved compared to other materials such as zeolite, the synthesis and the tailoring of these materials have been largely investigated within the past decades.

In biomedicine domain, mesoporous silica materials have gained much recent attention, due to their unique properties such as uniform pore network, but especially due to significant biocompatibility. Moreover, because of the ease of their functionalization, mesoporous silica materials have been considered as well-suited theranostic platform for drug delivery system.

The bioavailability of hydrophobic drug molecules that exhibit an extremely low solubility and tend to be aggregated in physiological condition could be enhanced in mesopores. This results in reducing the size and the crystallinity of drug that would help the solubility.

It is also possible to design mesoporous silica materials with the stimuli-responsiveness for smart drug delivery system. The goal of designing stimuli-responsive drug delivery system is to control the release rate of drug, especially to prevent the burst release of drug before reaching the target and to control the release rate of drug. Among various methods, pore gate sealing, covalent or ionic bond between drug and functionalized mesopore surface have been mainly applied depending on different stimulus such as pH, redox, temperature or magnetic filed. Moreover, it should be noted that stimuli-responsive system with "zero-release' before targeting is especially important for cancer treatment, in which the drug might induce serious side effects to normal tissue. However, despite of some exciting results for well-designed smart drug delivery system with controlled drug release upon different stimulus and enhanced bioavailability, one needs to optimize the synthesis of drug delivery system based on mesoporous silica materials that should also meet the criteria (i.e. biocompatibility) in order to better target the specific needs like cancer treatment.

To achieve this aim, in this thesis, we focus on designing mesoporous silica materials that respond to two stimuli systems, pH and magnetic fields. A model hydrophobic anticancer drug molecule, curcumin is used to validate newly designed mesoporous silica materials. To do so, first, a novel strategy that consists in using solid lipid nanoparticles (SLN) as template for meso-macroporous silica has been applied in various domains, but here, the development of stimuli responsive drug delivery system is mainly concerned. In addition, the postsynthesis modification method like pore sealing is employed to achieve multi-stimuli responsive drug nanovectors. Second, magnetic surfactants open a new route for the design of molecularly organized systems such as magnetic vesicles that provide insight look of selfassembly mechanism, when combined with magnetic properties measurement. Qfterward These types of self-assembled magnetic surfactants are used as template of magnetic porous silica materials either with or without metallic nanoparticles inside pore system.

Chapter 1 deals with the basic introduction of mesoporous silica materials as a promising candidate for stimuli-responsive drug delivery system. The main advantages of mesoporous silica materials over conventional drug delivery system are pointed out with their unique properties such as facile synthesis, modification and biocompatibility. The concept of stimuliresponsive (i.e. pH, temperature) mesoporous silica, and some examples of these materials are presented.

Chapter 2 contains three projects (Part 2.1 to 2.3) for development of drug delivery systems based on porous silica. First, the encapsulation and the release of a hydrophobic natural polyphenolic drug, curcumin, from a novel nanovector consisting of solid lipid nanoparciles (SLN) and mesoporous silica matrix are investigated in Part 2.1. The main idea is to mineralize curcumin loaded SLN dispersion using silica precursor, resulting in hierarchically ordered hybrid organic-inorganic porous silica. Here, SLN acts as reservoir of curcumin, while mesopores act as pathways to control drug release. This study also revealed a good biocompatibility of these hybrid silica materials due to high content of lipid.

The concept of combining solid lipid nanoparticles with porous silica is extended to obtain hybrid core-shell silica microcapsules as presented in Part 2.2. The studies of in vitro release, cytotoxicity and cellular uptake into Caco-2 cells that are the unique in vitro cell model approved by the FDA for in vivo bioavailability, demonstrated the potential application of novel hybrid silica capsule for oral administration.

Part 2.3 deals with the development of multi stimuli-responsive drug nanocarriers based on the post-synthesis modification method of mesoporous silica nanoparticles. One-step coating method using coordination complex of natural polyphenols, tannic acid and Fe (III) ions on the surface of silica was applied, resulting in pH-and glutathione-responsive release of curcumin. The toxicity of these newly designed drug delivery systems was also investigated to validate this concept.

Chapter 3 (Part 3.1 to 3.3) describes the formation of molecularly organized systems solely from magneto-responsive surfactants and their applications in various fields such as catalysis.

First, Part 3.1 focuses on the synthesis and self-assembly properties of magneto-responsive surfactants. The structure of vesicles that is self-assembled system of these magnetoresponsive surfactants was investigated. Taking advantage of paramagnetic signal of the surfactants, the mechanism of vesicles formation is highlighted. Part 3.2 describes a potential application of magneto-responsive surfactants for the synthesis of magnetic mesoporous silica. Soft colloidal templates, micelles, formed by magnetoresponsive surfactants could imprint both mesoporosity and iron in hard silica materials. The magnetic properties for the resulting silica material are also investigated.

Magneto-responsive surfactants were then used for designing hierarchical meso-macroporous silica supported catalysts, as described Part 3.3. Solid lipid nanoparticles (SLN) stabilized by these surfactants was mineralised using silica precursor, resulting in metallic nanoparticles embedded meso-macroporous silica in one-pot process. Dark Fenton-like reaction towards methylene blue degradation was investigated to evaluate the performance of the newly designed catalyst.

Finally, the conclusions and the major contributions of this work are highlighted and the perspectives for future works are presented.

Introduction Générale

Depuis la découverte de matériaux silicatés mésoporeux en 1992, beaucoup d'efforts ont été déployés par les scientifiques pour des applications dans différents domaines. En raison de leur grande surface, leur taille de pores modulable ainsi que leur étonnante organisation des canaux poreux, les matériaux silicatés mésoporeux ont des potentielles applications, notamment comme catalyseurs, systèmes de vectorisation de médicament, capteurs chimiques, etc. En outre, puisque la fonctionnalisation de surface, le contrôle de la taille des pores et la modification de la morphologie peuvent être facilement obtenus comparés à d'autres matériaux tels que les zéolites, ces matériaux ont été beaucoup étudiées afin d'être adaptés à ces applications.

Dans le domaine de la biomédecine, les matériaux silicatés mésoporeux ont fait récemment l'objet de beaucoup d'attention, en raison de leurs propriétés spécifiques tel que le réseau de pores homogènes, mais surtout en raison de la biocompatibilité de la silice. En plus, en raison de la facilité de leur fonctionnalisation, les matériaux silicatés mésoporeux ont été considérés comme plate-forme théranostique bien adapté pour le système de liberation de médicament.

La biodisponibilité de molécules hydrophobes qui présentent une très faible solubilité en milieu aqueux et qui ont tendance à être agrégés dans les conditions physiologiques pourrait être améliorée en utilisant ces matériaux silicatés mésoporeux. Ainsi, une réduction de la taille et de la cristallinité du médicament pourrait contribuer à une meilleure solubilité.

Il est également possible de concevoir des matériaux silicatés mésoporeux ayant des stimuliresponsivités pour la conception de systèmes intelligents de libération de médicaments. Le but de concevoir des systèmes stimuli-sensibles de délivrance de médicaments est de contrôler la vitesse de libération du médicament, afin de prévenir en particulier la libération rapide avant d'atteindre la cible ainsi que de maîtrier le taux de libération du médicament.

Parmi les diverses méthodes, 'pores sealing' et l'autre méthode associant une liaison ionique ou covalente entre le médicament et les matériaux mésoporeux ont été principalement employés avec des stimuli tels que le pH, le redox, la température ou le champ magnétique.

En outre, il convient de noter que les systèmes 'zero-release' avant la cible sont particulièrement important pour le traitement du cancer, puisque le médicament induit bien souvent des effets secondaires qui ravagerait pour les tissus sains.

Cependant, en dépit de certains résultats prometteurs, il faut optimiser la conception des systèmes de délivrance de médicaments à base de matériaux silicatés mésoporeux, qui doivent répondre également à plusieurs critères (i.e. biocompatibilité) afin de mieux cibler les besoins spécifiques.

Pour atteindre cet objectif, dans cette thèse, nous nous concentrons sur la conception de matériaux silcatés mésoporeux qui répondent à deux systèmes de stimuli, le pH et les champs magnétiques. Une molécule hydrophobe anticancéreuse, la curcumine est utilisée pour tester les matériaux silcatés mésoporeux mis au point dans ce travail. Tout d'abord, une nouvelle stratégie qui consiste à utiliser des nanoparticules lipidiques solides (SLN) en tant que 'template' pour la synthèse des silices méso-macroporeuses a été mise en oeuvre pour la libération de médicament. En outre, la modification post-synthèse par la méthode 'pore sealing' a été utilisée pour développer des nano-vecteurs multi stimuli-sensibles.

Deuxièmement, les tensioactifs magnétiques ouvrent une nouvelle voie pour la conception de systèmes moléculaires organisés tels que les vésicules magnétiques. Ces types de tensioactifs magnétiques sont ensuite utilisés comme 'template' pour préparer des matériaux magnétiques silicatés poreux en présence ou non de nanoparticules métalliques à l'intérieur des canaux poreux.

Le chapitre 1 est une introduction pour présenter les matériaux silicatés mésoporeux comme candidat prometteur pour des systèmes stimuli-sensibles de délivrance de médicaments. Les principaux avantages des matériaux silicatés en comparaison avec les médicaments conventionnels sont décrits en détail. Le concept de matériaux silicatés mésoporeux répondant à des stimuli (pH, température) est expliqué à l'aide de nombreux exemples.

Le chapitre 2 contient est consacré au développement de systèmes d'administration de médicaments à base de silice poreuse. Tout d'abord, l'encapsulation et la libération d'un médicament polyphénolique naturel hydrophobe, la curcumine, à partir du nanovecteur constitué de nanoparticules solides lipidiques (SLN) et de la matrice de silice sont étudiées dans la partie 2.1. L'idée principale a été d'encapsuler la curcumine dans la dispersion SLN et de la protéger par minéralisation, en utilisant un précurseur de silice, pour former un système hybride organique-inorganique hiérarchisée. Les SLN peuvent être considérés ici comme réservoir de la curcumine, tandis que la présence des mésopores contrôle la libération du médicament.

L'association des nanoparticules lipidiques solides avec la silice poreuse est ensuite mise à profit pour obtenir des microcapsules hybrides de type core-couronne (core-shell) et les résultats sont présentés dans la partie 2.2. Les études de libération in vitro, la cytotoxicité et l'absorption cellulaire dans les cellules Caco-2 ont permis d'évaluer les microcapsule hybride à base de silice en voie d'une administration orale.

Partie 2.3 traite du développement des matériaux silicaté mésoporeux multi stimuli-sensibles par modification post-synthèse. Un procédé de revêtement en une seule étape, en utilisant des complexe de coordination de polyphénols naturels, l'acide tannique et Fe (III) a été mis en oeuvre en rendant les systèmes sensibles à pH et au glutathion pour la libération de la curcumine. La toxicité de ces systèmes de délivrance de médicaments a également été étudiée.

Le chapitre 3 concerne la formation de systèmes moléculaires organisés à partir de tensioactifs magnéto-sensibles et leurs applications dans divers domaines comme catalyse. Tout d'abord, la partie 3.1 décrit sur la synthèse et les propriétés d'auto-assemblage de tensioactifs magnéto-sensibles ainsi que la structure des vésicules à base de ces composés.

Profitant des réponses paramagnétiques des tensioactifs magnétiques, le mécanisme de formation de vésicules a été appréhendé.

Ensuite, les tensioactifs magnétiques sont utilisés pour la synthèse de silice mésoporeuse magnétique. Les micelles, formées par les tensioactifs magnétiques ont servi pour produire la mésoporosité et l'addition de fer dans les matériaux offre des possibilités d'applications.

Enfin, le développement de catalyseurs supportés sur la silice méso-macroporeuse hiérarchique est décrit à la fin de ce chapitre (partie 3.3). Les nanoparticules lipidiques solides (SLN) stabilisées par les tensioactifs magnetiques sont minéralisées en utilisant un précurseur de silice, en conduisant à cette formation de nanoparticules métalliques incorporés dans la silice méso-macroporeuse. La réaction de Dark-Fenton pour la dégradation de bleu de méthylène à été étudiée afin d'évaluer la performance du nouveau catalyseur.

Chapter 1

Literature Review 1.1 Silica responding to challenges in drug delivery

The ongoing development in drug delivery technologies tends to take into account primary factors such as the nature of therapeutics being delivered, the mode of administration beneficial to the patient, and cost.

Porous Materials

In addition, currently challenges consist of considering therapeutic and physiological criteria for the development of drug delivery devices that -Improve drug efficiency -Reduce drug side effects -Control sustained drug release -Increase drug bioavailability -Facilitate drug administration and use compliance Implants and cancer treatments have opened the way to new materials and biocompatible therapeutic systems. 1 Indeed, in this field, the nature of the vector is a strategic choice from the medical point of view. For a long-time, biocompatible polymers either pH or thermally sensitive, have been used as drug delivery systems (DDS). But polymeric carriers have a limited efficacy in terms of drug loading, especially due to their low porosity and, therefore, the researches oriented to porous materials, with high pore volume and specific surface. One example is carbon nanotubes (i.e. single walled and multi walled). These nanomaterials have shown interesting results as drug carriers, however their use is rather limited due to their lack of biodegradability and toxicity resulting from their accumulation in the body tissues.

Therefore, inorganic biomaterials seem to be the most advantageous, due to their porosity, which stands loading capacity, thermal and chemical stability under physiological conditions. They are also appreciated for their good biocompatibility but present a lower degradable rate except for silica-based biomaterials. In addition, physical and chemical properties are easily tuneable in regards to the medical application. Hence, porous silica materials are the current subject of high interests through their biocompatibility and the high loading drug capacity.

Moreover, therapeutics drug nanoparticles carriers are mainly designed to overcome some drug constraints such as poor solubility, limited stability, rapid metabolization, excretion of the drug, undesired side effects, and lack of selectivity toward specific cells types.

However, in order to design a specific drug release system (DDS), some criteria must be integrated to the porous silica support through several functionalization ways that are constantly under study and that contribute to control the molecular drug release with a proper rate. 2 Those criteria are also valid for oral drug release delivery of pharmaceutical molecules, protein and nucleotide-based drugs.

Among silica vectors, mesoporous silica nanoparticles (MSNs) are being extensively studied to design multifunctional cargo in order to achieve drug release under different stimuliresponsive trigger systems (Figure 1.1). 3 Figure 1.1. Schematic illustration of a multifunctional MSN containing the necessary features for a stimuli-responsive controlled release of the loaded cargo into the cytosol of a targeted cell. SPION, superparamagnetic iron oxide nanoparticle; QD, quantum dot; PEG, poly(ethylene glycol); Au-NP, gold nanoparticle; RGD, Arg-Gly-Asp amino acid sequence; EGF, epidermal growth factor; PEI, poly(ethylene imine); H5WYG, endosomolytic peptide. 3 The tuning of MSNs must also improve biocompatibility and prevent endosomal escape.

Thus, the nanoparticles can be hybrid organic-inorganic core-shell with targeting ligands for specific cellular recognition or markers for the particle tracking in the cells.

Another challenge for MSNs cargos is the particle sizing. In fact, it is now well known that some synthesis parameters such as concentrations, pH, chemical nature of the surfactants, temperature and reaction time allow controlling the morphology, the structure and the pore size of the mesoporous silica material. [4][5][6][7][8][9] Nevertheless, for drug delivery into cells, particle size must be less than 120 nm to facilitate endocytic uptake. 9

Administration routes

Although the methods of treatment are relatively specific to each disease, in the case of cancer, multiple administration routes are explored:

-Intravenous injection -Pulmonary inhalation -Dermal application -Oral uptake -Local drug delivery.

There are specific constraints linked to the administration route. In the case of local drug delivery systems (LDDS), ordered nanoporous alumina and nanotubular titania are the most advanced and smart drug-releasing implants. 10 They are biocompatible materials, able to load important amounts of drug into the nanostructured matrix and release chemicals, with zeroorder kinetics, under various release triggers (magnetic field, ultrasonication, radiofrequency).

Despite the continuously extending range of applications, including bone therapies, cardiovascular stents, post-surgical healing, treatment of localized infection, inflammation or cancer, these systems are limited to therapies in which an implantable device can be introduced.

Oral administration has been exploited for most drugs due to several great advantages such as production cost, various packaging as well as user-friendliness. Pills or capsules are general forms of drugs for oral route. Both products in question do not need to be sterilized, hence reducing dramatically production and logistic costs for pharmaceutical industry. Being able to use several excipients is also a good advantage for oral administration type of drug.

Extended or sustained drug release can be easily achieved using specific excipients like polymeric matrix based on xanthan gum. 11 Oral drug delivery technologies have been also developed to preserve the drug from the acidic environment of the digestive tract, up to the gastrointestinal barrier where it should be released. However, one disadvantage, specifically in cancer therapy, is that vectors could generate side effects and have limited effectiveness mainly because of the lack of target specificity. Moreover, oral administration might be limiting the bioavailability of the active ingredient. Some of the hydrophobic active ingredients like curcumin show extremely poor bioavailability that might be caused by its insolubility in water, poor absorption, rapid metabolism and systemic elimination. 12 In addition, absorbed drug must pass the liver that accelerates rapid metabolism. As the result, the drug becomes less active. This phenomenon is often called first-pass effect. 13 Another disadvantage is that drug absorption is highly dependent on the interaction with food in the stomach. For instance, some drugs such as griseofulvin shows poor adsorption in presence of food, however absorption ability of propranolol is enhanced in presence of food. Despite this fact, the relation between drug and food has not been systematically studied, each case should be taken into consideration. 14 Additionaly, the size might also cause a minor problem for patients, particularly in children, who rarely swallow sizable tablets or capsules as a whole. 15 Thus, often most ingredients for drug in tablet form are pharmaceutically inactive excipients, thus reducing or replacing some excipients could reduce drug size and enhance userfriendliness. 16 Actually, many studies have been done to overcome disadvantages concerning oral administration drug. Nonetheless, no 'magical' system has been proposed as a solution to the problems mentioned above, perhaps except for mesoporous silica nanoparticles (MSN).

MSN has well ordered mesopores (2 -50 nm) with high pore volume as well as large surface area. Drug molecules can be encapsulated inside mesopores without difficulty. MSN can also serve as a good protection barrier for drug molecules. Therefore, many problems concerning bioavailability or interaction with food could be resolved or had been already solved. 17 The field of application for MSN is not limited to oral administration but could be extended to topical administration, depending on the target. Indeed, this administration can be divided into two general terms: 1) skin and 2) mucosal membranes system. If the target is the human skin (case 1), one of the traditional formulations of the drug is a cream or ointment for the direct dermal application. Patch form formulation has been also widely used, especially, for stop-smoking therapy. 18 These formulations have numerous advantages e.g. no first-pass effect and user-friendliness. Moreover, controlled drug delivery system could be also achieved using several membrane sheets in the patch formulation. However, the cost of production is not as low as for the tablet or capsule formulations. Particularity, for cream and ointment, highly purified water is needed because of the risk of bacteria proliferation. Furthermore, a large amount of addictives (the toxicity for some of them are still controversial) should be added for the same reason. 19 In addition, for cream and ointment, drug burst release, along with the degradation of the initial formulation, is a limiting factor for certain active ingredients. Targeting mucosal membranes system (case 2) is a more complicated challenge, compared to a direct application on skin. In general, human mucosal membranes like nasal (nose) and buccal (oral) mucosals are 'naked' towards outside and directly suffer from external environment, due to the lack of physical barriers (skin). 20 Thus, in terms of formulation, only few excipients are allowed and the use of irritating preservatives is strictly prohibited. Moreover, highly clean production conditions and an appropriate logistic system are required, which result in an expensive drug for the final customers. Here, using MSN in formulations can also be an alternative way to overcome these issues, especially in case of the patch formulation for human skin targeting. As explained, a drug that is encapsulated inside MSN is not directly exposed to external environment. A well-protected drug has fewer chances of being degraded, hence additive use is considerably reduced, and a long-term drug release could be also achieved. In addition, Additionally, stimuli-response of MSN to pH of the skin or temperature can provide 'perfect' tools for some formulations that have systematic burst release. (Note that pH of human skin is slightly acidic (4 -5) 21 , and skin temperature is around 31°C 22 ). Detailed explanation on stimuli-responsive MSN strategy was also covered later.

MSN would also have a distinguishable position among drugs for intravascular (parenteral) administration. Taking a careful look into the intravascular drug administration, multiply disadvantages have been ignored as a result of the good bioavailability of the drugs. A high concentration of the drug by injection can lead to side effects, so multiple injections with low concentration have been performed causing serious discomforts for patients. For instance, during chemotherapy, antiemetic medication (ondansetron, Zofran as brand name) should be injected several times a day to maintain in the blood the therapeutic concentration. However, MSN, of which the sustained release performance is already confirmed, 2 could be applied to intravascular administration. Through only active ingredient or with small amount of excipients have been used for the injection of the drug formulation, scientists have confirmed that MSN less than 150 nm as diameter have no side effect to rat's cell. 9 Besides, MSN uptake rate into cell (endocytosis) and drug release rate showed that MSN might be an outstanding candidate to replace the traditional injection method.

As highlighted above, MSN revealed distinguished advantages whatever the administration route. Yet the first clinical tests in humans are not planned in the near future. At present time (2015), drug-MSN carriers are only at in vivo stage in mouse or rabbit and the first clinical tests are planned for 2017. 23 It seems that to date, the most advanced application of MSN in vivo is in bone regeneration. Indeed, MSN embedded inside bioceramic or bioglasses could easily by-pass some problems such as toxicity or bioavailability. 24

Nanostructured silica: suitable matrix for loading and release

In the last two decades, investigations on porous materials (i.e. hollow silica) have been engaged in the development of chemical and physicochemical synthesis approaches via solgel process 25,26 , emulsion/interfacial polymerization methods [27][28][29] or colloidal templating.

Hierarchically ordered porous materials can be prepared via dual templating method, as illustrated in Figure 1.2.

Figure 1.2. Schematic illustration of colloidal templating routes for the synthesis of porous silica mateirals.

Hard templates such as carbon spheres, polymers or metal particle, lead to a good morphology and size control from microns to few nanometers, while with soft templates such as oil and vesicles, the hollow particles present usually poor monodispersity and high deformability due to the soft core. 29,30 The template-free method seems a new approach for the synthesis of porous materials, especially hollow porous silica. This method combines the advantage of hard-and softtemplate approaches avoiding the template-removing procedure. It is based on Ostwald ripening process where small crystals or sol particles dissolve, and redeposit onto larger crystals or sol particles. 31 Then small crystals undergoing dissolution become a nutrient supply for the growth of larger ones. As the system tend to minimize the surface energy, particles aggregate and the larger ones continue to grow. Void spaces begin to appear progressively during the diffusion of solute outwardly. This solute diffusion phenomenon regulates the thickness of the shell. [32][33][34][35][36] As example, Hal et al. prepared hollow silica particles in two steps: hydrolysis of phenyltrimethoxysilane under acidic conditions followed by silane condensation under basic conditions resulting in monodisperse hollow silica particles. The particle sizing has been controlled through hydrolysis time, giving 400 nm in diameter. 37 Henceforth, spherical hollow silica structures with porous shell are also extensively explored to design controlled delivery biomedical materials. Porous shell exhibits high loading capacity, and could encapsulate small molecules that are generally stimuli sensitive, while in core void space, bulky molecules like genes or biological molecules have been loaded. [38][39][40][41][42] Over time and with the development of new biomedical approaches, magnetic and fluorescent hollow spheres have been preferred for medical imaging applications as markers or trackers for tumor cells. [43][44][45][46] Some others silica matrixes such as nano silica fibers have been investigated to design biomaterials as well, but since there is a limitation in using simple nonporous silica fibers as drug vectors, synthesis research has been rapidly oriented to prepared nanoporous silica. In Numerous investigations through the years lead to the synthesis of porous silica nanotubes by variable templating sol-gel methods using inorganic, organic, biological templates, reversemicroemulsions or electrospinning. [50][51][52][53][54] The biosilicification principle inspired from various marine biological systems, such as diatoms or sponges, is also an interesting route to synthesize hollow porous silica fibers in mild conditions. 55 It was demonstrated that longchain polyamines are intimately linked to the biosilicification process in the case of diatoms, Following this finding, many efforts have been made in using organic templates such as selfassembled fibrils of polypeptides [56][57][58] or amine-modified polysaccharides 59 to synthesis of silica nanotubes. In this way, silica with an outer diameter of 15 to 20 nm could be obtained.

As for hexagonal mesoporous silica, silica nanotubes are also designed to be stimuli responsive. The first drug delivery system based on magnetic nanoparticles consisted of mesoporous silica nanorods where pores were end capped by magnetic Fe 3 O 4 nanoparticles linked to nanorods through a chemically labile disulfide function. Human cells secrete antioxidant agents such as dihydrolipoic acid (DHLA) and dithiothreitol (DTT) that are capable to cleave disulfide bonds. 60 More importantly, the silica fibers show a strong selfactivated luminescence ranging from 300 to 600 nm, and centered at 405 nm, without rare earth or transition metal ions as activators. This sample could be potentially used as an environmental friendly luminescent material. Thereby, interesting optical properties of nanofibers have been enhanced in various researches along the last years. Such as discovered by Hou et al. with porous SiO 2 composite fibers. They are focusing on developing synthetic protocols to make high-energy luminescent porous composite fibers of NaYF 4 :Yb 3+ ,Er 3+ @SiO 2 useful for bioimaging. 61 Concerning mesoporous silica materials (MSN), since the discovery of MCM-41 mesostructure (Mobil Crystalline Material), many other MSN have been elaborated with different ionic, non-ionic surfactants or copolymers to obtain materials combining variable pore size and morphology together with high surface area and volume. [62][63][64][65] The morphology and the size of MSN can be tuned by adjusting pH value, the temperature, the surfactant concentration, the water content and the silica source, afford to. 66 The latest parameters have a strong impact in the silica condensation rate. 67,68 In biomedical applications, the first example of the use of mesoporous silica nanoparticles Mesoporous silica material can be functionalized by stimulable molecules or directly by the drug molecule via two main routes. The first modification way is named by one pot where organic molecules are co-condensed at the same time as the silica source. The second one is said by post-synthesis of the silica material. In the latest case, MSN is generally immerged in a solution containing the molecules to be grafted and thus attached covalently or physically (depending on the trigger release) to the silica surface and walls. As an example, Lin et al.

used different chains length of alkyl methylimidazolium cationic surfactants as template and anti bacterial effect on Escherichia coli K12. 70 Today the challenges no longer reside on the synthesis itself, but in the requirements and constant adaptations imposed by the bioscience field.

Stimuli responsive nanostructured silica materials

Usually mesoporous silica nanoparticles functionalization process can be done following two methods: 1) co-condensation, also called one-pot synthesis and 2) grafting or post-synthesis modification including the surface coating on MSN. [71][72][73][74][75][76] In general, one of the advantages of co-condensation method is that inorganic-organic hybrid network could be easily obtained. 63,77 Grafting on free silanol groups of MSN could be also efficient approach, especially when external surface modification is needed, 78,79 which could facilitate, for example, the dispersion of MSN in biological environment or to prevent particles aggregation.

Another post synthesis functionalization is the imprint coating method, in which MSN are coated with organic molecules containing specific binding such as ligands for ionic complexation. [80][81][82] Ideally, drug delivery systems (DDS) should be intelligent in sensing the external environment signals. In addition, DDS should release the therapeutic dose of drug via appropriate external stimulis.

Indeed, external MSN surface functionalization approach has been used to design drug delivery systems that exhibit multifunctional interactions with specific stimuli, such as external pH level. But also external MSN surface functionalization could be efficient to improve specific cell targeting, prevent burst release or improve biocompatibility and attend colloidal and chemical stability in the environment. [83][84][85] On the other side, internal modification of MSN surface with organic entities is generally selected to control drug diffusion, delivery kinetics and stability of the therapeutic molecules. 86,87 As mentioned previously, stimuli responsive MSN are generally prepared via cocondensation or over a post-synthetic grafting step. 63,88 The challenge is to control the location of the functional groups in mesoporous silica particles. For example, large molecular group like proteins, superparamagnetic iron oxide nanoparticles (SPIONs) or gold nanoparticles (Au-NPs) are used as gatekeepers to block the pore entrances for efficient sealing of the interior of the cargo. [89][90][91][92] MSN are sometimes directly functionalized with molecular drug through covalent or coordinative bonds that can be cleaved by specific stimuli such as reducing agents, competitive binding molecules or UV-light. [93][94][95][96] Pore sealing can also be achieved by a complete coating of the MSN. For instance, polymers, oligonucleotides or supported lipid bilayers (SLB) have been shown to prevent premature cargo release. [97][98][99][100][101][102][103][104][105][106] Often, phase transitions or competitive displacement reactions lead to opening of the pores and efficient cargo delivery. 107,108 Usually molecules or entities used as stimuli are classified into six categories of stimuli: pH, temperature, redox, magnetic, light and biological stimuli. [109][110][111][112] The first works on stimuli responsive materials were focused only on pH and temperature. Now, chemical science has succeeded in combining several stimuli.

pH stimuli-responsive MSN

pH-responsive mesoporous silica nanoparticles (MSN) is one of the earliest investigation in drug delivery since the first application was shown by Vallet-Regí et al. in 2001. 69 The use of interaction between the drug and silica matrix, such as hydrogen bonding or electrostatic interaction is common method to load and release the "guest" drug molecule. As already known, these interactions can be more or less strong as a function of the pH. This is the basic concept of pH-responsive drug delivery system based on mesoporous silica nanoparticle.

However, without inner surface modification of mesoporous silica, only weak hydrogen bonding involving silanol group could be expected. Thus « guest » drug molecule should contain hydrogen bonding group to improve drug loading efficiency.

To overcome this disadvantage of mesoporous silica as drug delivery system, scientists have and doxorubicin (DOX) as model drug. 114 As well known, NH 2 -metal or metal-drug coordination bonding can be broken off as pH decreases so that pH can trigger drug release from mesoporous silica material in these systems. Indeed, suitable "host-metal-drug" matching is required for its application and the number of functionalized sites like amino group, should be controlled to reach a maximum drug loading. For instance, "NH 2 -Cu-DOX" architecture showed a highly sensitive pH-responsive release profile compared to "NH 2 -Zn-DOX" architecture (Figure . 1.3). Although the concept that relies on host-guest interaction showed enormous applications and its potential for pH-responsive drug delivery system, a good matching between guest molecule and host silica matrix is always necessary, thus a wide use of this strategy is sometime limited.

The limit of host-guest interaction based pH-responsive drug delivery system can be overcome by gatekeeping strategy. In fact, gatekeeping strategy was firstly introduced by Lin and co-workers in 2003 using CdS nanoparticles which capped the mesopore's "gate" that contained the drug. 83 In this system, the stimulus to trigger the drug release is not pH but external magnetic field.

For pH stimuli-responsive drug delivery system, Liu et al. developed pH-responsive goldcapped mesoporous silica through acetal linker. 115 Firstly, outer surface of mesoporous silica is functionalized by carboxylic acid group, which can react with one of the amino group of a di-amino di-acetal linker. After drug loading, mesopore's "gates" were capped by carboxylic acid modified gold nanoparticles. The latest were attached to the modified silica surface via the remaining free amino side groups bared by the di-amino di-acetal linker. Thus, the acid cleavable acetal bond linking the modified mesoporous silica to the gold nanoparticles showed an efficient gate-capping ability at neutral pH. Since the stability of acetal bonding is highly depending on pH, drug delivery can be triggered by acidic pH and release rate can be also controlled as a function of pH (Figure 1.4). Another strategy for pH-responsive gatekeeping is to use supramolecular system as capping agent. [116][117][118] For instance, an efficient supramolecular nanovalve based on Cucurbit[6]uril (CB[6]) was developed by Zink and co-workers. 119 Gatekeeping method consists in creating a An alternative way to cap mesopore's 'gates' is to use pH-sensitive polymer as coating agent for outer surface of mesoporous silica. A tremendous challenge in oral drug administration is that some drugs based on proteins or peptides undergo degradation at low pH. These drugs absorption should take place in the intestine, an effective drug protection at low pH is required. Choi et al. developed polymer-coated spherical mesoporous silica for pH-controlled delivery of insulin. 120 Due to the important molecular size of insulin, the pore diameter of mesoporous silica was tuned up to 32 nm that is 3-10 folds larger than classic mesoporous silica. Moreover, the inner silica surface was modified by amino group to increase insulin loading efficiency. Eudragit® L100, a commun expient in tablet medicines formulation, was used to coat the outer surface of mesoporous silica (Figure 1.6). Eudragit® L100 polymer coating protects mesoporous silica very efficiently under low pH and it can be dissolved above pH 5.5 -6.0 provoking drug release. In fact, below pH 5, the coated MSN keeps the drug inside of its mesopores due to gelation of the succinylated β-lactoglobubin, which isoelectric point is at pH 5. As pH increases, the biopolymer becomes permeable, allowing the release of the drug.

Temperature-responsive MSN

The first example of temperature-responsive mesoporous silica has been achieved using thermo-sensitive polymer such as Poly(N-isopropylacrylamide) (PNIPAM). 122 PNIPAM and its derivatives present relatively low critical solution temperature (LCST) between 30 and 35°.

Under chemical modification of these polymers, the LCST increases up to the local temperature of tumours that is slightly higher than the normal temperature of the human body. 123 At LCST, these polymers undergo a transition of conformation, resulting in the increase of hydrophobicity due to the lost of hydrogen bonding between the solvent (water in most cases). This transition could be used to trigger the drug release from mesopores.

Zhu et al. reported grafting of PNIPAM inside mesoporous silica by atom transfer radical polymerization (ATRP) for the temperature-responsive drug release system. 124 In this system, ibuprofen was used as the model drug and it was attached to the PNIPAM chains inside In the outer surface coating approach, drug release temperature could be also easily customized using paraffins, which have various melting temperatures depending on alkyl chain length. Aznar et al. showed paraffin-capped mesoporous silica nanoparticles as temperature-responsive drug cargo. 126 In this case, the outer surface of MCM-41 was functionalized with octadecyltrimethoxysilane. The alkyl chains interaction is mainly driven by London forces, which are able to form a hydrophobic layer around MCM-41. Increasing the temperature above the melting point of paraffins results in mesopore opening and thus the drug could be released.

Schlossbauer et al. demonstrated that DNA could be used as an efficient capping agent of mesopores. 127 In their system, the main strategy relies on DNA strand melting property of oligonucleotide at the specific temperature, provoking the mesoporous silica cargo opening in order to release the drug loaded within.

Redox-responsive MSN

Redox-responsiveness is another powerful tool to control drug release from mesoporous silica nanoparticles. Since the cleavage of disulfide bond (-S-S-) takes place in a reducing environment and most intra-cellular compartment can provide such a condition, the use of disulfide bond on mesoporous silica as a couple of redox stimuli is a good strategy to trigger drug release, especially inside cells. Moreover, in many tumour cells the level of glutathione (GSH), a disulfide-reducing agent, is higher than normal cells. 

Light-responsive MSN

Photoactive silica materials became also very useful in the control of drug delivery through light stimuli sensitive molecules. In general, they are grafted at the pore outlets and act as gatekeepers. In such kind of systems, the drug delivery is activated by external light and usually drug molecules do not have overlapped light absorption band with the gatekeeper molecules for the release efficiency.

In this context, Fujiwara et al. reported the first example of light stimuli-responsive mesoporous silica nanoparticles MCM-41, in which the loading, the storage and the release of model molecules (steroid cholestane, pyrene, phenanthrene and progesterone) were controlled by light. 132 To do so, they functionalized MCM-41 materials with a photosensitive coumarin derivative, the 7-[(3-triethoxysilyl)propoxy]coumarin, either by post functionalized or co-condensation. Then, drug was loaded into modified MCM-41 by impregnation method.

This material was irradiated under UV light (> 310nm for 30 min) in order to form the gatekeepers, namely the cyclobutane rings, which result from the photodimerization reaction between a pair of coumarin groups. Then, the drug was easily released since cyclobutane rings are photocleavable upon UV light irradiation (around 250 nm), as schemed in Figure 1.9. nm light and addition of NaOH cause the contents to be released. 133,134 In some applications needing photostimulation, the encapsulated drug is sensitive to light and it can be degraded, as it is the case for doxourubicin (DOX). for intracellular drug delivery. Their system was tested for photoinduced intracellular controlled release of an anticancer drug, paclitaxel, inside of human fibroblast and liver cells.

According to the results, endocytosis and drug release were efficient under irradiation (λ = 365nm), preventing zero burst release.

Magnetic-responsive MSN

Building mesoporous silica nanoparticles (MSN) that respond to the magnetic field has attracted a lot of attention for its potential applications. As drug delivery system, magnetic MSN could be guided to the desired site, and then removed after complete release using an external magnetic field. This strategy might be of interest for cancer targeting drugs, showing certain toxicity for organs, in order to reduce side effects. Beside of guiding the drug by magnetic field, magnetic MSN can be used for hyperthermia therapy. 137,138 Figure 1.11. Illustration of synthesis of MFeCMS nanospheres. (C18TMS for n-octadecyltrimethoxysilane) 142,143 For instance, superparamagnetic nanoparticles embedded MSN were already widely studied for both drug guide system and hyperthermia properties. 139 However, biocompatibility and toxicity problems is always a limiting factor, thus only magnetite (Fe 3 O 4 ) or maghemite (γ-Fe 2 O 3 ) have been considered for biomedical applications. Though, up to date, more than 1700 publications (based on web of sciences) are dealing with magnetic MSN. However, in this chapter, we focus on some examples that marked a turning point in the biomedical field.

For the synthesis of magnetic MSN, various designs and strategies have been proposed. 140,141 Core-shell structure with magnetic nanoparticle, proposed by Shi et al., has been considered as a basic model for magnetic MSN (Figure 1.11). 142,143 Its potential medical applications were confirmed using ibuprofen as well.

Zhao et al. have extend core-shell model using several iron sources and also simplified synthesis methods (Figure 1.12). 144,145 Besides of conventional drug molecules, DNA can be carried inside mesopores and delivered using magnetic field (Figure 1.13). 146 Moreover, magnetic MSN have been extensively tested on in vivo cells in recent years. 147 The results

showed that a core-shell structure, in which metallic nanoparticles do not have direct contact with cellular culture, exhibiting an excellent biocompatibility.

Figure 1.12. TEM images of (a) Fe 3 O 4 particles, (b) Fe 3 O 4 @SiO 2 , and (c-e) Fe 3 O 4 @nSiO 2 @ mSiO 2 microspheres, and (f) SEM image of Fe 3 O 4 @nSiO 2 @mSiO 2 microspheres. 144,145 Embedding magnetic nanoparticles into MSN has been also of interest for scientists.

Magnetic nanoparticles can be easily incorporated inside mesopores or on the matrix of silica.

Corriu et al. reported the synthesis of magnetic silica-based nanocomposites containing magnetite (Fe 3 O 4 ) nanoparticles using internal anchored acetylacetonate groups as a ligand. 148 Huang et al. demonstrated controlled and targeting ibuprofen release using magnetic γ-Fe 2 O 3 @MSN composites with different morphologies. 149 Recently, rattle-type hollow structure has been spotlighted owing to its unique property. Like meso-macroporous materials, hollow cavity can enhance surface area/pore volume ratio meaning also an increase of the drug biding surface/volume. Therefore, more drugs can be encapsulated than into a core-shell model. Shi et al. reported rattle-hollow structured magnetic mesoporous silica nanocapsules as a platform for simultaneous cell imaging and anticancer drug delivery (Figure. 1.14). 150,151 As expected, these MSN showed high doxorubicin loading capacity and entrapment efficiency compared to simple core-shell structure. 45,152 Another type of magnetic mesoporous silica nanoparticles consists of using magnetic nanoparticles as a capping agent for mesopores gate. Lin et al. reported MSN capped by Fe 3 O 4 nanoparticle via disulfide linker. This double stimuli-responsive system could be used in more sophisticated applications like targeting by magnetic filed and drug trigger by redox condition. Gate capped MSN with linkers, which response to another stimuli such as light or pH will be or were already discussed in its own part. 

Biological stimuli responsive drug release

Recent improvements on the design of stimuli-responsive drug release systems have been employed to develop biological stimuli carriers. For example, Yu et al. showed programmable drug release from mesoporous silica nanoparticle that responded to biological stimuli. 153 Sulfasalazine (SZ), a pro-drug, was encapsulated in amino functionalized MSN through electrostatic interactions. The material was then coated with succinalyted soy protein isolate (SSPI), which is relatively affordable and considered as a food additive in some countries such as Canada. This system showed no leakage of drug at low pH and in the water because hydrophobic SSPI undergoes hydrolysis only at high pH. In the presence of pancreatin enzyme, which is predominating in the intestine, SSPI is hydrolysed and mesopore gates can be opened. Moreover, azo-reductase produced by colon microflora can cut azo function of sulfasalazine to give active metabolite 5-aminosalycilic acid (Figure 1.15). The duplex DNA is highly effective capping method so only less than 10 per cent of the drug is leaked without external stimuli. When this system is exposed to DNase I, the duplex DNA could be hydrolysed, opening the mesopores and releasing the drug.

Adenosine triphosphate, ATP, can be used also as biological stimuli for controlled drug release. Indeed, mesopores capping is achieved by the complexation of Cu 2+ between amino-functionnalized MSN and L-cysteine modified gold nanoparticles (AuNP) under low pH. 154 ATP, which contains a more effective complexation site than single amino group, was shown to be a biological stimulus to detach gold nanoparticle from mesopores gates through Cu 2+ complexation. In this investigation, low pH and ATP have been used as biological stimuli for drug release within either, the lysosome in case of low pH, and/or the cytosol that contains high concentration of ATP.

Using FDA-approved peptide drug protamine as coating agent of MSN is an effective way to make biological stimuli-responsive drug delivery system, demonstrated by Raichur et al. 155 Indeed, like other coating agents, protamine can effectively protect the encapsulated drug from burst or undesired release. Coating is conducted on amino functionalized MSN using glutaraldehyde as coupling agent. In the presence of the enzyme such as trypsin that recognizes and cut arginine or lysine sites, the protamine coating can dissolve opening the mesopores and releasing the drug.

Conclusion and perspectives

In this chapter, it is demonstrated that MSN have largely been employed to design efficient drug delivery systems, especially due to their high loading capacity, high stability and the ability to protect the guest molecules from various biochemical attacks. Indeed what encourages many research groups to design MSN drug carriers are the biocompatibility and biodegradability of these materials. In addition, MSN can offer a multitude of functionalization routes that allow decorating either the inner and/or the outer surface, with pH, thermal, light and magnetic stimuli responsive molecules, polymers, metallic nanoparticles and targeting ligands. The latest functionalization strategies have been tailored

to control the drug delivery kinetic at the appropriate place with zero premature release together with preventing undesired side effects. For the moment, most in vitro studies have evaluated the cytotoxicity, the biocompatibility, biodegradability, the retention of MSN nanocarriers and the understanding of some cellular uptake mechanisms. However, toxicity and intracellular uptake results reported in the literature are specific to each drug delivery system. Moreover, the design of MSN drug carriers with simple and cost-effective way is still needed to demonstrate the potential of MSN as drug delivery systems or biosensors in therapeutic applications. 156,157 Résumé en français (Chapitre 1) Chapter 2

Designing stimuli-responsive nano-structured carriers of curcumin

Curcumin, a hydrophobic natural polyphenol with yellow colour that is isolated from the dried root of turmeric, the rhizome of the herb Curcuma longa, has been used for centuries in indigenous medicine as anti-inflammatory and anti-oxidant agent. 1 It exhibits pleiotropic pharmacological effects on cardiovascular pulmonary, autoimmune as well as metabolic diseases. 2 Its most interesting potential use is probably against cancer 3,4 : pre-clinical studies have shown that it can inhibit cancer genesis in a variety of cell lines, including breast, cervical, colon, gastric, hepatic, oral epithelial, ovarian, pancreatic, prostate cancer and leukemia. 5 Moreover, it was reported that curcumin caused cell death in eight melanoma cell lines, also in those carrying mutant p53, which are very resistant to conventional chemotherapy. 6 However, practical applications of curcumin have been limited due to its solubility concern. 7 Indeed, curcumin has an extremely low solubility in the range of pH 1.2 to 7.4, which is physiological pH value of human's body, and under alkaline condition, curcumin undergoes a rapid hydrolysis, being decomposed into ferulic acid, its methyl ester and vanillin. 8,9 Curcumin is very susceptible to photochemical and thermal degradation that could be also a problematic for its long term storage. 10,11 Besides, some studies have revealed that its poor absorption and rapid metabolism severely curtail its bioavailability. 12 These hurdles can be passed through by incorporating curcumin into nanoparticles, 13 liposomes, 14 or micelles, 15 complexing with cyclodextrins (CD) in aqueous solutions, 16,17 or into mesoporous silica. 18 However, the organic matter based drug carriers could be instinctively unstable without post-synthesis treatment like surface coating. Moreover, in some case, a possible drug leaking during storage can occur, limiting a wide application of these drug carriers. 19 In this chapter, for designing stimuli-responsive drug deliver systems, two approaches were tested: 1) optimization of porous silica materials templated using solid lipid nanoparticles (SLN) and 2) development of a method for surface coating of silica using tannic acid-Fe(III) complex.

Indeed, solid lipid nanoparticles (SLN) that was introduced in 1991 have been considered as an alternative drug carrier system to traditional colloidal drug delivery systems. SLN are generally spherical in shape and consist of solid lipid core stabilized and dispersed in aqueous solution containing surfactant. SLN can be stabilised as dispersion due to electrostatic repulsion and steric hindrance between particles, which are generally provided by surfactants.

(Figure 2.1) SLN combine the advantages of several traditional systems: First, SLN can be prepared from cost-effective, readily and commercially available materials, without organic synthesis pathway that is generally cost and time consuming process. A variety of lipids such as triglycerides, waxes or fatty acids can be used as solid lipid core.

Lecithin, poloxamer, polysorbate or bile acids are mainly used as surfactant, which stabilize solid lipid core. Second, because most of lipids in the market are obtained from natural lipids, the ingredients of SLN can be chosen based on U. S. Food and Drug Administrationin active (FDA) ingredient list, 20 SLN could be thus considered as biocompatible drug delivery system with very low toxicity. In addition, as most of SLN preparations could be done without using any organic solvents, thus SLN can be free of possible toxicity concern. Last, SLN can be prepared using simple and low-cost fashion that is perhaps the most important advantage of SLN over other colloidal drug delivery systems.

However, SLN have also some disadvantages such as poor drug loading capacity, 21,22 drug leaking problem during the storage, 23 or high water content (70 to 99 %). Most of them are related to the structure of some lipids with high crystallinity. For example, a lipid that exhibits high crystallinity might limit drug loading, because there are not enough 'room' for 'guest' molecules, as the lipid molecules are tightly packed. 'Guest' molecules might be expulsed during storage due to high crystallinity of lipids that tend to be re-organized in order to reduce Gibbs-free energy. 23 Indeed, the crystallinity could be reduced using less crystalline lipids or adding co-lipid molecules. However, this approach might lead to the stability issues like particle size growth or gelation over time. 24 Thus, it is important de develop a method to improve the stability of SLN using inorganic materials such as mesoporous silica, which is described through the first 2 part of this chapter.

In case of surface coating, polymers with stimuli-responsive functions have been mostly used to seal mesopore gates, and the results showed well-controlled stimuli-responsive (pH, temperature, redox) drug release. However, the main drawback of there methods is mutil-step and time consuming synthesis and modification of silica surface. Indeed, very recently, an extremely rapid, one-step method using coordination complex of natural polyphenols, tannic acid and Fe(III) ions has been reported. 25 The resulting film prepared using this complex showed pH-dependent behavior, with a good stability above pH 7 due to multivalent coordination. Afterward, the film becomes less stable as the pH decreases, forming a biscomplex, then a mono-complex between tannic acid and Fe(III) ions. Moreover, tannic acid is already known as non-toxic ingredient as approved by U.S. FDA. Based on this strategy, multi stimuli-responsive mesoporous silica has been also developed and described in the last part of this chapter.

Thereby, it is believed that two approaches mentioned above could be an effective way for designing stimuli-responsive nano-structured carriers of curcumin. More detailed discussions are presented in the following. 

Introduction

For organic-inorganic materials design, solid lipid nanoparticles that already contain certain amount of surfactants as stabilizing agents, could be used directly to build hierarchical mesomacroporous silica materials with tuneable pore size and morphology as reported in previous work of our group. [26][27][28] The mechanism proposed to explain the formation of these hierarchically structured macroporous-mesoporous silicas is similar to the one for emulsions In this part, we extended the use of SLN as both drug loading agents and meso-macropore templates to obtain hybrid organic-inorganic as drug delivery systems with the aim to increase the stability, bioavailability and sustainability of curcumin, through a double encapsulation of the drug into a core-shell nanomatrix. In addition to general characterization of these materials, in vitro curcumin release at three different pH values and their cytotoxicity

were investigated to demonstrate their potential applications in biomedical fields.

Materials and methods

Chemicals

Tetramethylorthosilicate (TMOS), Pluronic P123, curcumin, hexadecyltrimethylammonium bromide (CTAB), sodium chloride, acetic acid, sodium acetate, potassium chloride, monopotassium phosphate and disodium phosphate were purchased from Sigma-Aldrich.

Stearic acid (SA) and N-hexadecylpalmitate (NHP) were purchased from ACROS. Water was deionized using a Milli-Q pack system. All chemicals were used as received without further purification. All buffer solutions were prepared according to the methods described in the European Pharmacopoeia.

Solid Lipid Nanoparticles (SLN) preparation

SLN dispersion was prepared using ultra-sonication of a hot emulsion obtained from a mixture of curcumin and a melted lipid dispersed in aqueous micellar phase. In a typical procedure, the mixture of solid lipid (stearic acid or N-hexadecylpalmitate, 2200 mg) and curcumin (22 mg) were heated and homogenized at 70-80°C. The aqueous phase containing surfactant (6.9 wt.% of Pluronic P123) was heated at the same temperature as the oil phase.

The oil phase was added to the aqueous micellar solution and the mixture was sonicated for 3 min with an ultrasonic device. (Branson Sonifier, 40 W output power, 50 % cycle) The hot oil/water emulsion was then cooled to room temperature under vigorous string to afford lipid solidification. Curcumin loaded SLN prepared using N-hexadecylpalmitate (NHP) and stearic acid (SA) were denoted as CU-NHP-SLN and CU-SA-SLN, respectively. Solid lipid nanoparticles without curcumin were also prepared in the same manner for control experiments. These samples were denoted as Blank-NHP-SLN, Blank-SA-SLN, depending on the lipid source. The resulting SLN samples were used for silica mineralization without phase separation.

Synthesis of hybrid SLN-silica materials

Hybrid SLN-silica materials were synthesized as previously reported by our group. 26,27 In a typical procedure, 900 mg of tetramethylorthosilicate (TMOS) was added dropwise into 4 mL of SLN dispersion. The P123/TMOS molar ratio (R) was fixed to 0.008 to obtain hexagonally ordered mesopore structure. The mixture was stirred for 1 h at room temperature and then transferred into sealed Teflon autoclaves, then was assayed at 70°C for 24 h. Afterwards, assynthesized hybrid SLN-silica material was dried at 40°C in vacuo for 24 h in order to evaporate residual water and methanol. No filtration or separation was performed, as the material was pasty. The materials prepared from CU-NHP-SLN and CU-SA-SLN were denoted as CU-NHP-Mat and CU-SA-Mat. Bare silica materials were also obtained after removal of organic matters (lipid, surfactants) under Soxhelt ethanol extraction for 24 h.

Assay of the content of curcumin in hybrid SLN-silica

5 mL of THF was added to 50 mg of dried hybrid SLN-silica material, and then the sample was sonicated for 30 min in order to dissolve lipid and curcumin into the organic phase.

Afterwards, 95 mL of ethanol was added, and the sample was diluted 10-fold using ethanol for UV-Vis spectrometry analysis. The concentration was calculated using a standard curve of curcumin in ethanol containing 0.5 % (v/v) of THF.

Drug partitioning ratio (Curcumin encapsulation efficiency)

To determine the drug partitioning between the lipid core and the micellar phase, 1 mL curcumin loaded CU-NHP-SLN dispersion was added to anhydrous ethanol in order to precipitate NHP, and then the sample was centrifuged at 5000 rpm for 5 min. The precipitate was further washed with 20 mL water 2 times and dried at 40°C in vacuo for 24 h. 10 mg of the dried SLN precipitate was dissolved in 25 mL methylene chloride and then analysed by UV-vis spectrometry (UV-Visible CARY3E-Varian) at 423 nm and its concentration was calculated using a standard curve of curcumin in methylene chloride. In the case of stearic acid based SLN dispersion, 1 mL SLN dispersion was filtered using a Millipore membrane (0.20 µm). The filtrate was then washed with water (2 × 20 mL) and further dried at 40°C in vacuo for 24 h. 10 mg of the filtrate was analysed by the same method used for NHP based SLN dispersion. The partitioning ratio was calculated by dividing the analysed weight of curcumin in dried lipid to the total weight of curcumin in the SLN formulation.

In vitro drug release experiments

Release experiments were carried out in 3 different buffer solutions, pH 1.2, 4.5 and 7.4.

Briefly, 50 mg of curcumin loaded hybrid SLN-silica material was immersed into 50 mL of buffer solution containing 0.1 wt% of CTAB. 30 The system was maintained at 25°C under magnetic stirring at 100 rpm. At regular intervals, 1.5 mL aliquots were withdrawn and replaced by an equal volume of receiving solution in order to maintain sink condition. The withdrawn samples were centrifuged at 5000 rpm for 5 min and filtered on a 0.45 µm membrane filter (Acrodisc Syringe Filger), and then diluted 4-fold with the same release medium. The curcumin release was analysed using a UV-vis spectrometer at 423 nm and its concentration was calculated using a standard curve of curcumin established for each dissolution medium. The final cumulative release percentage was corrected using a dilution factor. All data reported are the mean value with standard deviation of at least three different experiments.

Cytotoxicity experiment

Cell lines and cell culture: Human pulmonary embryonic fibroblasts were obtained from BioMerieux (Lyon, France). Cells were maintained in modified Eagle's medium (MEM, 41090, Invitrogen, France) for MRC-5 supplemented with 10% decomplemented foetal bovine serum (FBS, 10270, Lot 40Q5150K, Invitrogen, France) without antibiotics at 37°C, 5% CO 2 , under a humid atmosphere. MRC-5 cells were plated at 104 cells/well in 96-well plates (831835, Sarstedt, France). Forty-eight hours after plating, the growth medium was removed and replaced with the test solutions (100 µL). After 24 h exposure, viability and cytotoxicity tests were performed.

MTT assay: Viability tests were carried out using a commercially available cell proliferation molecularly organized systems of non-ionic surfactants (here micelles of P123) that might be adsorbed at the water-SLN interface to stabilize the dispersions. 32,33 The absolute values of the zeta potential are slightly higher for blank-SA-SLN than for blank-NHP-SLN, probably due to the presence of COO -group of stearic acid that could be located in the P123 layer of solid lipid nanoparticles. This hypothesis will be further discussed using FT-IR and SAXS experiments. However, the zeta potential value does not show a significant change after drug loading, suggesting that the interface of the solid lipid nanoparticles was not affected by loading of small amount of curcumin It was revealed that the drug-partitioning ratio (PR) between the lipid core of SLN and the micelles highly depends on the lipid source. For CU-NHP-SLN, about 80 wt.% of CU is dispersed in the micellar phase, meaning that only 20 % of the curcumin is located in the lipid core. However, the drug-partitioning ratio for CU-SA-SLN drastically increased up to 65 %, probably due to the interaction between stearic acid and curcumin, as confirmed by FT-IR spectra. 

reagent [3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) (135038, Sigma, France

Hybrid SLN-silica materials

Hybrid SLN-silica materials can be obtained by mineralization of CU-SLN dispersion, using tetramethyl orthosilicate (TMOS) as silica precursor, followed by silica hydrolysiscondensation on the surface of SLN. Since SLN dispersion consists of self-assembled surfactant micelles with sub-micron scaled lipid particles, the mineralization occurs through a dual templating mechanism combining cooperative templating (CTM) of micelles and hard templating of lipid nanoparticles that afford mesostructured and macrostructured domain, respectively. Concerning the synthesis of the hybrid materials, since the parameters like temperature, concentration of each ingredient were largely investigated in a previous paper of our group, 26 only the optimal conditions were used to obtain hybrid-silica materials with hexagonally ordered mesopores. (6.9 wt.% of P123 with 10 wt.% of lipid in water) Besides, blank-SLN samples were also mineralized to investigate the effect of curcumin loading in SLN, and it is revealed that a small amount of curcumin (1 wt.% with respect to lipid) did not affect the mesoporosity of silica material. Bare silica materials were also obtained by removing organic matter by soxhlet extraction with ethanol for 24 h for further characterizations. The silica materials obtained from CU-NHP-SLN and CU-SA-SLN are denoted as CU-NHP-Mat and CU-SA-Mat, respectively.

To investigate the mesostructuring of the silica materials, small-angle X-ray scattering (SAXS) analysis was performed on bare silica materials. The SAXS data for bare CU-NHP-Mat (Figure 2.1.5a), indicates 3 peaks, which can be attributed to the (100), ( 110) and ( 200) reflections of the hexagonal structure. In the case of silica material prepared using CU-SA-SLN (CU-SA-MAt, Figure 2.1.5b), the mesopore were hexagonally ordered however the second and the third peak, which correspond to ( 110) and ( 200) reflections of the hexagonal structure, were less resolved than in bare silica materials obtained from NHP. This could be due to the carboxyl acid group of stearic acid, which could enhance the silica condensation rate, compared to NHP that has no acidic or basic functional group, as confirmed using the zeta potential measurements. The lattice parameters (a 0 = 2d 100 / 3) for materials were calculated as 12.5 nm and 13.2 nm for CU-NHP-Mat and CU-SA-Mat, respectively. According to these graphs, all samples exhibit a type IV isotherm, which is characteristic of mesoporous materials. The specific surface area and pore volume values as well as pore diameter distributions are summarized in Table 2.1.2. The wall thickness of mesopores, deduced by subtracting the pore diameter from the lattice parameter a 0 , varied from 5.2 nm to 7.2 nm. These values are higher than those of typical SBA-15 (4 nm), generally prepared using P123 surfactant. This result suggests that the mesostructuring of the silica materials in this work could be more stable than the conventional SBA-15. 36 The imprint of SLN beads on silica materials was confirmed by mercury intrusion porosimetry measurements on bare silica materials. In Figure 2.1.7A, a broad peak centred at 900 nm is observed for CU-NHP-Mat. These macropores are larger than the mean diameter of CU-NHP-SLN, which is around 310 nm. This is probably due to a possible agglomeration of NHP during mineralization by TMOS at 70°C, which is a little higher than melting point of NHP (54°C). For CU-SA-Mat (Figure 2.1.7B), the peak corresponding to macropores is centered on 470 nm that is almost identical to the size of CU-SA-SLN beads (450 nm). This could be explained by the fact that nanoparticles of stearic acid with a melting point of 68°C remain in solid state and do not change their shape during silica condesation at 70°C. Also, the mineralization rate for CU-SA-SLN is faster than CU-NHP-SLN as discussed, an effective silica shell around CU-SA-SLN could be formed at the early time of mineralization step. 

In vitro curcumin release

The release experiments of CU-loaded hybrid SLN silica materials were carried out at 3 different dissolution media (pH 1.2, 4.5 and 7.4). 0.1% (w/w) of a cationic surfactant, CTAB was added to dissolution media in order to solubilize the curcumin, 37 because curcumin is poorly soluble and degraded in aqueous solution. 38 Before investigating curcumin release, the stability of curcumin for 5 days and the sink conditions in different dissolution media were verified, showing less than 1% loss of the curcumin. The differences in the curcumin release behaviour could be because of the interaction between curcumin and silanol groups of the surface of silica. One should first note that no deprotonated forms of curcumin are involved in the release mechanism at the investigated pH (1.2, 4.5 and 7.4) since pKa of the most acidic proton is 8.4 (Figure 2.1.12-13). Secondly, through a well-known isoelectric point the value for amorphous silica in water is 2-3, 39 which is based on pKa1= 2.77 (≡SiOH 2 + →≡SiOH + H + ) and pKa2= 6.77 (≡SiOH→≡SIO -+ H + ), for the calculation of surface acidity in mesoporous silica, protonation-deprotonation reaction for Q2 silanol (=Si(OH) 2 ) and Q3 silanol (≡Si-OH) should be also be taken into consideration. 40 Experimental data 41,42 and computational calculations 43 suggested that Q3 silanol on the silica surface has a pKa of 4.5 and Q2 silanol has a pKa of 8.5.

Therefore, in the 1.2-7.4 pH range, only Q3 silanol undergoes deprotonation, while Q2 silanol is not deprotonated. These dominated forms of silica and curcumin as a function of pH are described in Figure 2.1.12. At pH 1.2, only weak dipole-dipole interactions (hydrogen bond, 5.0 kcal mol -1 , computational calculation [44][45][46] ) between curcumin and silanol are the release rate is slower than that of CU-NHP-Mat (12 h vs. 6 h for saturation). It could be related to the higher amount of curcumin in the lipid core, and also to the lipid-curcumin interaction for CU-SA-Mat. Indeed, after the release of curcumin that was encapsulated in mesopores, curcumin is fed only from the solid lipid nanoparticles that act as a drug reservoir.

Hence, the release rate becomes mainly dependent on the nature of SLN, which is again, influenced by pH. 47 Interestingly, at pH 1.2, a two-step release pattern was observed with the quasi-stationary state between 3 h and 4 h. This state will be discussed later using a kinetic model. Besides, the presence of this quasi-stationary state was verified more than 10 times.

In addition, the influence of mesoporous structure was also investigated using CU-SA-Mat. A silica material with weak wormlike meso-structure was prepared by adjusting the silica condensation temperature at room temperature for 24 h. Curcumin content assay experiment revealed also that this material contained the same amount of curcumin as the material with hexagonally ordered mesopores, thus the direct comparison of mesostructuring degree was performed through curcumin release study. 50% (v/v) aqueous ethanol was chosen as the release medium in order to investigate not only the structure of mesopore, neglecting other parameters like curcumin-silica interaction, but also the visualization of curcumin release that can be accelerated in aqueous ethanol solution. As shown in Figure 2.1.14, the curcumin release from hexagonally ordered SLN-silica meso-macroporous material shows a significant increase of the drug released up to 20 %, as compared to weak wormlike SLN-silica material that has low mesopore volume. From this result, one can conclude that mesoporous silica shell could be served as the pathway for curcumin release. 

Drug release mechanism modeling

In order to determine the release mechanism, the curcumin release data were analysed and fitted using the Korsmeyer-Peppas model 48 that could be described as the following: where n for release exponent and K for kinetic constant.

This model has been widely used for investigating of new drug delivery matrix like SLNsilica system of this study. Especially, the fitting parameter, release exponent (n) indicate the dominant release mechanism of drug; n = 0.43 for Fickian diffusion, n < 0.43 for quasi-Fickian diffusion, n > 0.43 for non-Fickian diffusion or other process like erosion combined release. In addition, this model has also another fitting parameter, kinetic constant (K) which could be used in case of drug release rate comparison.

From the result, ( The release pattern for CU-SA-Mat at pH 1.2 is not well fitted using simple Korsmeyer-Peppas model, probably due to the difference of the curcumin release rate from SLN and mesopores. As explained before, for compartmentalized solid lipid nanoparticle@mesostructured silica matrix, the release at pH 1.2 is faster than other pHs, and curcumin release from mesopores is faster than curcumin from SLN. As a result, at pH 1.2, curcumin release from mesopores of CU-SA-Mat finished in 3 h, while curcumin release from SLN dose not start yet.

Fitting on 2 zones with Korsmeyer-Peppas model can confirm this two-step release. At first, it is clearly shown that the correlation coefficient R 2 for both the 1st zone (0.990 before 3 h) and the 2nd zone (0.992 after 4 h) are close to 1. In addition, the kinetic constant for the 1st zone (44.6 h -1 ) is higher than that for the 2nd zone (33.4 h -1 ), which explains fast curcumin release from mesopores, compared to the release from SLN. Moreover, the disappearance of stearic acid from CU-SA-Mat over the release time was also verified by SAXS measurements From these results, a possible mechanism of drug release from the meso/macrocompartmentalized silica matrix is described in Figure 2.1.17.

Figure 2.1.17. Graphical representation of the release mechanism of curcumin. The curcumin was firstly released from lipid core, then pass through mesopore before being solubilized in aqueous solution.

Toxicity study of silica materials

Considering the toxicity of designed vectors, it should be noted that all ingredients are excipient approved by the FDA, 20 except N-hexadecylpalmitate (NHP). Thus, for NHP based hybrid SLN-silica material (CU-NHP-Mat), cell viability experiments were performed on MRC-5 cells (Figure 2.1.18) following a standard procedure previously reported. 31,49 Indeed, the determined IC 50 (The half maximal inhibitory concentration) values of free curcumin and CU-NHP-Mat were identical after 24 h of treatment, of about 20 mg L -1 of curcumin in both cases and of about 4.9 g L -1 of NHP-silica in the case of CU-NHP-Mat. At the same concentration in NHP-silica, free of curcumin material Blank-NHP-Mat, 90% of the cells remained viable. These results confirm that NHP, silica, and P123 surfactants were not toxic below this dose. As a matter of fact, the IC 50 value of CU-NHP-Mat is higher than 18 g L -1 . Thus, the newly designed drug-SLN-silica meso/macro-compartmentalized matrix could be of potential interest for biological applications, including drug delivery. 

Conclusion

Curcumin-loaded meso-macrostructured silica materials were obtained by mineralizing dispersions of solid lipid nanoparticles in micellar solutions. The partition of curcumin between SLN and micelles of P123 depends on the lipid source (20% for NHP and 65% for SA), due to the difference of the interaction between curcumin and lipid as suggested by FT-IR and SAXS experiments. The hybrid SLN-silica materials, obtained through sol-gel reaction, exhibits dual porosity, macropores that are interconnected via mesopores. In addition, the resulting materials could be efficient for long-term storage of active ingredients as the content of curcumin remain above 95% even after 3 months. The release of curcumin in aqueous medium is pH-dependent for both stearic acid and cetyl palmitate-based materials, probably due to the interaction between CU and silanols of the mesopore surface. Moreover, a two-step release pattern was observed for SA-Mat at pH 1.2, as confirmed by FT-IR and SAXS analysis. This result suggests that SLN may act as reservoirs of curcumin, while mesopores act as pathways to control drug release. In conclusion, using SLN/micellar dispersion is a straightforward way to design a novel hybrid-silica drug delivery system with improved stability and sustainability of guest drug release. 

Introduction

Mesoporous silica-based vectors used for oral delivery were previously reported. 50 Theses vectors enabled an enhanced intestinal absorption for drugs displaying poor solubility (i.e. fenofibrate 51 ), poor permeability (i.e. telmisartan 50 ) or for those undergoing cell efflux by P-glycoprotein pump such as cyclosporine. 52 In this part, it is demonstrated that by using solid lipid nanoparticles, it is also possible to design curcumin loaded core-shell type of hybrid mesoporous silica microcapsules, which take advantage of unique properties such as biocompatibility, of both mesoporous silica and solid lipid nanoparticles, in order to improve the bioavailability of curcumin for oral administration, which has been limited, due to the rapid presystemic catabolism in the intestinal wall. 53,54 In addition, microcapsule type materials could be more adapted for internalization, compared to block type materials, for which we presented one example with silica in the previous part. To demonstrate the potential application of novel hybrid silica capsule, in vitro release of curcumin and cytotoxicity and the cellular uptake using Caco-2 cells were investigated.

Materials and methods

Chemicals

Hexadecyltrimethylammonium bromide (CTAB), Tetramethylorthosilicate (TMOS) were purchased from Sigma-Aldrich. N-hexadecylpalmitate (NHP) was purchased from Acros.

Tween 40 (polyoxyethylene (20) sorbitan monopalmitate), ethanol, were purchased from Alfa Aesar. Curcumin and Nile Red were purchased from Aldrich. Water was deionized and purified using a Milli-Q pack system. All reagents were used without further purification. All the release media were prepared according to European Pharmacopoeia 8.0 guidelines -Section 5.17.1.

SLN preparation (CU-SLN)

Curcumin-loaded solid lipid nanoparticles (CU-SLN) were prepared by ultra-sonication of a hot emulsion obtained from a mixture of curcumin and a melted lipid dispersed in a micellar phase as described in previous part. 55 In a typical procedure, the mixture of 430 mg of N-hexadecylpalmitate (NHP) and 11 mg of curcumin (CU) were heated at 70°C. The aqueous phase containing 1.6 wt.% of Tween 40 was heated at the same temperature as the lipid phase.

The oil phase was added to 20 mL of the Tween 40 micellar solution and the mixture was sonicated for 1.5 min with an ultrasonic device (Bandelin sonopuls, HD2200, 52 % of output).

The hot o/w emulsion was then rapidly cooled to room temperature under vigorous stirring to afford lipid solidification. The fluorescent, Nile Red labeled CU-SLN were synthesized in a similar manner, by mixing the dye with the melted lipid.

Synthesis of hybrid SLN-silica microcapsules

510 mg of tetramethoxysilane (TMOS) was added dropwise into 20 mL dispersion of CU-SLN. The surfactant/silica molar ratio (R) was 0.07. The mixture was stirred for 1 h and then transferred into sealed Teflon autoclaves, then was assayed at 40°C for 48 h. Afterwards, the material was filtered, washed with water, then dried at 40°C in vacuo for 24 h. Besides, the silica microcapsules templated by Nile Red (NR) loaded SLN were also prepared in the same manner.

Assay of the content of curcumin in hybrid SLN-silica microcapsules

5 mL of THF was added to 50 mg of hybrid SLN-silica capsule, then the sample was sonicated for 30 min in order to dissolve lipid (NHP) and curcumin into the organic phase.

Afterward, 90 mL of ethanol was added, and the sample was diluted 10-fold using ethanol for UV-Vis spectrometry analysis. The concentration was calculated using a standard curve of curcumin in ethanol.

In vitro curcumin release experiments

Release experiments were carried out in 3 different buffer solutions, pH 1.2, 2.8 and 7.4.

Detailed method was described in Part 2.1.

Cell culture

Caco-2 cells (ATCC, HTB-37 TM , Manassas, VA, USA) were grown at 37°C under a 5% CO 2 atmosphere in Eagle's minimum essential (EMEM) medium (Sigma Aldrich, Saint-Quentin Fallavier, France) supplemented with 10% fetal bovine serum (SVF, Eurobio, Les Ulis, France), 1% non-essential amino acids (Sigma Aldrich, Saint-Quentin Fallavier, France), 1% sodium pyruvate (Sigma Aldrich, Saint-Quentin Fallavier, France), 1% antibiotics (100U/mL of penicillin, 0,1 mg/mL streptomycin, Sigma Aldrich, Saint-Quentin Fallavier, France).

Cells were trypsinized once a week (Trypsin-EDTA, Sigma Aldrich, Saint-Quentin Fallavier, France), before counting and medium renewal. Passages 35 to 45 were used.

Cytotoxicity assay

Cells were seeded in 96-well plates at a 5x10 4 cells/cm 2 density. After overnight incubation, medium was removed by aspiration. Fresh medium was added and cells were exposed to blank or loaded MC at equivalent concentrations of encapsulated CU ranging from 5 to 75 mg/L during 24 h. Cell viability was then examined by Neutral Red assay according to Borenfreund et al. recommendations. 56 Briefly, after exposure to fluorescently-labeled silica microcapsules, medium was removed and cells were rinsed two times using Hank's balanced salt solution (HBSS) from Sigma Aldrich (Saint-Quentin Fallavier, France). Cells were then incubated with 50 mg/L Neutral Red in medium solution during 4 h. working solution was removed. Cells were rinsed two times with HBSS and lysis solution (50% water, 50% ethanol (v/v) + 1% acetic acid (v/v)) was added. The optical density (OD) was measured using a microplate reader at 540 nm. Cell viability was expressed as the percentage of the OD of the studied condition with respect to the OD of cells incubated with the culture medium only.

Results are expressed as the average of three independent biological replicates. Statistical analysis was carried out by the Graphpad Prism 3.0 software package. Difference between groups was analyzed using one-way ANOVA and Bonferroni post-hoc tests. P < 0.05 was considered statistically significant.

In vitro cell uptake

Cell uptake was studied using silica microcapsules (MC) labeled with Nile Red (NR). NR is a lipophilic fluorescent probe, thus, it was introduced in the lipid phase forming SLN. Then, fluorescent SLN were mineralized, as described above. Cells were grown on a sterile chambered coverglass (Lab-Tek ® , Thermo Scientific, Illkirch-Graffenstaden, France) at a density of 7 × 10 4 cells/cm 2 . After overnight incubation, cells were exposed to Nile Redlabeled microcapsules suspended in EMEM medium for 4 h. Three controls were used, non-treated cells, cells exposed to Nile Red solution in a mixture of DMSO/water (1/99 v/v) and cells exposed to non-labelled MC-CU. At the end of the incubation period, incubation medium was removed and cells were washed twice with HBSS. Cells were then fixed with 4% (v/v) paraformaldehyde during 15 minutes in the dark at room temperature. After rinsing cells twice with HBSS, Hoechst 33342 (1 mg/L in PBS) was used at room temperature during 15 min in the dark, for nuclei staining. Finally, cells were washed thrice with distillated water, dried at room temperature and conserved in the dark at 4°C. Observations were made using a confocal laser scanning microscope (Leica TCS SP5X, Bensheim, Germany) with a 40.0×/1.25 numerical aperture oil-immersion objective lens.

Results and discussion

Solid lipid nanoparticles (SLN)

Curcumin loaded solid lipid nanoparticles (CU-SLN) were prepared by sonication of hot- Zeta potential (mV) -13.0 ± 2.1 -11.8 ± 2.5 -12.5 ± 1.5

Table 3.1. Physicochemical characteristics of SLN (a. Size distributions were measured using DLS)

This phenomenon was also observed for other SLN prepared using Pluronic P123. 55 

Silica microcapsules templated by SLN

Curcumin loaded SLN-silica microcapsules (MC-CU) can be obtained by mineralization of CU-SLN dispersion using TMOS as silica precursor, and then followed by silica hydrolysiscondensation on SLN surface. The surfactant/silica molar ratio (R) was fixed to 0.07.

Moreover, NHP concentration in SLN dispersion was fixed to 2 wt.% in order to cover all surfaces of SLN by silica precursor, which is a crucial factor for the synthesis of silica capsules, as reported by our group. 26 In addition, since Tween 40 cannot form the cylindrical micelles, it is believed that only silica capsules could be formed. Besides, hollow silica capsule was obtained by removing organic matter by Soxhlet extraction with ethanol. This hollow silica capsule was then characterized using small-angle X-ray scattering (SAXS) in order to investigate the organization of mesopores. As shown in Figure 2.2.3a, the SAXS data shows a weak peak, indicating that the mesopore of silica capsule is ordered in wormlike structure. N 2 absorption-desorption experiment of bare silica capsule showed a type IV isotherm (Figure 2.2.3b), which is characteristic of mesoporous materials. The BET specific surface area and the mesopore volume are 1055 m 2 g -1 and 1.3 cm 3 g -1 , respectively. 

In vitro curcumin release

With the aim to study the influence of pH changes in the gastrointestinal tract on the release profile, the experiments were carried out in different buffer solutions with a progressive rise of pH from 1.2 to 7.4. A cationic surfactant, CTAB (0.1 wt.%) was added to improve the solubility and the stability of curcumin in aqueous solution during the release experiments. 37,38 This dependence could be explained by the stability of SLN as a function of pH. 47 Thus, SLN would be rapidly destabilized at pH 1.2, expelling encapsulated curcumin at early release time, whereas at neutral pH like 7.4 SLN could be more stable for long time, keeping curcumin inside SLNs matrix. Interestingly, curcumin release was effectively retained at pH 2.8 without burst release at the early release stage. This result could be due to the isoelectric point of silica that is between 2 and 3. This property of silica could be an advantage for oral administration route, keeping in mind that the average basal pH value in the stomach is 2.16 ± 0.09 for men and 2.79 ± 0.18 for women as measured by Feldman and Barnett in 365 healthy subjects, 58 we can expect that curcumin release from hybrid silica microcapsules in the gastric medium would be effectively retained.

In order to determine the release mechanism, the data were analysed and fitted using the Korsmeyer-Peppas model. 48 (Figure 2.2.6, Table 2.2.2) The release mechanism of curcumin for pH 1.2 and 7.4 could be described by the quasi-Fickian drug diffusion process, since their release exponent (n) values are lower than 0.43. However, curcumin release at pH 2.8 is effectively retained with release exponent (n) of 0.9, which proposes that other processes like a possible aggregation between silica microcapsules could affect curcumin release. 

Biocompatibility studies

The biocompatibility of silica microcapsules was assessed by a cytotoxicity colorimetric assay and by confocal laser scanning microscopy (CLSM). The colorimetric assay determines the uptake and accumulation of a vital dye, i.e. neutral red, in the viable and uninjured cells, whereas CLSM visualizes the interactions of fluorescently-labelled microcapsules with cells.

Toward this aim, Caco-2 cell line was used.

Caco-2 cell line, obtained from a human colon adenocarcinoma, represents the model of choice to study drug interactions with the intestinal barrier, as they express numerous morphological and functional features of the intestinal epithelium's cells. 59 It is important to note that Caco-2 monolayer is the unique in vitro cell model approved by the FDA for in vivo bioavailability and bioequivalence studies for oral solid dosage forms. 60

Cytotoxicity assay

Toxicity of MC-CU was evaluated after 24 h of incubation and compared to their equivalent amount of blank MC and free CU at the most concentrated microsphere suspension. (Figure 2.2.7) Incubation with MC-CU resulted in a decrease in cell viability with respect to control.

Cell viability decreased gradually with increasing MC-CU concentrations till 30 mg/L.

Nevertheless, nearly 75% of cells remain viable following the exposure to the highest tested concentration (i.e. 75 mg/L expressed as entrapped CU). No significant differences in viability were found between cells exposed to 30, 50 or to 75 mg/L or between cells exposed to loaded or blank microcapsules used at the same equivalent amount of inert materials.

These results suggest a good biocompatibility of MC-CU with the intestinal barrier cell model and are consistent with previously published findings about the cytotoxicity of mesoporous silica nano-and microparticles. 61 

In vitro cell uptake

Cell uptake of microcapsules was investigated by confocal microscopy after 4 h of incubation at different concentrations of entrapped curcumin in the culture medium: 5, 10 and 30 mg/L.

For this purpose, microcapsules were labeled with Nile Red (appearing in red). Nuclei were labeled by Hoechst 33342 (appearing in blue), allowing microcapsules to be localized in the intracellular compartments. The results show a diffusion of NR inside the cells for all the studied concentrations of MC in the culture medium (Figure 2.2.8a, b and c). According to images, the diffusion of NR increased when cells were exposed to increased MC concentration in the culture medium. On the other hand, no diffusion of NR was observed in cells exposed to NR solution in DMSO/water (1/99 v/v) (Figure 2.2.8e). Keeping in mind that, Nile Red is a lipophilic dye and thus can stain cell membranes; we can deduce that the entrapped dye diffuse much more efficiently than the free one. In other words, NR-labeled MC could be readily taken up by Caco-2 cells. Interestingly, the micrograph of cells exposed to 30 mg/L (Figure 2.2.8c) shows RN-labelled MC inside the cells, which was confirmed by checking the different optical sections in the z-stack. Moreover, no significant difference in cell shape was observed for cells exposed to MC when compared to control (non-exposed cells). No feature of cell stress was observed in all the studied conditions, which is in agreement with the cytotoxicity results.

Conclusion

In summary, hybrid solid lipid nanoparticles/mesoporous silica microcapsules have been successfully obtained through the mineralization of dispersions of solid lipid nanoparticles (SLN) in micellar solutions. The resulting hybrid silica microcapsules showed pH-dependent curcumin release, because of the different stability of lipid core as a function of pH value.

Interestingly, curcumin release was effectively retained at pH 2.8, showing aggregated silica microcapsules, probably due to the isoelectric point of silica that is included in the gastric pH range (i.e. between 2 and 3). This result suggests that the designed silica microcapsules could be used as gastro-resistant delivery systems. Moreover, the results of the cytotoxicity assay suggest the biocompatibility of the developed silica mcirocapsules with Caco-2 cell monolayer model. In addition, CLSM showed a possible cell internalization of silica microcapsules, suggesting their versatility as absorption enhancers or for cell targeting.

Therefore, using solid lipid nanoparticles (SLN) is a straightforward way to design pHresponsive hybrid silica microcapsules, showing improved stability, bioavailability and bioinertness. This strategy could provide a promising formulation platform for designing of drug delivery systems with enhanced bioavailability for poorly soluble drugs. 18,62 Part 2.3 pH-and glutathione-responsive release of curcumin from mesoporous silica nanoparticles coated using tannic acid-

Fe(III) complex

This part was published as: S. Kim, S. Philippot, S. Fontanay, R. E. Duval, E. Lamouroux, N.

Canilho, A. Pasc, pH-and glutathione-responsive release of curcumin from mesoporous silica nanoparticles coated using tannic acid-Fe(III) complex in RSC Adv. 2015, 5, 90550-90558.

Introduction

The development of pH-or glutathione-responsive drug delivery system has been one of the main topics for scientists, because the cancer tissues show generally more acidic environment, and their glutathione (GSH) level are also 4-fold higher than those of normal tissues. 63 Thus, the drug carrier should be stable at physiological condition (pH 7.4) without drug release to reduce the side effect on normal tissue. However, the carrier has to release the encapsulated drug when it reaches to a slight low pH zone such as a cancer tissue enriched environment (pH 5 -6). In addition, for more efficient targeting drug delivery, it is also preferred that drug release is controlled by glutathione concentration level. For this goal, a gatekeeper approach already showed its excellent efficiency, 64,65 however, metallic nanoparticles as keepers could induce toxicity 66 , which might limits their wide and practical applications.

As mentioned in the introduction of this chapter, tannic acid-Fe(III) complex coating method has been proved effective for designing pH-responsive systems like drug carrier without serious toxicity concern. Therefore, being in line with this concept, in this part, it is demonstrated a newly designed drug delivery system using tannic acid-Fe(III) complex deposition on the outer surface of mesoporous silica nanoparticles with the aim to provide pH-and glutathione-reponsive drug release and to reduce the fast release at the early stage as well as to increase the bioavailability. As an application of novel mesoporous silica nanoparticles prepared by tannic acid-Fe(III) complex coating, in vitro curcumin release experiments and the cytotoxicity test were carried out. More detailed discussion was covered in the following.

Experimental section Chemicals

Tetramethylorthosilicate (TMOS), tetraethylorthosilicate (TEOS), Pluronic P123 and hexadecyltrimethylammonium bromide (CTAB), tannic acid (TA), sodium hydroxide (NaOH), glutathione (reduced form (GSH)), and curcumin were purchased from Sigma-Aldrich. Ethanol, methanol and iron (III) chloride (FeCl 3 ) was purchased from Alfa Aesar.

Water was deionized and purified using a Milli-Q pack system. All reagents were used as received without any further purification.

Synthesis of mesoporous silica nanoparticles, MCM-41

MCM-41 was synthesized as previously reported in the literature. 67 Briefly, 300 mg of CTAB was dissolved in 120 g of deionized water at 35°C and kept under stirring to obtain a clear solution. Then, 0.35 mL of 2M NaOH solution was added, and the mixture was heated to 80°C. Afterward, 0.67 ml of TEOS was added as silica precursor, kept under continuous stirring for additional 2 h. The as-synthesized product was filtered and washed with deionized water then calcined at 550°C for 5 h, giving mesoporous silica nanoparticles MCM-41.

Curcumin loading into mesoporous silica nanoparticles

Curcumin loading was performed using a rotavapor loading method as reported in the literature. 35 In brief, 10 mg of curcumin was dissolved in 5 mL of methanol, and then 100 mg of MCM-41 was added to this solution. The mixture was sonicated for 5 min, and the solvent was slowly removed using rotary evaporator at 50 °C for 2 h. This product was kept at 30 °C for more than 24 h to remove the residual solvent. Dried curcumin loaded mesoporous silica nanoparticles are denoted as MCM-41-CU.

Coating of curcumin loaded MCM-41 using tannic acid-Fe(III) complex

Deposition of the tannic acid-Fe(III) complex on MCM-41 was conducted by the method reported by Ejima et al. 25 with a slight modification. In brief, 0.020 mL of tannic acid solution (24 mM) and 0.020 mL of FeCl 3 solution (24 mM) were added to 4 mL of curcumin loaded MCM-41 (1 mg / 1 mL) under vortex stirring and kept for 30 seconds. 0.15 mL of phosphate buffer solution (pH 8.0, 100 mM) was added to the mixture to raise pH value around 7.2. The resulting suspension product was filtered, and then washed with 3 mL of deionized water to remove free tannic acid-Fe(III) and phosphate salt, then dried at 35 °C for 48 h. The final products, tannic acid-Fe(III) complex coated curcumin loaded silica materials are denoted as MCM-41-CU-TA. Multi-layer coating of curcumin loaded silica materials was performed on MCM-41-CU-TA by repeating the procedure described above up to 3 times, and the product is denoted as MCM-41-CU-TA-number, where number is the number of repeated coating process. Besides, tannic acid-Fe(III) complex coated silica materials without curcumin loading were also prepared to calculate the weight percentage of tannic acid-Fe(III) complex deposited on the surface of silica materials, and the samples are denoted as MCM-41-TA.

Calculation of curcumin content in the mesoporous silica nanoparticles

10 mg of tannic acid-Fe(III) coated curcumin loaded mesoporous silica nanoparticles, MCM-41-TA-CU was added to 5 mL of 0.1M HCl solution for the decomposition of tannic aicd-Fe(III) complex. Then, 95 mL of THF was added to extract and solubilize curcumin. The solution was analysed using UV-vis spectroscopy. The calculated curcumin content was 8.2 wt.%. (93 % with respect to initially loaded amount)

In vitro drug release experiments

Release experiments were carried out for curcumin MCM-41-CU and TA-Fe(III) coated curcumin loaded MSNs (MCM-41-CU-TA). The material equivalent to 1 mg of curcumin was dispersed in 75 mL of 0.3 wt.% of CTAB contained dissolution medium (pH 7.4, 6.0 and 4.5) using phosphate or acetate buffer system. The ionic strength was adjusted to 10 mM for all dissolution mediums, except glutathion (GSH) triggered curcumin release experiments, where the ionic strength was adjusted to 50 mM. More details for release experiments were described in part 2.1

Cell line and culture conditions

MRC-5 (ATCC CCL-171) human lung fibroblasts were used as model for cytotoxic assays.

Cells were grown in Minimum Essential Medium (MEM, 31095-029, Life Technologies-Gibco) supplemented with 10% heat-inactivated fetal calf serum (CVFSV00-0U, Eurobio, Courtaboeuf, France) and 2 mM L-glutamine (G7513-100ML, Sigma Aldrich), at 37°C in a 5%

CO 2 humidified atmosphere.

Cytotoxicity assay on MRC5 cell line

The impact of MCM-41, MCM-41-CU, MCM-41-CU-TA, and MCM-41-TA (without curcumin) on cell viability was evaluated by the MTT assay 48 based on the reduction of MTT by mitochondrial succinate dehydrogenase into purple formazan in living cells. Cells were plated at 10 4 cells per well in 96-well tissue culture plates (83.1835, Sarstedt) and grown for 24 hours at 37 °C in a 5% CO 2 atmosphere. Then medium was discarded and replaced by fresh medium containing increasing amounts of tested silica nanoparticles (range 1 to 150 µM curcumin equivalent) previously dispersed in the medium. Three different controls were added: medium alone, cells in medium and 150 µM curcumin equivalent in medium. Each condition was repeated in eight wells. After 48 h of incubation, medium was discarded and cells were washed with PBS. Hundred microlitres of medium containing 0.5 mg/mL MTT previously prepared in PBS, were added to each well and the plates were incubated for 4 hours at 37°C. Then formazan crystals were dissolved by the addition of 100 µl of SDS (100 µg/mL) and incubation for 3 hours in 37°C. Finally absorbance was measured at 540 nm vs 690 nm using a 96-well plate reader (Multiskan EX, Thermo Electron Corporation).

Percentages of survival and half maximal inhibitory concentration (IC 50 ) were then calculated.

Results and Discussion

Materials Characterization

In this study, a hydrophobic model drug, curcumin was loaded into mesoporous silica nanoparticles, MCM-41 in order to investigate drug release behavior before/after surface coating using tannic acid-Fe(III) complex. Indeed, practical applications of curcumin have been limited because of it low water solubility at acidic and physiological pH and its rapid hydrolysis under alkaline conditions. In addition, its poor absorption and rapid metabolism in the human body decrease the bioavailability of curcumin. 68 Therefore, to overcome these drawbacks, it is necessary to encapsulate curcumin into a drug delivery system, here into mesoporous silica nanoparticles. Small angle X-ray scattering (SAXS) pattern of bare MCM-41(Figure 2.3.2a), exhibit three well resolved peaks at 3.7, 2.1, and 1.8 nm. The ratio of these peaks is 1: 3:2, which can be attributed to the (100), ( 110) and ( 200) reflections of the hexagonal structure. The corresponding cell parameter a 0 is estimated to be 4.3 nm, which is in accordance with some other results presented elsewhere. 67,69 For curcumin loaded mesoporous silica nanoparticles MCM-41-CU, and for tannic acid-Fe(III) coated silica MCM-41-CU-TA, the spectra are superimposable to those of the bare materials. This indicates that the hexagonal structure is maintained, and that neither the curcumin loading nor the tannic acid-Fe (III) coating seems to affect the structure of the materials. In order to investigate the crystalline phase of curcumin after encapsulation into mesopores, wide angle X-ray scattering (WAXS) experiments were performed. As shown in Figure 2.3.2b, most of pure curcumin's characteristic peaks are observed for physical mixtures of curcumin with silica nanoparticles (MCM-41-CU-MIX), suggesting that curcumin is in its crystallized form in these materials. However, for curcumin loaded mesoporous silica nanoparticles using rotavapor method (MCM-41-CU) and tannic acid-Fe(III) coated curcumin loaded mesoporous silica nanoparticles (MCM-41-CU-TA) no diffraction peak is observed in the high q-region, indicating that curcumin has been well loaded and dispersed over mesopores with an amorphous form or as nano-scale aggregates. 69 Nitrogen adsorption-desorption isotherm experiments were performed on bare mesoporous silica (MCM-41) and curcumin loaded mesoporous silica MCM-41-CU), showing a type IV isotherm (Figure 2.3.3) with a capillary condensation at a relative pressure p/p 0 in the range of 0.2 -0.4, which is characteristic of mesoporous materials. The detailed data of surface area, pore volume, and pore diameter as well as lattice parameter are given in Table 1. The surface area and pore volume for silica materials decrease as curcumin is loaded into mesopores, while the decrease of the pore diameter is not distinctive (from 2.3 nm to 2.1 nm). It is thus believed that during the evaporation of methanol at curcumin loading step, given that curcumin presents a hydrophobic nature, curcumin molecules might prefer to get together, forming nano-scale aggregates due to the presence of hydrophilic silanol groups on the surface. Indeed, the rotavapor drug loading method has been widely employed for hydrophobic molecules because of its simple procedure and high drug loading efficiency that could reach around 100 %. Moreover, by this method, the drug exhibits very low ratio of crystalline phase that cannot be obtained by other methods like the fluid bed loading, in which the fast solvent evaporation could induce the crystallization of hydrophobic drug molecules. 35 The size measurement was performed using dynamic light scattering (DLS) for MCM-41 before/after tannic acid-Fe(III) complex coating. (Figure 2.3.4a) The hydrodynamic mean size of silica nanoparticles is 217 nm for MCM-41, after curcumin loading, and then tannic acid-Fe(III) complex coating, its mean size changed to 225 nm, and 234 nm, respectively.

Then, by multiple deposition of tannic acid-Fe(III) complex, the mean size increased to 248 nm, and 265 nm for 2 times (MCM-41-CU-TA-2), and 3 times (MCM-41-CU-TA-3) coated silica nanoparticles, respectively.

The presence of tannic acid-Fe(III) complex in silica materials was confirmed by the evolution of UV-Vis diffuse reflectance spectra. (Figure 2.3.4b) For clarity reasons, only silica materials without curcumin (MCM-41-TA) were analyzed. First, no significant peak was observed for MCM-41. However, for MCM-41-TA, one peak was observed at 307 nm, which corresponds to the tannic acid absorption peak coordinated to the Fe(III) ions, and a broad shoulder around 560 nm could be assigned to charge transfer band from a coordinated tannic acid to Fe(III) ions the tannic acid-Fe(III) complex compound. 70 The amount of tannic acid-Fe(III) complex deposited on mesoporous silica nanoparticles (MSN) was also calculated. For 4 mg of silica material after coating process, the amount of tannic acid was calculated as following: 24 mol/L * 0.02 mL * 1701 g/mol * 0.125 * 1L/1000mL = 0.102 mg, where 24mol/L is the concentration of tannic acid in stock solution, 0.02 mL for the volume used, 1701 g/mol is molar weight of tannic acid, and 0.125 is the ratio of tannic acid-Fe(III) charge transfer band peak before/after coating process, determined by UV-vis spectroscopy. (Figure 2.3.5) The amount of Fe(III) can be also described in the same manner: 24 mol/L * 0.02 * mL * 55.8 g/mol * 0.33 * 0.125 *1L/1000mL = 0.001 mg of Fe(III) ion, where 55.8 g/mol is molar weight of Fe, 0.33 is the ratio between tannic acid and Fe(III) in the complex. The possibility of Fe (III) ions coordinated to other functional groups was neglected in the calculation. Thus, the weight percent of tannic acid and Fe ions is 2.5 % and less than 0.1 %, respectively. 2.3.2) it was founded that iron content on the surface of silica materials is ~ 0.2 %, which is higher than the calculated values using UV-Vis (less than 0.1 wt.%), but seems reasonable, since SEM-EDS analysis can measure only the silica surface. coating on the surface of silica, giving the average thickness of 15 nm with 5 nm as standard deviation, by analyzing 20 particles. From this result, it is assumed that the average thickness of 1 layer of coating could be of 5 nm. The stability of coating as a function of pH was also monitored using TEM analysis. The samples were prepared by incubating mesoporous silica coated 3 times (MCM-41-CU-TA-3) in the buffer solutions of pH 4.5 for 1 h with 15 min of sonication. For the sample incubated at pH 4.5, (Figure 2.3.9d) it was found that most of tannic acid-Fe(III) complex were removed. This unique pH-dependent property of tannic acid-Fe(III) complex will further be discussed in in vitro curcumin release experiments section. 

In vitro release experiments

The release experiments of curcumin loaded mesoporous silica nanoparticles (MCM-41-CU)

and tannic acid-Fe(III) coated curcumin loaded mesoporous silica nanoparticles (MCM-41-CU-TA) were carried out in 3 different receiving solution (pH 7.4, 6.0 and 4.5) containing 0.3 wt.% of CTAB in order to solubilize the released curcumin 37 that is poorly soluble and rapidly degraded in water. 38 During the release experiments, the sink conditions were kept by adding the same volume of receiving solution as the withdrawn volume. As shown in Figure 2.3.10a, the curcumin release from tannic acid-Fe(III) coated MCM-41 is significantly decreased compared to non coated silica materials and the release is depending on the pH values. Indeed, at pH values lower than 2 only the mono-complex TA-CU can be formed, while at pH values higher than 7, three moieties of tannic acid are strongly bonded to Fe(III) (Figure 2.3.11). 25 The release of curcumin from MCM-41-CU-TA is effectively retained at pH 7.4, however, it is not completely suppressed, probably due to a good permeability of tannic acid-Fe(III) complex to small molecules like curcumin. 71 Since the curcumin release from tannic acid-Fe(III) coated mesoporous silica nanoparticles showed only tannic acid-Fe(III) coating dependence, the further investigations were conducted by varying some parameters concerning tannic acid-Fe(III) agent complex. First, the concentration of tannic acid-Fe(III) complex was varied from 24 mM to 72 mM in order to investigate the effect of coating agent concentration on curcumin release. As shown in Figure 2.3.10b, there is no significant improvement of curcumin release at pH 7.4, even with silica material prepared using 72 mM of tannic acid-Fe(III) (MCM-41-CU-TA-72), giving about 40 % of curcumin cumulative release after 360 min, which is similar to the result for the silica material prepared with 24 mM of tannic acid-Fe(III) complex. (MCM-41-CU-TA)

However, this result is in agreement with the studies reported by Ejima et al.,89 showing that the thickness of the complex film is not depending on the tannic acid-Fe(III) concentration.

Therefore, it can be concluded that 24 mM as concentration of tannic acid-Fe(III) seems to be enough to cover all the surface of mesoporous silica nanoparticles. Afterwards, the effect of multiple coating process on curcumin release was also investigated (Figure 2.3.10c). Indeed, more tannic acid-Fe(III) coating process is repeated, more curcumin release from the silica nanoparticles is effectively retained. For example, curcumin loaed MCM-41 coated 3 times with the complex (MCM-41-CU-TA-3) showed only 17 % of curcumin release after 360 min, while 38 %, and 28 % of curcumin release was obtained for MCM-41-CU-TA (coated 1 time), and MCM-41-CU-TA-2 (coated 2 times), respectively.

Thus, contrary to the curcumin release result obtained by the variation of tannic acid-Fe(III) concentration, the multiple coating process seems more efficient to tailor the drug release profile, which should be due to increased thickness of tannic acid-Fe(III) complex as already discussed in TEM analysis section.

To further investigate a correlation between surface properties of silica materials and curcumin release rate, the evolution of the zeta potential of mesoporous silica nanoparticles was monitored as a function of pH value. (Figure 2.3.12) First, after tannic acid-Fe(III) coating, the zeta potential slight decreased by ~ 5 mV at pH 7.4 (cf. MCM-41-CU vs MCM-41-CU-TA or MCM-41 vs MCM-41-TA) due to the increase of the negative charge by noncoordinated galloyl groups of tannic acid. 70 Then, in all case the zeta potential values increase as pH value decreases from 7.4 to 4.0, because of the protonation of silnaol groups of the silica surface. However, the increase of zeta potential is not dramatic for tannic acid-Fe(III) coated silica materials (MCM-41-CU-TA) because in the pH range between 6.0 and 4.5, tannic acid-Fe(III) still exists as the bis-complex on the silica surface, which could shield silnaol groups from the solvent. As a result, the surface silanol groups for coated silica materials are less exposed to the dissolution medium, compared to non-coated silica materials, thus the curcumin release could be also retained. Besides, the zeta potential reached around 0 mV at pH 2.5 (data not shown in Figure 2.3.12) for all silica materials with the recovery of its original white color for MCM-41-TA (without curcumin), which indicates the total decomposition of tannic acid-Fe(III) complex as confirmed by TEM analysis.

Figure 2.3.12. Dominate complex form of tannic acid-Fe(III) as a function of pH Finally, since tannic acid-Fe(III) complex could be broken up in the presence of other strong ligands, the responsiveness of tannic acid-Fe(III) coated silica materials to glutathione (GSH) was investigated. Glutathione has been considered as one of the most efficient internal triggers because its concentration is quite different between the exterior (2 µM) and interior (10 mM) of the cells, 72,73 and in some cancer tissues the concentration of GSH could be 4fold higher than normal tissues. Moreover, because the thiol group of GSH can generally reduces disulfide bond linker, the main approach using GSH trigger is redox-responsive mesopores gatekeeper. However, in this study GSH that contains carboxylate group along with amine group, was used only as a metal chelator in order to break tannic acid-Fe(III)

complex. Indeed, it was already reported that contrary to cysteine, GSH cannot reduce Fe(III) ions because of the liganding that occurs between carboxylate group of GSH and iron complex compound, tannic acid-Fe(III). 74 As shown in Figure 2.3.10d, the curcumin release from MCM-41-CU-TA was rapidly increased after adding GSH in dissolution medium of pH 7.4, and the rate of curcumin release could be also controlled by adjusting GSH level from 0 mM to 1.0 mM, which reaches 48 % of curcumin release at 360 min. As a result, it can be concluded that despite of the lack of disulfide bond on tannic acid-Fe(III) complex, the curcumin release can be also triggered upon the glutathione concentration level through the competitive liganding of GSH with Fe(III) ions.

In addition to MCM-41 silica nanoparticles, the feasibility of tannic acid-Fe(III) coating for large pore system was investigated using curcumin loaded SBA-15 silica materials.

Curcumin loading was performed in the same manner as for MCM-41. From the SAXS data (Figure 2.3.13a) SBA-15 silica materials exhibit well ordered hexagonal mesopore structure before/after curcumin loading and no bulk aggregation was formed as verified in WAXS data. However, curcumin release from tannic acid-Fe(III) coated SBA-15 silica material (SBA-15-CU-TA) showed also pH-dependent release pattern, (Figure 2.3.17) while a burst release phenomenon for non-coated SBA-15 (SBA-15-CU) was observed, due to the large pores that provide high diffusion rate. Interestingly, cumulative release values (%) after 360 min are very close to those of coated MCM-41 silica nanoparticles, which suggest that the decomposition process of tannic acid-Fe(III) complex is the crucial factor for the release of encapsulated molecules. As a result of curcumin release experiments, one can suggest that tannic acid-Fe(III) complex coating is a powerful method for controlling the release of encapsulated molecule, especially for bulky molecules in large pore system. Work is underway for the fine deposition of tannic acid-Fe(III) on spherical silica materials with large pore, 75 with potential applications in pharmaceutics for a controlled release of a enzymatic drug. 

Cytotoxicity experiments

The impact of tannic acid coating of mesoporous silica nanoparticles on cell viability was tested with MRC5 cells. (Table 2.3.3) After 48 hours treatment MCM-41 and MCM-41-TA showed no cytotoxicity, meaning that addition of tannic acid-Fe(III) complex on mesoporous silica nanoparticles has negligible impact on cell viability. However, MCM-41-CU and MCM-41-CU-TA induced higher cytotoxicity compared to curcumin alone, which is also in good agreement with previous reported results. 35 As a result, mesoporous silica nanoparticles (MCM-41) coated with tannic acid-Fe(III) would have potential biomedical applications, due to their biocompatibility and bioinertness. 

Conclusion

It has been shown that pH-responsive curcumin-loaded mesoporous silica nanoparticles (MSN) were successfully prepared by deposition of tannic acid-Fe(III) complex on the surface of silica. Curcumin, a hydrophobic drug, was encapsulated into mesopores using simple rotary evaporation method, which prevent its crystallization inside pores. The deposition of tannic acid-Fe(III) complex on MSN resulted in multi-responsive drug delivery carrier, which triggers curcumin release upon the variation of pH or glutathione concentration level. Moreover, it was also demonstrated that the sustainability of drug release increased with the number of deposition layers of tannic acid-Fe(III) complex.

Therefore, using tannic acid-Fe(III) complex coating method is a straightforward way to design pH-responsive drug carrier with mesoporous silica materials, showing reduced burst release, improved stability, bioavailability. More important the release is triggered by glutathione, expressed in higher quantity in cancer cells, and by slightly acidic environment as in infected cells. This strategy could provide a general route for designing various systems, combining other stimuli-responsive nanocarriers 76 or sensors. 77 Moreover, due to good biocompatibility of tannic acid, 78 this method would be also useful in various applications such as designing drug delivery systems for in vivo biological experiments. 79 Tout d'abord, des matériaux hybrides de silice méso-méso-macroporeuses qui contiennent la curcumine ont été préparés à partir de nanoparticules lipidiques solides (SLN). La libération Chapter 3

Magneto-responsive silica materials templated with magneto-responsive surfactants

Although the surfactants containing metal ions have been developed since more than 10 years, their magnetic properties have not been well investigated. 1 One of the most probable reason is that these surfactants have metal ions in their head group, but stabilized by cleating of ligands. Due to their molecular structure, the metal ions in such compounds were isolated, lacking long-range interactions and communication necessary to be magnetically active. 2

In the ionic liquid field, metal containing ionic liquids (MIL), which combine the general properties of room temperature ionic liquids (RTIL) with those associated with metal ions such as strong responsiveness to an external magnetic field, have also been frequently reported. 3 However, most of reported MILs are limited to derivatives of imidazolium containing short alkyl chain, which exhibit no significant properties related to surfactants.

However, the main breakthrough has come from Eastoe group in UK, which combines advantageous properties of each system, metal containing ionic liquids (MILs) and conventional surfactants containing metal ions. 4 Eastoe et al. demonstrated, for the first time, ionic liquid surfactants containing magneto-active metal complex ions such as 1-methyl-3decylimidazolium tetrachloroferrate. The synthesis of the magnetic ionic liquid surfactants (MILS) could be easily achieved by mixing an iron trihalide with stoichiometric amount of cationic surfactant. MILS showed their critical micelle concentrations (cmc) that are comparable to their original surfactants because tetrahalideferrate anions are not tightly associated to head group of surfactants, showing increased the degree of dissociation. Their shapes in micelles are also very similar to their original surfactants, however no intermicelles was founded due to bulky tetrahalideferrate anions. Indeed, These MILS are interesting as they are molecular liquids, rather than typical magnetic fluids (ferrofluids), which consist of metallic colloidal particles (10 nm) dispersed in a carrier fluid. Interestingly, MILSs retain a magnetic response even in dilute aqueous solution.

Concerning magnetic properties, the effective magnetic moments (u eff ) of iron based magnetic ionic liquid surfactants, represented by g[S+(S+1)]1/2u B , were estimated to be the range of 5.66 -5.89 u B at 25°C, which are close to that expected for a paramagnetic S = 5/2 high-spin of Fe(III) ions (spin-only value: 5.92 u B ). The MILS exhibits more effective ability for lowering surface tension compare to parent surfactants, even in the absence of an applied field. Moreover, when magnetic applied like using a magnet in close proximity to aqueous solutions of the MILS, the reduction of surface tension is more pronounced, proposing dual functionalities of these surfactants. As application of MILS, magnetic emulsions could be prepared, which previously had only been realized with nanoparticle-stabilized Pickering type emulsions. Oil-in-water magnetic emulsions prepared from MILS and brine suggest also applications outside of the laboratory, involving environmental clean up and nanomedicine, 5 Magnetic microemulsions using magnetic anionic surfactants were also reported by the same group. Interestingly, these microemulsions exhibit superparamagnetism with effective magnetic moments far above those expected for the solid surfactant. This behaviour arises from the fact that surfactant molecules are partitioned at the water-oil interface, giving only surface anisotropy rather than bulk anisotropy, which is generally observed as solid state of surfactants. By tailoring of size and magnetic properties of these emulsions, it should be possible to bridge the gap between magnetic nanoparticles (minimum size ~400 metal centres) and molecular magnets (maximum size ~20 metal centres). 6

In this chapter, for designing magneto-responsive silica materials, a new approach using magneto-responsive surfactants will be discussed. First, the synthesis of various magnetoresponsive surfactants and their application as magnetic probe for the investigation of selfassembly behaviour such as vesicles formation will be discussed. Then, the synthesis and the magnetization of porous silica material using only magneto-responsive surfactant will be investigated. Then, this magneto-responsive surfactant will be combined with solid lipid nanoparticles (SLN) for the preparation of hierarchical meso-macroporous silica materials with iron oxide nanoparticles inside. The applications of these resulting materials in various domains including the catalysis will be highlighted.

Introduction

In recent years, vesicles have been widely studied for potential applications in diverse fields such as biomedicine, 7-10 catalysis 11-13 and cosmetics. 14 Vesicles are spherical self-assembly systems, consisting of lipid bilayer membranes enclosing internal aqueous compartments.

Since vesicles are structurally similar to biological membranes, they are considered as cell mimics. 15 Furthermore, vesicles are employed to encapsulate drugs, fragrances or flavors for controlled release. Functional vesicles that respond to external stimuli such as temperature, 16 pH, 17,18 redox, 19,20 and magnetic field grandient [21][22][23] have widely been studied as drug nanovectors. In terms of triggerable systems, magnetic vesicles have been of significant interest because magnetic properties can be beneficial in applications like magnetic resonance imaging (MRI) or hyperthermia as well as spatial and temporal drug targeting. 24,25 To generate magnetic vesicles two approaches have been used to date: firstly, loading magnetic nanoparticles in the hollow vesicle cavities [26][27][28] ; and secondly, embedding nanoparticles in the bilayers. 29,30 An alternative strategy is employed here, by introducing magnetic surfactants or lipids in the bilayers.

Recently, magneto-responsive surfactants (MagSurfs) 4 have been introduced opening up a range of interesting magnetic colloidal systems such as micelles, 31 emulsions, 6 solid lipid nanoparticles, 32 organosols 33 or magnetized DNA. 34 These MagSurfs have also been used as structure directing agents for synthesis of magnetic mesoporous silica materials. 35 In this part, it is demonstrated, new paramagnetic vesicles that can be readily generated from ion pairs of anionic and cationic iron-surfactants. Exploiting the paramagnetic properties Fe 3+ , it is possible to investigate more accurately the self-assembly of surfactant ion pairs into vesicles and to give a clear picture of the partitioning between vesicles and bulk.

Experimental section Chemicals

Dodecyltrimethylammonium bromide (DTAB), sodium bis(2-ethylhexyl) sulfosuccinate (NaAOT), iron (III) nitrate anhydride (Fe(NO 3 ) 3 ), and deuterium oxide (D 2 O) were purchased from Sigma-Aldrich. Iron (III) chloride (FeCl 3 ) was purchased from Alfa Aesar. Water was was 0.006 Å -1 < q < 0.7 Å -1 For LOQ the incident wavelengths were 2.2 Å < λ < 10 Å, giving 0.006 Å -1 < q < 0.24 Å -1 . Appropriate normalization using site-specific procedures gave the absolute cross section I(q) (cm -1 ) as a function of the momentum transfer q (Å -1 ).

The vesicles samples were placed in Hellma fused silica cuvettes with a path length of 2 mm, which allows an incident beam diameter of 12 mm (on SANS2D and 8 mm LOQ). Raw SANS data were treated by subtracting the scattering of the empty cell and the solvent using appropriate transmission measurements. Any low level of residual incoherent scattering was accounted by a flat background term during the fitting process. Data analyzed were in absolute units, with the scale factors being consistent with expectations based on the sample compositions.

SANS Scattering Laws and Model Fitting

Scattered intensity I(q) is a product of the size and shape of the aggregates (form factor, P(q)) and the interaction between these aggregates (structure factor, S(q)),
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where R is the particle radius.

The vesicle solutions were fitted using the program Sasview using the VesicleModel.

The VesicleModel provides the form factor, P(q), for an unilamellar vesicle. The form factor is normalized by the volume of the shell.

The 1D scattering intensity is calculated in the following way:
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where scale is a scale factor, V shell is the volume of the shell, V 1 is the volume of the core, V 2 is the total volume, R 1 is the radius of the core, R 2 is the outer radius of the shell, ρ 1 is the scattering length density of the core and the solvent, ρ 2 is the scattering length density of the shell, and bkg is the background level, and : 6 = (+ABC -C,D+C)/C 9 ). The functional form is identical to a "typical" core-shell structure, except that the scattering is normalized by the volume that is contributing to the scattering, namely the volume of the shell alone. Also, the vesicle is best defined in terms of a core radius (= R 1 ) and a shell thickness, t. The structures of these magnetic vesicles were also investigated using small-angle neutron scattering (SANS). Vesicle samples were prepared in D 2 O in order to enhance the neutron scattering contrast. Shown in Figure 3.1.3 (a) and (b) are absolute SANS intensities I(q) for the Ax and Bx series as a function of scattering vector q, the curves have also been normalized with respect to the total surfactant concentration C T (Table 3.1.1). For the A1 to 3 and B1 to 2 samples, the low q regions exhibit clear q -2 decays, which is a general feature of SANS from locally planar surface structures, such as bilayers or vesicles. 37 In addition, the normalized SANS data for A1 to 3 (Figure 3.1.3(a)) and B1 to 2 (Figure 3.1.3(b)) show a common q dependence; indicating that the vesicles have similar, concentration-independent structures. The SANS data were fitted using a non-interacting polydisperse vesicle form factor model (programme Sasview, 38 HardsphereStructure for P(Q)*S(Q)). The I(q) profiles from all samples A1 to 3, B1 to 2 are well described by this model, as illustrated in Figure 3.1.3(c) for A1 and B1. The shell thicknesses τ were approximately 2.5 nm. The fitted values for τ suggest the vesicles are unilamellar, since 2.5 nm corresponds about 2 × C12 alkyl chain lengths. All parameters deduced from DLS and SANS are very similar for the A and B series. (Table 3.1.1) Moreover, the concentration-normalized absolute I(q) superimpose as a function of AOT concentration (Figure 5.3(d)). This shows that the vesicles are not affected by the ratio r, and that vesicle concentration is proportional to AOT concentration for both r ratios. The abrupt change in I(q) observed between A3 and A4 (Figure 5.3(a)) and between B2 and B3 (Figure 5.3(b)) indicates a transition from vesicles towards less well-defined aggregates on dilution. The critical vesicle concentrations (CVCs) can be estimated from these dilution series of I(q): CVC is between 5.4 mM and 2.7 mM (1.16 and 0.58 mM AOT 3 F) for the DTAF/ AOT 3 F ratio r of 3.7 and between 7.6 mM and 3.8 mM (0.87 and 0.43 mM AOT 3 F) for DTAF/ AOT 3 F for r = 7.8. [d] f 5/2 is the proportion of S=5/2 (expressed in %) deduced from the fit of M(T, H = 5 kOe).
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On the other hand, the critical aggregation concentration (CAC) was estimated using surface tension measurements (Figure 3.1.4). The CAC value, expressed as a function of AOT 3 F concentration, is found identical for both DTAF/AOT 3 F ratios: about 1.5 10 -2 mM which corresponds to a total surfactant concentration of 7.10 -2 mM for r =3.7; and about 0.13 mM for r =7.8. 

Magnetic measurements

All these results above suggest that the self-assembly mechanism of AOT 3 F and DTAF ion pairs involves a transition from mixed aggregates of floppy bilayer membranes to vesicles.

This behavior was already observed for catanionic surfactants that also undergo vesicle formation. 39,40 However, to date no clear evidence of the composition of the vesicle bilayers as well as on the distribution of the surfactants between the bilayers and the bulk has been presented. This is done here, by taking advantage of the paramagnetic properties of these MagSurfs: magnetic measurements were performed at low temperature. = 500 emu/g Fe ) whereas it is much lower for B1-2 (≈ 300 emu/g), which has a lower vesicle concentration. The decrease in signal observed after vesicle breakup (from A3 to A4, or B2 to B3) or with decreasing vesicle concentration (from A1-3 to B1-2) is attributed to a Fe 3+ spin crossover from high spin (5/2) to low spin state (1/2). To get the fraction of high spins with respect to low spins, the low field (H= 5 kOe) temperature magnetization has been fitted with the contribution of two Brillouin functions as follow.

F I, J = K G/9 F 1 G/9 L G/9 I, J -M + 1 -K G/9 F 1 6/9 L 6/9 I, J + O I K G/9
is the fraction of spin 5/2, F 1 P is the saturation magnetization of spin x, L P I, J is the Brillouin function, for S = 5/2, θ is introduced to take into account spin-spin interactions. d(H) corresponds the diamagnetic contribution which is temperature independent. The measured magnetization has been corrected for this contribution and plotted in Figure 3.1.5. An additional spin crossover at low temperature (≤ 5 K) is indeed present, as clearly observed in the high field measurements for sample B4 (Figure 3b). As a consequence, to obtain reliable parameters, fitting has been limited to the 4K -60K temperature range for Ax and B1-2, and to 5K -60K for B3-4. The fitting parameters, K G/9 and θ, are reported in Table 3.1.1.

The θ value is close to -1K for the Ax series, which reveals low antiferromagnetic interactions between Fe 3+ spins which could arise from dipolar interactions. θ is then a function of number and distance between Fe 3+ 5/2 neighbors. The fact that θ is almost identical for all A series reveals that the local order around Fe 3+ with S = 5/2 is similar in vesicles (A1-3) and in membranes (A4).

The lines in Figure 3.1.5(c) and (d) correspond to the sum of the Brillouin functions with fitted parameters. The fraction of spins 5/2 : K G/9 is reported in Table 3.1.1. Interestingly, the highest K G/9 (≈ 87-90%) is found for A1-3, which contains larger vesicle concentration. The presence of high spin state can be associated with long range intermolecular associations, such as vesicles, and low spin state (S=1/2) to Fe sites interacting with water, as expected on the edge of the membrane fragments or non-aggregated monomer in free. As shown by SANS, the vesicle concentration is proportional to AOT 3 F concentration, then it can be assumed all AOT 3 F is embedded in vesicles for both A-B series. Moreover, assuming that all S = 5/2 spins are incorporated in vesicles for the A series (this assumption is further discussed in supplementary information), the molar ratio ρ of DTAF/ AOT 3 F in vesicles can be estimated from the high spin fraction f 5/2 (A 1-3 ). The number of AOT 3 F and DTAF molecules per AOT 3 F in vesicles is then given by 1 + 7 = K G/9 S 6TU 1 + V where r is the molar ratio DTAF/ AOT 3 F. Indeed, this equation can be deduced by assuming that with ρ the molar ratio of DTAF/ AOT 3 F in vesicles, all AOT 3 F molecules are involved in vesicles, then the concentration of MagSurf molecules involved in vesicles is given by: 1 + 7 W XYZ[ . The concentration of high spins can be estimated from the high spin fraction f 5/2 and the ratio "r" of DTAF/ AOT 3 F in solution. It is given by K G 9 1 + V W XYZ[ . If one assumes that all high spins of the solution are involved in vesicles, then both quantities are equal, and one gets: 1 + 7 = K G/9 1 + V . With r = 3.68, and K G/9 S 6TU ≈ 89 %, ρ = 3.15 ≈ 3 is obtained. This ratio of 3 corresponds to the stoichiometric ratio the anionic (AOT) and cationic (DTA) counterparts of the ion pairs. The θ value is close to -1K for the Ax series, which reveals low antiferromagnetic interactions between Fe 3+ spins which could arise from dipolar interactions.

θ is then a function of number and distance between Fe 3+ 5/2 neighbours. The fact that θ is almost identical for all A series reveals that the local order around Fe 3+ with S = 5/2 is similar in vesicles (A1-3) and in membranes (A4). Focusing now on the results from the B series. SANS showed that the vesicles are essentially identical to those of A-series, and that their number density follows AOT 3 F concentration, it can be then assumed that ρ ratio is the same, and that all AOT 3 F of B1-2 solutions are associated with vesicles. The surfactant concentration constituting the vesicles in B1 is then given by: 1 + 7 W XYZ[ = 7 ]F, which corresponds to roughly 46% of the total surfactant concentration. The fraction of Fe 3+ 5/2 spins should be at least equal to this value, it is in fact higher (60%), as mentioned in Table 3.1.1, implying that some 5/2 spins are involved in others structures than vesicles. In fact, the concentration of the remaining DTAF (outside vesicles) in solutions B1 and B2 is given by W Z -1 + 7 W XYZ[ , that is 8.3 mM and 4.1 mM for B1 and B2 respectively. These concentrations are below the CMC. As shown in Figure 3.1.6, a DTAF solution with a concentration of 6.3 mM contains a large amount of spins 5/2 which could be associated with the formation of other (pre-vesicular)

aggregates. As a consequence, in B solutions, the high spin Fe 3+ ions do not occur only in vesicles, but can be also be involved in other DTAF species; nevertheless, it is not possible to determine exactly that concentration. In the case of pure DTAF, the dipolar interaction between Fe 3+ spins should be stronger, and another θ value should be introduced, and then there are too many fitting parameters.

Concerning the Ax solutions, for instance A2, the concentration of remaining DTAF is W Z -1 + 7 W XYZ[ =1.58 mM. For such low DTAF concentration (Figure 3.1.6), the low spins are dominating the magnetic signal (it represents about 70 % of the signal for T >10K) and the assumption that all high spins are involved in vesicles is quite reasonable. Indeed, the fraction of high spins arising from free DTAF can be evaluated. As the low spin fraction of the A2 solution (≈13%) comes from DTAF, considering that it corresponds to 70 % of the DTAF signal, then the high spin fraction coming from DTAF should be about 4%, The high spins fraction in vesicles would be about 0.83 and ρ is then equal to 2.9 (instead of 3.15 in the first assumption). This calculation validates a-posteriori the final approximation ρ ≈ 3.

As a result of this analysis, more precise concentration conditions for the occurrence of AOT 3 F/DTAF vesicles can now be proposed. The AOT 3 F concentration must lie between those of A4 and B2 solutions: 0.58 mM < CVC(AOT 3 F) < 0.87 mM , and with a proportion of 1 AOT 3 F molecule per 3 DTAF molecules, one obtains for the total surfactant critical concentration: 2.3 mM < CVC < 3.5 mM.

As pointed out before, the CAC value expressed as a function of the AOT 3 F concentration is identical for both A-and B -series. It seems then that the stoichiometry in aggregates is the same as for vesicles, namely: 1 AOTF and 3 DTAF. Considering a critical AOT 3 F concentration of 1.5 10 -2 mM, the CAC value with a ratio 3/1 would then be 6 10 -2 mM. This value is almost two orders of magnitude lower than for pure surfactants. This is due to the ion paring and hydrophobic interactions between the anionic and cationic ions.

Conclusion

Novel vesicle systems, comprising paramagnetic ions have been designed with ion pairs of iron-surfactants: DTAF and AOT 3 F with two DTAF/AOT 3 F molar ratios: 3.7 and 7.8. Using small-angle neutron scattering (SANS), the vesicle sizes are found to be essentially independent of this ratio and vesicle concentration is limited by the AOT 3 F concentration.

Interestingly, magnetic measurements performed as a function of temperature display similar trends as the SANS data. Through analyses of the paramagnetic signal of Fe 3+ ions, a correlation between molecular self-assembly state and spin state is established for the first time. Fe 3+ ions involved in vesicles are found to be in a high spin state, whereas a transition to less ordered bilayers or monomers occurs with a low spin crossover (Figure 3.1.7). This optimal ratio corresponds to the stoichiometric ratio the anionic (AOT) and cationic (DTA) counterparts in ion pairs. Magnetic coupling between Fe spins is observed in vesicles or DTAF micelles, and readily attributed to dipolar interactions. The next is to induce exchange interactions between spins in order to enhance the magnetic response. These newly designed magneto-vesicles, which combine intrinsic magnetic responses and encapsulation properties pave the way for prototype nanocarriers in drug delivery applications triggered by external magnetic fields.

Introduction

While metallosurfactants have been known for many years [41][42][43][44] and are already used in the field of catalysis, 45 sensing, 1 or for biomedical applications, [46][47][48] only recently the magnetic properties of surfactants bearing magneto-responsive centres (Fe, Gd, Ho, and Ce) have been demonstrated. 4,31,49 The magnetic responsiveness of these surfactants is fundamentally different from molecular magnets or ferrofluids, arising from electronic and molecular spin, associated with the ordering in the self-assembled architectures. These newly designed magneto-surfactants (MAGS) have been used to date as novel molecular tools in designing magnetic colloids such as microemulsions 6 or emulsions 5 and were proposed for potential applications in fields that require interfacing magnetic materials, i.e. information storage, electronic, spintronic devices. In addition, most of physical properties of magneto-surfactants are similar to their parents surfactants, thus the magneto-surfactants could be used in the same manner like parents surfactants. For example, it was shown that the magnetosurfactants could magnetize other molecules such as DNA, 34 silica-organosols. 33 Moreover, due to the absence of metallic nanoparticles that are subjected to strict regulation as hazardous products, magneto-surfactants are suitable for biomedical (i.e. MRI contrast agents or hyperthermia probes) or for environmental applications (i.e. recovery of heavy metals).

In this part, the application of magnetic surfactants for the preparation of nanoparticle-free magnetic mesoporous silica materials was demonstrated. In this case, magneto-surfactants are used as both template and magnetic source for the design of magnetic hard matter.

Indeed, imprinting mesoporous silica materials with magnetic properties is of great fundamental interest since it combines high surface area and pore volume with magnetic responsiveness. Magnetic mesoporous silica may have applications in catalysis, [50][51][52] sensing, 53,54 separation [55][56][57][58][59][60] or biomedical fields for simultaneous MR imaging and targeted drug delivery. [61][62][63][64][65][66] Moreover, since the magnetic centres are homogeneously distributed in the micellar shells, which directly interact with the silica precursors, it is reasonable to assume that they are also well distributed in the pore channels of the resulting magnetic mesoporous silica materials. Taking advantage of this approach, it could be also possible to overcome main drawbacks of conventional magnetic mesoporous silica materials that present, in most case, the inhomogeneities of the final material, 67 due to magnetic nanoparticles embedded into mesoporous silica through multi-step syntheses. structure factor contributes to the scattering for 5 wt.% of CTAB solutions. At 10 wt.%, the interaction peak is more pronounced and shifted to higher q values, as expected. For CTAF samples, the SAXS profiles are entirely different. The obtained curves do not present any interaction peak, suggesting that the iron inhibits interactions between mecelles. Indeed, as previously reported for an analogous surfactant with a shorter tail (C12), metal halide anions of MAGS might associate by compressing the electrical double layer as compared to regular non-magnetic micelles, thus preventing inter-particle interactions. 4

Synthesis of Magnetic mesoporous silica templated using CTAF

The preparation of silica materials was performed by a sol-gel procedure through a cooperative mechanism. 69,70 The synthesis consists in mixing micelles of CTAF with a silica precursor (TMOS), followed by the hydrolysis-condensation reactions of the silica source around the organic framework. (Figure 3.2.6) The reaction condition was optimized by varying reaction parameters like concentration of surfactant, temperature, or the molar ratio between the silica source and the surfactant (R), in order to obtain a structured material and a homogeneous distribution of the metallic centres at the surface of the mesopores. Therefore, the further investigation was focused only on the silica material obtained using the optimal condition: 1.5 wt. % of surfactant in 2M HCl with 0.12 of TMOS as molar ratio and 24 h of the silica condensation at 70°C.

As shown in Figure 3.2.10b, SAXS data for the bare SiO 2 mesoporous material, obtained by removing the CTAF surfactant, indicate three peaks at 3.9, 2.2 and 1.9 nm, indexing for 1: 3:2 that is consistent with a hexagonal phase. The structure of the mesopores was further confirmed by transmission electron microscopy (TEM) micrographs, showing hexagonal stacking of the channels (Figure . 3.2.10e). Without removing the surfactant, the hybrid material CTAF@SiO2 showed two peaks in the SAXS (Figure 6.5c), due to the low electronic density contrast between the silica and the carbon chain of CTAF. Bare mesoporous silica, free of CTAF was characterized using N 2 adsorption-desorption isotherm analyses (Figure 3.2.11a), giving an IV type isotherm that is characteristic of mesoporous materials. The pore size distribution is centred at 2.7 nm, and its specific surface area, pore volume are 966 m 2 g -1 , 1.06 cm 3 g -1 , respectively. These values are similar to those obtained for a MCM-41 silica material template with CTAB. 71,72 This could be explained by the fact that the CTAF micelles may retain similar size and hydrophobic radius as compared with the parent surfactant, CTAB, as demonstrated by SAXS experiments. In order to combine magnetic responsiveness and high porosity, iron centres were fixed to the surface of the mesopores, by exposing the hybrid CTAF@SiO 2 to a saturated atmosphere of triethylamine for 5 min, followed by moderate heating at 70°C. This is an essential step in imprinting iron ions onto the silica wall. Indeed, as the silica material is synthesized in acidic conditions, the silanol groups have to be deprotonated for coordinating the iron ions. Finally, the organic part of the surfactant was removed with anhydrous ethanol. The SAXS data showed that the structure of the resulting material Fe@SiO 2 didn't alter (Figure 3.2.10a).

However, the diameter of the mesopores was slightly smaller (2.4 nm) than that of the bare silica material (Figure 3.2.11b), with pore volume and surface area that is 0.85 cm 3 g -1 and 967 m 2 g -1 , respectively. The estimated wall thickness of the Fe@SiO 2 material was 2.1 nm, whereas 1.8 nm for bare SiO 2 .

The coordination of iron in the materials was analysed by the evolution of UV-Vis diffusereflectance spectra. [73][74][75] Characteristic absorption bands of CTAF (Figure 3.2.12a) were in CTAF@SiO 2 (Figure 3.2.12b), but they completely disappeared in the bare SiO 2 (Figure 6.7d). Moreover, Fe@SiO 2 (Figure 3.2.12c) shows an adsorption band at 235 nm, which can be assigned to the charge transfer of p^-d^ transition between oxygen and iron in the Fe-O-Si bond. This is consistent with tetrahedral iron atoms, isolated from each other. In addition, the absence of any absorbance band above 350 nm in the spectrum reveals also that there is no octahedral iron ion, and consequently no iron oxide nanoparticle in the Fe@SiO 2 material. 

Magnetic measurements

Starting with magnetic surfactant used in this study, CTAF, magnetic measurement shows a paramagnetic signal in the range of 2 to 300K with high spins state of iron (S=5/2), and the surfactant exhibits antiferromagnetic interactions (Figure 3.2.13a). Concerning silica materials, it is shown that both hybrid CTAF@SiO 2 and organic-free silica, Fe@SiO 2 , materials exhibit paramagnetic properties on the entire range of temperature (2 to 300 K), while bare silica is diamagnetic. This clearly indicates that the imprinted iron does not penetrate the silica framework but remains at the surface of the material wall, and the iron could be removed along with its alkyl chain of surfactant by simple ethanol extraction. Figure 3.2.13b presents the raw magnetization at 10 K and 300 K for bare SiO 2 , CTAF@SiO 2 , and Fe@SiO 2 . The samples CTAF@SiO 2 and Fe@SiO 2 exhibit a paramagnetic signal at low temperature, which is amplified by a 1/T factor as the temperature decreases.

As shown in the Figure 3.2.14, after correction of the diamagnetic contribution of the sample and the sample holder, the paramagnetic signals arising from Fe 3+ ions above 10K can be analysed using Brillouin law fitting. This is consistent with the paramagnetic behaviour of Fe 3+ magnetic signal and allows quantifying independently the spin and the saturation magnetization. For T > 10 K, Fe 3+ ions exhibit a S = 5/2 spin state as free Fe 3+ ions in the high spin state. The saturation magnetization of the samples can be expressed with respect to the initial weight amount of iron: M s (CTAF@SiO 2 ) = 147 emu g -1 Fe and M s (Fe@SiO 2 ) = 25 emu g -1 Fe. From these results and the theoretical value of Fe 3+ of 5/2 spin (500 emu g -1 ), the amount of iron in the materials could be estimated to be 1.5 wt.% for CTAF@SiO 2 and 0.5 wt.% for the Fe@SiO 2 . the field dependence of the magnetization is linear. The susceptibility can then be compared to the behaviour predicted by the Curie law: _ = C Fe3+ /T. Above roughly 8 K for CTAF@SiO 2 and 12 K for 0.5 wt.% Fe@SiO 2 , the susceptibility follows the Curie law behaviour.

However, below these temperatures, a decrease in susceptibility with respect to the Curie behaviour is observed. This feature depends on the cooling rate and presents clear temperature hysteresis behaviour for 0.5 wt.% Fe@SiO 2 . Moreover, no field hysteresis has been observed, the system remains paramagnetic over the whole magnetic field and the temperature range explored. As a matter of fact, this deviation from the Curie law with decreasing temperature is attributed in both cases to a high spin-low spin transition of Fe 3+

ions. Because of the limited temperature range, this spin crossover from 5/2 to 1/2 is not complete. Such a spin crossover can be observed in numerous complex compounds for octahedral sites of Fe 2+ or Fe 3+ ions. 76 It can be induced by temperature, pressure, magnetic field or light irradiation. 77 This spin change is readily associated with an anisotropic metalligand bond length change. For Fe 3+ , the low spin state arises from a reduction of the unit cell volume. Moreover, temperature hysteresis and quenching effects are often observed with spin crossover. We point out that the transition temperature is shifted to higher for 0.5 wt.% of Fe@SiO 2 , for which the number of occupied Fe sites is reduced. materials with different contents of Fe 3+ ions. Indeed, by increasing the duration of the silica condensation from 24 to 72 h, the iron content imprinted in the silica matrix can be varied from 0.5 to 1 wt.%, probably due to high degree of mesoporosity of the silica material obtained after 72 h of silica condensation. A shift of the transition towards decreasing temperature is observed as the amount of Fe is increased. First order spin transition is relatively rare and usually observed under pressure for metallic nanoparticles (ZnS and TiO 2 ), in which size and confinement effects in nanomaterials lead to new properties such as increased compressibility (i.e. ZnS) or to new phases (i.e. baddeleyite from anatase TiO 2 ). 78

Conclusions

Mesoporous ferrisilicate materials are also of interest in catalysis. 75,79 Templating and magnetizing mesoporous materials with magneto-surfactants may open up the possibility of tailoring the interdistance between the metallic centres. Indeed, it was previously reported that the accessibility of catalytic centres affects the catalytic performance of the system. 80,81 This could be achieved in further work by varying the number of magnetic centres per alkyl chain with di-, tri-or multivalent magneto surfactants. Also, in some catalytic applications it is advantageous to have dispersed single metal centres across the support. 82,83 Improved catalytic, 84-85 sensing 86 or complexing 87 properties could be achieved with bimetallic systems by simply using mixtures of metallo magnetic and non-magnetic surfactants (Fe-Ni, Fe-Co, and Ag-Au) as porogens of the inorganic material. Moreover, 1D nano-objects such as nanowires or nanotubes might be prepared under controlled growth inside the pores of the hexagonal mesoporous silica. Finally, magnetic surfactants could be of interest in structuring and magnetizing other solid materials including polymers.

Introduction

In this part, it was demonstrated that solid lipid nanoparticles with magnetic surfactants could be used as an excellent colloidal tool for metallic nanoparticles embedded silica materials. As the environmental concerns have been becoming more serious that ever, the homogeneous or heterogeneous catalysis chemistry have received the spotlight from scientists. Especially, heterogeneous catalysts consisting of metal oxides supported on clay, 88-89 silica [90][91] or carbon [92][93][94] materials have received enormous attention in various fields as organic pollutants degradation. Among them, silica-supported iron oxide has been intensively studied, due to not only its high catalytic ability toward various reactions, but also its relatively low production cost. One of the main applications of silica-supported iron oxide is wastewater treatment such as degradation of organic dyes through Fenton-like reactions. 95,96 Mesoporous silica has also been widely studied as a support material due to its high pore volume, surface area as well as ordered pore network which provide a good active site accessibility. 97,98 Several studies have reported that iron oxide dispersed in mesoporous silica supports shows not only a considerable improvement of catalytic ability, but also better stability of iron oxide, compared to free iron oxide particles. [99][100][101][102][103] This gain of the performance and the stability is mainly contributed by high degree of dispersity of iron oxide, giving high active surface area.

In addition, silica support materials combining meso and macroporosity, which would bring higher diffusion and throughput rates though mesopores, could also improve catalytic properties such as reaction rate. 104 Some recent reports have shown the catalytic activity of yolk-shell like structured iron oxide catalysts supported on mesoporous silica with macroporous void spaces. [105][106][107] Nevertheless, this synthesis requires multiple steps.

Moreover, the iron oxide nanoparticles (NPs) have relatively high sizes (~100 nm) and a relative surface/quantity ratio that can still be significantly improved by tailoring NP size.

To overcome aforementioned problems, it was described, herein, the preparation of Fe 2 O 3 @meso-macroporous silica templated with solid lipid nanoparticles (SLNs) and iron contaning magnetic surfactants as iron source. Like other materials prepared in previous chapters, the one-pot synthesis strategy was adopted. A simple calcination of as-synthesized hybrid material could generate iron oxide nanoparticles and void meso-macropores. The final material was used as application for the degradation of methylene blue (MB) in aqueous solution by a dark Fenton-like reaction initiated by H 2 O 2 . 108 The key point of this work is that the size of iron oxide nanoparticles embedded in the meso-macroporous matrix has been decreased to 15-20 nm in diameter, to give high surface area of the active catalytic sites in comparison with the previous sub-micron scald iron oxide. [105][106][107]109 As a matter of fact, the newly designed Fe 2 O 3 @meso-macroporous silica matrix can successfully degrade the pollutant with twelve-times less iron oxide than previously reported. 105,110 In addition, by total organic compound (TOC) measurement, it was also shown that the catalyst of this study could effectively degrade organic dyes compounds up to carbon dioxide and water, without any toxic organic compound at the end of catalytic reaction.

Materials and methods

Chemicals

Tetramethylorthosilicate (TMOS), Pluronic P123, and hexadecyltrimethylammonium bromide (CTAB) were purchased from Sigma-Aldrich. N-hexadecylpalmitate (NHP) was purchased from Acros. Ethanol, methanol, and iron(III) chloride (FeCl 3 ) were purchased from Alfa Aesar. Hydrogen Peroxide (H 2 O 2 , 30 wt.%) was purchased from VWR International. Water was deionized and purified using a Milli-Q pack system. All reagents were used without further purification.

Synthesis of Magnetic Surfactant, CTAF

Magnetic surfactant used in this study was synthesised in part 3.2

Synthesis of SLNs@CTAF

N-hexadecylpalmitate (NHP)-based solid lipid nanoparticles (SLN) were prepared by the ultrasonication of hot emulsion method as described in chapter 2. Briefly, 20 mL of NHP based SLNs dispersed in aqueous micellar solution (6.9 wt % of Pluronic P123) was added to 350 mg of magnetic-surfactant, CTAF and then the mixture was kept under stirring for 1 h in order to solubilize CTAF and to reach the adsorption equilibrium of CTAF on the surface of SLN.

The Repeat use of the catalyst

Repeat use of the catalyst was tested in the same conditions as "Catalytic performance of Fe 2 O 3 @meso-macroporous silica", except that the degradation rate was measured only at 7 h of reaction time. Then, used catalyst was washed with ethanol to remove residual methylene blue, then dried in vacuo at 30 °C for 24 h. The disappearance of C-H stretching peak of methylene blue in IR spectra was also verified before next use.

Results and Discussion

Synthesis of the catalyst, Fe 2 O 3 @meso-macroporous silica

Fe 2 O 3 @meso-macroporous silica was prepared (Figure 3.3.1) by adding a silica precursor (tetramethoxylsilane, TMOS) to dispersions of solid lipid nanoparticles (SLN) stabilized by a magnetic-surfactant that was added as co-surfactant as well as iron source. The magneticsurfactant, CTAF, is simply obtained from cetyltrimethylammonium bromide and iron(III) chloride as described in previous part 3.2. SLN was prepared from cetylpalmitate, pluronic P123, and CTAF by the ultrasonication of hot emulsions followed by solidification. ). This size gap is due to the difference between intensity-based method in DLS and particle number counting method, coupled with Brownian movement measurement in NTA. Moreover, by using the fluorescence mode in the NTA, the iron-decorated solid lipid nanoparticles were detected and their size and concentration do not significantly change with respect to those obtained without the filter.

The fact that the particles are fluorescent is a direct proof that the iron ions are decorating the SLN. Also, as control experiment, only FeCl 3 was added to SLN dispersion and measured using a fluorescence filter in the NTA analysis, which gave very weak signal, compared to SLN@CTAF. Indeed, for FeCl 3 @SLN system, only weak Fe 3+ -PEO of pluronic P123 interactions could be expected, 111 which are not strong enough to be adsorbed on the SLN surface. The adsorption of CTAF was further confirmed by zeta potential measurements.

(Figure 3. Hierarchical meso-macroporous silica material containing iron oxide nanoparticles was prepared by a dual templating mechanism from a silica precursor (TMOS) and solid lipid nanoparticle dispersions stabilized in aqueous micellar solutions. Indeed, by adding TMOS, the SLN@CTAF dispersions were mineralized through the cooperative templating mechanism (CTM) of micelles and the transcription of SLN bead, used as mesopores and macropores templates, respectively. After TMOS addition, the reaction medium was kept at 40°C for 24 h for again, then at 100°C for 24 h to ensure high degree of hydrolysis/polycondensation of silica precursor. The obtained 'pasty' as-synthesized material was transferred into a petri dish and dried in vacuo at 30°C for 24 h. Then, the material was calcined at 550°C in air to remove the organic matter and to form iron oxide particles, giving the final product, Fe 2 O 3 @meso-macroporous silica. The amount of CTAF used to stabilize ordered mesopores, with three peaks at a characteristic ratio of 1:√3:2. For as-synthesized material before removal of organic matters (Figure 3.3.3Ab), it can also noticed that the characteristic repeat distance of the solid lipid L β phase, indicated by (001) reflection position, remains at the same q value (1.57 nm -1 ). Therefore, it seems that CTAF is not intercalating the hexylpalmitate in the core of the SLN, even during the mineralisation of SLN@CTAF dispersions.

Interestingly, silica materials prepared using more than 1.8 wt.% of CTAF gave only wormlike structure in mesopores with only one peak on the diffractogram (Figure 3.3.3B-a,b).

At conc. > 1.8 wt.% in CTAF and 6.9 wt.% in P123, one can observe by DLS a bimodal distribution of micelles, centered on 13 nm (mixed P123/CTAF micelles) and 6 nm (CTAF micelles). In this case, the resulting wormlike network exhibits a smaller repetition distance by SAXS (7.7 nm) and smaller pore size as determined by N 2 adsorption/desorption isotherms (5.6 nm). At conc. < 1.8 wt.% in CTAF and 6.9 wt/% in P123 the hexagonal structuring of the silica material is obtained; the repeat distance (Figure 3.3.3B-c,d) and the pore size (Appendix) decrease with the increasing amount of the magnetic-surfactant, CTAF.

This could be explained by the fact that the size of P123 micelles (at 6.9 wt.% P123)

decreases by adding CTAF from 21 to 17 nm (0.6 wt.% CTAF), 15 nm (1.2 wt.% CTAF), and 14 nm (1.8 wt.% CTAF). This result could be due to increased interaction between CTAF surfactant and outer EO chain of P123, which results in disturbing of the self-assembly behaviour of P123 micelles. 112,113 This also suggests that the magnetic-surfactant is indeed distributed between the micelles of P123 forming the mesopores and the surface of SLN templating the macropores.

Indeed, the silica materials prepared with more than 1.8 wt.% in CTAF showed iron oxide particles with diameter of 50 -100 nm and even rod-like iron oxide, due to the absence of well-ordered mesopores. 114 Moreover, some iron oxide particles are located outside the silica matrix as shown in Figure 3.3.4. Therefore, for further discussion on silica material, we focus only on the silica material synthesized under the optimal condition, and this material will be denoted as 'Fe 2 O 3 @meso-macroporous silica' or simply 'catalyst'.

N 2 absorption-desorption analysis of Fe 2 O 3 @meso-macroporous silica (catalyst) showed a type IV isotherm (Figure 3.3.3C), which is characteristic of mesoporous materials. The isotherm exhibits a hysteresis loop in accordance with pore necking, due to the interconnected mesopores. At high relative pressure (P/P 0 > 0.9), the N 2 adsorbed volume does not reach a plateau, indicating also the presence of secondary porosity such as macropores. The pore size distribution obtained by the BJH method applied to the adsorption branch isotherm is centred on 7.6 nm (Figure 3.3.3D). The BET specific surface area and the mesopore volume are 432 m 2 g -1 and 0.82 cm 3 g -1 , respectively. This could be due to the coalescence of lipid nanoparticles, melted at 100°C during the silica condensation, as described in our group's previous work. 115,116 The mesopore and macropore structures were further confirmed by transmission electron microscopy (TEM) micrographs of Fe 2 O 3 @meso-macroporous silica, showing macropores with 200-400 nm, interconnected through hexagonally ordered mesopores of about 7.6 nm (Figure 3.3.5A). In addition, TEM images indicated the presence of 15-20 nm iron oxide particles encapsulated within the silica matrix. No particles were found on the outer silica surfaces, implying that iron oxide growth occurred exclusively inside the silica matrix.

XRD patterns (Figure 3.3.3F) of Fe 2 O 3 @meso-macroporous silica are characteristic of amorphous silica as evidenced by the broad band around 25°. Small, quite broad peaks are also faintly visible (indicated with an asterisk) and are in the same position as crystalline Catalytic performance of Fe 2 O 3 @meso-macroporous silica Catalytic performance of Fe 2 O 3 @meso-macroporous silica was tested through dark Fentonlike degradation of methylene blue (MB) in aqueous solution, with H 2 O 2 as initiator. Indeed, Fenton-like reactions are considered as effective advanced oxidation processes (AOPs), which are replacing traditional methods like chlorination, for complete dye degradation in water. 118,119 Fenton-like reactions are based on the catalytic production of hydroxyl radicals, HO•, which can degrade organic compounds under mild conditions. The general mechanism of Fenton-like reaction can be described as follows. 119

Fe

(III) + H 2 O 2 → Fe(II) + HO 2 • + H + Fe(II) + H 2 O 2 → Fe(III) + HO• + HO - Fe(III) + HO 2 • → Fe(II) + O 2 + H + HO 2 • → H + + O 2 • - HO• + H 2 O 2 → HO 2 • + H 2 O Fe (II) +HO• → Fe(III) + HO - HO• + HO 2 • → O 2 + HO 2 2HO 2 • → H 2 O 2 + O 2 0.053 mg MB m -2
SiO 2 , which is in good agreement with the result reported for other mesoporous silica, 0.050 mg/m 2 . 120 This phenomenon is well documented in the literature 120 and it is driven by both electrostatic and hydrophilic interactions between the silica surface and the methylene bleu. Seeing that the amount of methylene bleu adsorbed on the catalyst is similar as reported in the literature, it is supposed that the silica surface coverage by methylene blue is close to a monolayer, and methylene blue is coordinated to silanol (Si-OH) groups of silica surface. 121 .

When the maximum adsorption is reached (t=0) the oxidant is added to the solution. Then, a rapid decrease of methylene blue was observed, as 83% of methylene blue degraded after 7 h

(Figure 3.3.8A-d).
With the catalyst of this work, which contains twelve times less catalytic active site, Fe 2 O 3 , (15 mg of silica containing 0.86 mg vs 10 mg of Fe 2 O 3 ) the conversion rate is similar with Cui's catalyst (Figure 3.3.8A-e). This gain of performance could be due to the smaller nanoparticle size of Fe 2 O 3 (15-20 nm vs ~100 nm) having higher active surface/iron content, but also to the presence of interconnected macropores through a mesopore network that provides higher diffusion, throughput, or in other words, a decrease of internal flow resistance.

After 12 h a colourless solution with no UV-Vis signal (Figure 3.3.8B-b) was obtained, indicating that all methylene blue in solution had been degraded. Moreover, the extent of methylene blue degradation was examined by total organic carbon (TOC) analysis (Figure 3.3.8B-a). The TOC value of the solution was reduced to 23% after 7 h and to less than 5% after 14 h, showing 2.3 mg carbon/L that is close to the mean value of TOC (2.7 mg carbon/L) measured on more than 400 groundwater samples from 8 European Union countries. 122 This result demonstrates that almost no organic by-products were produced during the degradation.

For example in water treatment, total degradation of pollutants is very important, because byproducts could be more toxic than the pollutants. This is the case of phenol when considering the degradation of methylene blue. 123 Figure 3.3.8D shows the variation of methylene blue adsorbed in the meso-macroporous material during Fenton-like reaction. The dye was extracted in ethanol and the quantification was by UV analysis. It appears that total degradation of the methylene blue adsorbed in the material is reached after 20 h. Indeed, the catalyst changes color from dark blue (t = 0), dark green (t = 7) to yellow green (t=14 h) and finally recovers its original colour, yellowish (t = 20h). This rate is a little slower than that of methylene blue in aqueous solution, due to limited movement of methylene blue adsorbed on the silica surface of the catalyst. runs showed that the mesoporous network remained unaltered, giving 441 m 2 g -1 as BET specific surface area and 0.87 cm 3 g -1 as mesopore volume, which are similar as fresh catalyst's values. Therefore, it is believed that combining with the application of simple magnetic field like a magnet, the catalyst could be of potential interest for environmental applications including water treatment.

Conclusion

The synthesis of Fe 2 O 3 nanoparticles supported in meso-mesoporous silica through a novel and low-cost template, based on solid lipid nanoparticles (SLN) and iron-containing magnetic surfactant has been optimized. The silica material has hexagonally ordered mesopores and interconnected macropores as well as iron oxide nanoparticles of 15-20 nm in diameter. This Fe 2 O 3 @meso-macroporous silica showed excellent catalytic activity for dark Fenton-like reactions in methylene blue degradation: complete degradation could be achieved even with a small amount of Fe 2 O 3 , 110,125 due to high surface area/weight ratio of iron oxide and enhanced diffusion owing to macroporosity. This strategy could be used for other metallic or metal oxide nanoparticles embedded in silica matrices, 126,127 for new applications in catalytic processes. Enfin, les tensioactifs magnétiques ont été utilisés pour la conception d'un catalyseur. Cette fois, le tensioactif magnétique avec les ions Fe jouent le rôle de co-tensioactif pour les nanoparticules lipidiques solides (SLN). Le catalyseur à silice méso-macroporese a été obtenu par addition d'un précurseur de silice, suivie par une calcination qui permet de former des nanoparticules d'oxyde de fer. La réaction de Dark-Fenton pour la dégradation de bleu de méthylène a été testée, et montre que la performance catalytique est bonne due à la structure méso-macroporeuse de la silice.

Résumé en français (Chapitre 3)

General Conclusion

Designing smart drug delivery system is one of the main challenges in biomedical fields.

Mesoporous silica materials have been considered as promising candidates for this object, providing the uniform pore network and the good biocompatibility. In addition, hydrophobic drugs encapsulated in mesoporous silica materials show improved bioavailability, due to reduced drug particles size. Hence, the development of stimuli-responsive mesoporous silica materials has been of great importance for practical applications of hydrophobic drugs in clinic.

In this work, we focused on the development of stimuli-responsive drug delivery system based on mesoporous and hierarchical meso-macroporous silica materials by proposing original approaches such as solid lipid nanoparticles (SLN) or magneto-responsive surfactant template strategies.

First, curcumin-loaded meso-macrostructured silica materials were developed by mineralizing dispersions of solid lipid nanoparticles (SLN). It was revealed that the partition of curcumin between SLN and micelles depends on the nature of lipid of SLN (20% for cetyl palmitate and 65% for stearic acid), due to the interaction between lipid and curcumin, as confirmed by SAXS and FT-IR. The release of curcumin is pH-dependent for both stearic acid and cetyl palmitate-based silica materials. Moreover, a two-step release pattern was observed for stearic acid SLN based silica materials at pH 1.2, which suggest that SLN acts as reservoirs of curcumin, whereas mesopores are the pathways of curcumin release. The cytotoxicity study suggests that the newly designed hybrid organic-inorganic silica materials could have potential applications in biomedical fields with improved stability and sustainability of guest drug release.

Based on the method applied in the first work, hybrid core-shell silica microcapsules using solid lipid nanoparticles were obtained. Curcumin-loaded microcapsules are 2 µmsized with wormlike mesoporous silica shell of 0.3 µm in thickness as characterized by SAXS, N 2 adsorption/desorption, and TEM measurements. These materials also showed pH dependent in vitro release profile with marked drug retention at pH 2.8, due to the aggregation of silica particles explained by the isoelectric point of silica of about 2 -3. This property of silica could be an advantage for oral administration route, because the average basal pH value in the stomach is between 2 -3, which could effectively retain curcumin release from silica microcapsules. Moreover, the cell-uptake test revealed that fluorescent-labelled hybrid SLN-silica microcapsules were well internalized into Caco-2 cells, confirming the possibility to use these capsules for gut cells targeting drug release.

Multi stimuli-responsive drug delivery system is also particularly interesting to better control the release profile of drug. Especially, cancer tissues exhibit lower pH value and higher concentration level of glutathione (GSH) than normal tissues. Thus, a careful but simple tailoring of stimuli-responsiveness of mesoporous silica materials is needed for the treatment of cancer tissues with anti-cancer drug such as curcumin. For this goal, tannic acid-Fe(III) complex coated mesoporous silica nanoparticles was developed by successive addition of iron (III) ions and tannic acid in the dispersion of curcumin loaded mesoporous silica. TEM experiments confirmed that tannic acid-Fe(III) complex of about 5.3 nm in thickness was deposited on the surface of silica nanoparticles, which provides pH and glutathione (GSH)

responsiveness. The release of curcumin was effectively retained under physiological condition (pH 7.4), while a rapid curcumin release was triggered by lowering the pH to 6.0 or 4.5. In addition, curcumin release could be controlled by adjusting the glutathione (GSH) level. Hence, these results would allow developing novel and simple pH-and glutathioneresponsive drug delivery systems with potential applications in biomedicine fields.

Second, the magneto-responsive surfactants were chosen for the design of magnetoresponsive mesoporous silica materials. For this, the synthesis and self-assembly properties of magneto-responsive surfactants were firstly studied. Novel vesicle systems, which consist of ion pair of magneto-responsive surfactants, were developed. Small-angle neutron scattering (SANS), dynamic light scattering (DLS) and nanoparticles tracking analysis (NTA) experiments showed that the vesicle sizes are independent of the ratio of ion pair and vesicles solution concentration. The magnetic properties measurements revealed spin transition phenomenon before/after vesicle formation, which allow proposing the mechanism of vesicles formation.

These magneto-responsive surfactants were then used as both structure directing agent and iron source for magnetic mesoporous silica materials. The materials were characterized using Small-angle neutron scattering (SAXS), N 2 adsorption/desorption, Diffuse Reflectance UV-Vis and TEM measurements, showing that iron ions were imprinted on the surface of mesopore with 3 nm in thickness without forming metallic nanoparticles. Importantly, by magnetic measurement, it was observed that the spin crossover for Fe(III) arises when decreasing the temperature under 10 K. This abnormality would be due to the reduction of cell volume for Fe (III), caused by mesopore, which diameter is 2.4 nm. As further applications, magneto-responsive might open up the possibility of tailoring the interdistance between the metallic centres, improving the performance of some catalytic reactions.

Moreover, homogenously dispersed catalytic metallic centre across the support could be of interest for the design of the high performance catalysts.

Finally, magneto-responsive surfactants were employed for designing iron oxide embedded meso-macroporous silica supported catalyst. Magneto-responsive surfactant with iron ions was used as co-surfactant to stabilize solid lipid nanoparticles (SLN). The surfactant amount needed was determined by monitoring zeta potential of magneto-responsive surfactant decorated solid lipid nanoparticles. The catalyst was then obtained by addition of silica precursor, followed by the calcination that allows forming iron oxide nanoparticles across silica matrix. The catalyst was characterized using SAXS, powder XRD, N 2 adsorption/desorption, TEM-EDX, ICP-OES, which proved hierarchical structure of mesomacropores and the crystalline phase, the size and the weight percent of iron oxide nanoparticles as hematite, 10-20 nm and 4 wt.%, respectively. As application, dark Fentonlike reaction towards methylene blue degradation was tested with newly designed catalyst, which showed almost same catalytic performance with only 10 % of active catalytic centre, compared with conventional iron oxide based catalysts.

In summary, stimuli-responsive mesoporous silica materials have been developed based on two original approaches using 1) solid lipid nanoparticles (SLN), 2) magneto-responsive surfactants for various applications, including encapsulation/release of hydrophobic drug and catalysis. It was shown that the design of silica materials could be achieved by simple, but efficient methods, resulting in biocompatible drug delivery system or magneto-responsive silica materials. Although any biomedical application was not demonstrated using magnetoresponsive silica materials, it is obvious that these materials could be applied in biomedicine domain as targeting drug delivery system under magnetic fields. Therefore, this work would be of interest for large audience of chemists or in various fields of chemical engineering, biology and nanomedicine.

Conclusion Générale

La conception de systèmes intelligents de délivrance de médicaments est un grand défi dans le Introducing mathematical algorithms to this method, the differences between adsorption and desorption isotherms are discussed and the main parameters values were determined, such as specific surface area, pore volume and pores size distribution. The specific surface area is calculated from the monolayer volume at low pressures and molecular area per an adsorbed molecular:

$ %&' = ) * ) *+, -. /
where / is for molecular area per an adsorbed molecular (16.2 Å 2 for N 2 at -196°C), V mol for molar volume of gas and N a for Avogadro number.

Experimental adsorption isotherm recorded in the literature has a wide variety of forms.

Nevertheless, the majority of these isotherms, which result from physical adsorption may conveniently be grouped into six classes in the IUPAC classification (Figure A2). -Type II isotherm is obtained with non-porous or macroporous adsorbents, which allow unrestricted monolayer-multilayer adsorption to occur at high p/p0.

-Type III isotherm is not common. This feature is indicative of weak adsorbent-adsorbate interactions.

-Type IV isotherm indicates the existence of mesopores in the given system. Its initial region is closely related to the Type II isotherm, trends to level off at high relative pressures. It exhibits a hysteresis loop, the lower branch of which represents measurements obtained by progressive addition of gas of the adsorbent and the upper branch by progressive withdrawal.

The hysteresis loop is usually associated with the filling and emptying of the mesopores by capillary condensation.

-Type V isotherm is relatively rare. As in the case of Type III isotherm, it levels off at high relative pressures, which is indicative of weak adsorbent-adsorbate interactions. In addition, it also exhibits a hysteresis loop, which is associated with the mechanism of pore filling and emptying.

-Type VI isotherm is also relatively rare and is associated with layer-by-layer adsorption on a highly uniform surface.

Thanks to its inert and reversible adsorption properties, nitrogen (at -196°C) is generally considered to be the most suitable adsorptive for standard surface area determination. For this purpose, nitrogen adsorption-desorption isotherms were obtained at -196°C, over a wide relative pressure range from 0.01 to 0.995, with a volumetric adsorption analyser TRISTAR 3000 manufactured by Micromeritics. The samples were degassed under vacuum for several hours before nitrogen adsorption measurements to remove water and CO 2 physisorbed in the pores of material.

The pore diameter and the pore size distribution were determined by the BJH (Barret, Joyner and Halenda) method. Except using a model of the adsorbent as a collection of cylindrical pores, this theory is based on the phenomenon of capillary condensation which appears in the mesopores and the applicability of simple Kelvin equation which involves the assumption of hemispherical meniscus with zero contact angles. 01 2 2 3 = 4) * 5 6 -8 9:

For conventional imaging in the SEM, specimens must be electrically conductive, at least at the surface, and electrically grounded to prevent the accumulation of electrostatic charge at the surface. Nonconductive specimens are therefore usually coated with an ultrathin coating of electrically conducting material, commonly gold or graphite, deposited on the sample either by low vacuum sputter coating or by high vacuum evaporation.

The technique of SEM is to focus on a surface of specimen by lens using a condensed electron beam. The interaction between electrons and the material leads to the backscattered electron emission, X-rays, secondary electrons and so on. These electrons are collected by a detector, converted to a voltage and finally amplified. The apparatus used in this study is microscope HITACHI, S-models 2500 at 15 KeV.

Transmission electron microscopy (TEM)

The transmission electron microscopy allows the observation of a local arrangement of the pores of the material and therefore cannot replace the DRX or SAXS giving an overall view of the composite structure. The image comes from the interactions occurring during the passage of an electron beam accelerated by a high voltage across the sample.

The samples were prepared by dispersing in ethanol under sonication and then a few drops are deposited on the analysis plate, which is generally a holey carbon coated copper grid. The principle is to send a beam of accelerated electrons to 105 volts on an ultra-thin sample (a few hundred nanometers) and analyse the transmitted beam. It gives the information about the crystal structure of the compound through the diffraction properties of the electrons and the contrast is dependent on the atomic number of the element. In this work, all experiments were performed on a Philips / FEI CM200 200 keV.
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Résumé:

Ce travail a consisté à préparer des matériaux silicatés poreux à caractère stimuli-sensible à base de nanoparticules lipidiques solides (SLN) et de tensioactifs magnétiques. Plusieurs systèmes à base de tensioactifs ont été utilisés afin de synthétiser des matériaux silicatés à porosité contrôlée en utilisant des méthodes décrites dans la littérature ou mises au point au laboratoire. De différents caractères stimuli-sensible ont été introduits dans les matériaux silicatés poreux en fonction de système utilisé: les nanoparticules lipidiques solides (SLN) pour les matériaux sensible au pH et les tensioactifs magnétiques pour les matériaux sensible au champ magnétique. Premièrement, les matériaux à base de nanoparticules lipidiques solides (SLN) ont été utilisés pour la vectorisation d'un principe actif, la curcumine. La libération de la curcumine a été contrôlée en fonction de pH. Un revêtement sur la surface silice a été également employé pour mieux contrôler la libération de la curcumine. D'autre part, la sensibilité au champ magnétique a été introduite dans des silices mésoporeuse en utilisant des tensioactifs magnétiques. Leurs propriétés d'auto-assemblage (i.e. micelles, vésicules) ont été mise en évidence. Ainsi, la synthèse de matériaux silicatés poreux à caractère magnétique-sensible a été effectuées en utilisant ces tensioactifs. Enfin, les SLN magnétiques ont été préparés en combinant les SLN avec un tensioactif magnétique, qui ont été servi pour la synthèse de catalyseur à base de la silice méso-macroporeuse dopée en nanoparticules d'oxyde de fer.
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  this context, the work of Stucky et al. and Linton et al. highlighted the major synthesis parameters capable to influence particle morphology to obtain mesoporous nanorods. In 2000 Stucky et al. were interested in controlling the morphology of mesoporous silica materials using a combination of micelles of block copolymers with cosurfactants, cosolvents or of strong electrolytes. Under acid conditions long mesoporous SBA-15 fibers were successfully prepared by using poly(ethylene oxide)-block-poly(propylene oxide)-blockpoly(ethylene oxide) triblock copolymer (EO 20 PO 70 EO 20 ) as structure directing agent, and tetramethyl orthosilicate (TMOS) as a silica source. 47 More recently Linton et al. have investigated the mechanism for the aggregate growth of mesoporous particles in order to control particle size. 48 Furthermore, Ding et al. succeeded in obtaining SBA-15 nanorods by adjusting the pH media in the range of 0.5 to 2.5. Through their application, they noticed that SBA-15 rod morphology improved the adsorption of enzymes when compared to conventional spheric particles. 49

Figure 1

 1 Figure 1.3. pH-responsive DOX release of NH 2 -Cu-DOX (a) and NH 2 -Zn-DOX (b) by acidification step by step. The AMS (Anionic surfactant templated Mesoporous Silica) nanoparticle used here was synthesized with APS/C 18 GluA = 2.5. Cu(CH 3 COO) 2 and Zn(CH 3 COO) 2 have been used as metal sources. 114

Figure 1

 1 Figure 1.4. Schematic illustration of pH-responsive nanogated ensemble based on goldcapped mesoporous silica through acid-labile acetal linker. 115

  nanovalve using CB[6]-induced 1, 3-cycloaddition of azidoethylamine on alkynefunctionalized MCM-41. The final material contains two amines groups and CB[6] as gatekeeper on the linker. The nanovalve can be opened by adjusting the pH at 10, in which the deprotonation of amine can disrupt ion-dipole interaction between the linker and CB[6] ring and the RhB (rhodamine B) is released as shown in Figure 1.5.

Figure 1 . 5 .

 15 Figure 1.5. Release of the RhB guest molecules monitored by following the luminescence intensity of the solution of nanoparticles with shorter linkers {6 ⊂ CB[6]} (blue trace). 119

Figure 1

 1 Figure 1.6. Schematic for the pH-controlled insulin delivery system based on pH-sensitive polymer coating of insulin-loaded spherical mesocellular foam (S-MCF) and its pHresponsive release.

  mesopores via hydrogen bonding. The swelled PNIPAM chains prevented the escape of the drug molecules from mesopores, once it was loaded inside. Increasing the temperature above LCST induces the conformation transition of PNIPAM, breaking up of the hydrogen bonding and opening the mesopores by shrink of its own polymer chains, which can trigger the drug release.

Figure 1

 1 Figure 1.7. (a) Schematic preparation process of magnetic MSN (M-MSN) and M-MSN/ P(NIPAM-co-NHMA). (b) Cumulative drug release of drug-loaded systems in PBS solution (pH 7.4): cumulative drug release from ZnPcS 4 @M-MSN/P(NIPAM-co-NHMA)-5-10 system in PBS solution at different temperatures. CTAB, cetyltrimethylammonium bromide; MPS, 3-(trimethoxysilyl)propyl methacrylate. 125

Figure 1 . 8 .

 18 Figure 1.8. Schematic representation of the CdS nanoparticle-capped MSN-based drug/ neurotransmitter delivery system. The controlled-release mechanism of the system is based on chemical reduction of disulfide linkage between the CdS caps and the MSN hosts. 83

Figure 1 . 9 .

 19 Figure 1.9. Coumarin photodimerization reaction to activate or deactivate gatekeeper dimer. 132

Figure 1 .

 1 Figure 1.13. (a) Sectional drawing for existent status of DNA in M-MSN mesopores (the empty mesopores were omitted and the DNA chain inside or outside the mesopore was not depicted accurately). Arrow A represented the magnetic core, arrow B represented the mesopore, and arrow C represented DNA molecule. (b) An enlarged image for DNA molecule in mesopore. 146

Figure 1 .

 1 Figure 1.14. TEM images of ellipsoidal (a) Fe 2 O 3 , (b) Fe 2 O 3 @SiO 2 , (c) Fe 2 O 3 @SiO 2 @ mSiO 2 , and (d) Fe 3 O 4 @mSiO 2 . Secondary electron SEM image of ellipsoidal Fe 2 O 3 (e, inset:SEM image at high magnification) and backscattered electron SEM (f) image of ellipsoidal Fe 3 O 4 @mSiO 2 nanocapsules (inset: purposely selected backscattered electron image of broken nanocapsules to reveal the hollow nanostructure).150,151 

Figure 1 .

 1 Figure 1.15. Release of profiles of SZ from (a) MCM-41-SZ, (b) MSN-NH 2 -SZ, and (c) MSN-NH 2 -SZ@SSPI without enzyme, and (d) MSN-NH 2 -SZ@SSPI in the presence of enzymes (pepsin at pH 1.2 and pancreatin at pH 7.4) present in simulated GIT fluids. 153

Figure 2 . 1

 21 Figure 2.1 Structure of Solid lipid nanoparticle (SLN) stabilized with surfactant molecules in aqueous solution.

  This part was published as: S. Kim, M.-J.-Stébé, J.-L Blin, A. Pasc, pH-controlled delivery of curcumin from a compartmentalized solid lipid nanoparticle@mesostructured silica matrix in J.Mater. Chem. B, 2014, 2 7910-7917. 
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  Figure 2.1.1).29 In such a mechanism, the highly ordered array of mesopores is templated by the micelles (i.e. Pluronic P123) and induced via the cooperative templating mechanism (CTM), 26 whereas the macropore network is generated by the lipid nanoparticles dispersed in the continuous medium. Moreover, by changing the surfactant nature, one can tune the size of the mesopores and the morphology of the resulting materials.

Figure 2

 2 Figure 2.1.1. Proposed mechanistic scheme for the formation of macro-mesostructured silica with a hexagonal mesopore network.

Figure 2

 2 Figure 2.1.2. (A) IR spectra and (B) SAXS pattern of (a) CU-SA-SLN, (b) blank-SA-SLN, (c) blank-NHP-SLN, (d) CU-NHP-SLN, and (e) curcumin

Figure 2

 2 Figure 2.1.4. Captured images of Nanoparticle Tracking Analysis (NTA) for (A) CU-NHP-SLN, (B) CU-SA-SLN without any filter; (C) CU-NHP-SLN, (D) CU-SA-SLN with fluorescence filter. (arrows indicate fluorescence signals of curcumin encapsulated in SLN)

Figure 2

 2 Figure 2.1.5. SAXS pattern of (a) CU-NHP-Mat, (b) CU-SA-Mat after the removal of organic matters.

Figure 2

 2 Figure 2.1.6. Nitrogen adsorption-desorption isotherm and pore size distribution (inset) of (A) CU-Mat, (B) CU-SA-Mat.

Figure 2

 2 Figure 2.1.7. Macropore size distribution of (A) CU-Mat, (B) CU-SA-Mat determined using Hg porosimetry.

Figure 2

 2 Figure 2.1.8. SEM image of (A) CU-NHP-Mat, (B) CU-SA-Mat after removal of organic matter (arrows indicate macropores)

Figure 2

 2 Figure 2.1.9. TEM image of meso-macroporous silica, CU-NHP-Mat (A and B) and CU-SA-Mat (C and D) after removal of organic matter (arrows indicate marcopores)

Figure 2

 2 Figure 2.1.10 and 2.1.11 show the cumulative release of curcumin from hybrid SLN-silica materials at 3 different pH release media. At first, the drug released from CU-NHP-Mat quickly reached the plateau within 6 h at all investigated pH. However, the maximum cumulative release percentage was varied according to the pH, 100%, 88%, and 16% for pH 1.2, 4.5 and 7.4, respectively.

Figure 2

 2 Figure 2.1.10. Cumulative release of curcumin from CU-NHP-Mat at (a) pH 1.2, (b) pH 4.5 and (c) pH 7.4

  expected. Those are not strong enough to hold the curcumin inside mesopores and therefore the release kinetics are the highest. At pH 4.5, where pH = pKa of ≡Si-OH, since half of Q3 silanol is protonated, mesoporous silica becomes more effective to hold curcumin than at pH 1.2. Finally, when pH increases to 7.4, all Q3 silanols are deprotonated, being the most effective to hold curcumin via stronger ion-dipole interactions (23 kcal mol -1 ).

Figure 2

 2 Figure 2.1.12. Possible interactions between curcumin and silanol on a silica surface at (a) pH 1.2, (b) pH 4.5 and (c) pH 7.4

Figure 2

 2 Figure 2.1.14. Cumulative release of curcumin from (a) hexagonally ordered CU-SA-Mat and (b) non ordered CU-SA-Mat at 50 % (v/v) ethanolic solution.

  log %&'( &*+*,-* % = 0 log &*+*,-* 123* ℎ + log 6

Figure 2

 2 Figure 2.1.15. Fitting graphs using Korsmeyer-Peppas model for silica materials CU-NHP-Mat (A-C) and CU-SA-Mat (D-F).

Figure 2

 2 Figure 2.1.16. FT-IR (A) spectra of CU-SA-Mat, (a) as-synthesized material, (b) after 2 h release at pH 1.2, (c) after 4 h release at pH 1.2, (d) after 8 h release at pH 1.2, (e) after 6 h release at pH 7.4; SAXS patterns (B) of CU-SA-Mat, (a) after 2 h release at pH 1.2, (b) after 4 h release at pH 1.2 (c) after 8 h release at pH 1.2 (d) after 6 h release at pH 7.4. All FT-IR peaks are normalized with respect to Si-O-Si stretching peak (around 1100 cm -1 )
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  Figure 2.1.16B). Like in FT-IR experiments (Figure. 2.1.16A), the continuous decrease of the peak corresponding to stearic acid is observed at pH 1.2 (a-c) while this peak remains at pH 7.4 even after 6 h release (d).

Figure 2

 2 Figure 2.1.18. In vitro cytotoxicity of (A) pure curcumin, (B) CU-NHP-Mat and (C) Blank-NHP-Mat in MRC-5 cell line after 24h

  microcapsules of solid lipid nanoparticles and mesoporous silica for enhanced oral delivery of curcumin This part was submitted as: S. Kim, R.Diab, O. Joubert, N. Canilho, A. Pasc, Core-shell microcapsules of solid lipid nanoparticles and mesoporous silica for enhanced oral delivery of curcumin in Colloids Surf., B.

  Figure 2.2.1. Size distribution of (a) SLN-CU obtained using DLS (intensity), (b) SLN-CU obtained using NTA (particle number) and (c) SLN-Nile Red obtained using fluorescence mode in NTA.

  Figure 2.2.2. Captured images of Nanoparticle Tracking Analysis (NTA) for (a) CU-SLN without any filter (b) CU-SLN with fluorescence filter (c) Nile Red-SLN with fluorescence filter.

Figure 2

 2 Figure 2.2.3. (a) SAXS and (b) N 2 adsorption-desorption isotherm with pore size distribution (inset) of hollow silica mcirocapsules imprinted with SLN.

  Figure 2.2.5 shows the cumulative release of curcumin from hybrid SLNsilica microcapsule in release media with different pH. It is clearly shown that the kinetic release profile of curcumin depends on the pH of the release media.

Figure 2

 2 Figure 2.2.6. Fitting graphs of curcumin release data using the Korsmeyer-Peppas model (a) pH 1.2, (b) pH 2.8, and (c) pH 7.4

Figure 2

 2 Figure 2.2.7. Viability of caco-2 cells after 24 h-incubation at 37°C with silica microcapsules loaded with curcumin (MC-CU) at equivalent concentrations of entrapped curcumin ranging from 5 to 75 mg/L. Controls are: cells incubated with culture medium (control), solution of curcumin in culture medium at 75 mg/L (CU 75 mg/L) and blank microcapsules at the same equivalent concentration of inert materials as MC-CU 75 mg/L (MC 75 mg/L). The results are expressed as the average of three independent biological replicates. Error bars indicate standard deviations. *p<0.05, **p<0.01 and ***p<0.001 vs. control.

Figure 2

 2 Figure 2.2.8 Confocal microscope images after cell incubation with MC labelled with Nile Red for 4 h. (a), (b) and (c) represent cells incubated with labelled microcapsules at equivalent concentrations of entrapped curcumin of 5, 10 and 30 mg/L, respectively. (d) represents cells incubated in cell culture. (e) represents cells incubated with Nile Red solution in DMSO/water 1/99 (v/v). (f) represents a confocal microscope image of labelled microspheres in a drop of water. Scale bare represents 20.0 µm.

Figure 2

 2 Figure 2.3.1. Syntheic pathway for curcumin loaded mesoporous silica nanoparticles (MSN) using tannic acid-Fe(III) complex.

Figure 2

 2 Figure 2.3.2. (a) SAXS patterns of MCM-41 with and without curcumin loading, and before and after surface coating, (b) WAXS patterns of MCM-41 with and without curcumin loading, before and after surface coating, and of physical mixtures of curcumin with MCM-41.

Figure 2

 2 Figure 2.3.3. N 2 adsorption-desorption isotherms and pore size distribution (inset) of (a) MCM-41, (b) MCM-41-CU

Figure 2

 2 Figure 2.2.4. (a) Size distribution of MCM-41 type silica materials obtained from DLS, (b) UV-vis spectra of MCM-41 and MCM-41-TA. For clarity reasons, UV-vis measurements were performed on the silica materials without curcumin.

Figure 2

 2 Figure 2.3.5. UV spectra of tannic acid-Fe(III) complex before/after coating process

Figure 2

 2 Figure 2.3.7. SEM-EDS mapping image of MCM-41-CU-TA

Figure 2

 2 Figure 2.3.9. TEM image of (a) MCM-41 (arrow indicates opened pores), (b) MCM-41-CU-TA, (c) MCM-41-CU-TA-3 (coated 3 times), (d) MCM-41-CU-TA-3 incubated at pH 4.5.

Figure 2

 2 Figure 2.3.10. (a) Cumulative release of curcumin for MCM-41-CU, and MCM-41-CU-TA, (b) Effect of coating agent concentration, (c) Effect of multiple coating, and (d) Effect of glutathione (GSH) concentration level on curcumin release.

Figure 2

 2 Figure 2.3.11. Dominate complex form of tannic acid-Fe(III) as a function of pH
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  Figure 2.3.13. (a) SAXS patterns of SBA-15 with and without curcumin loading, and before and after surface coating, (b) WAXS patterns of SBA-15 mesoporous materials with and without curcumin loading, before and after surface coating, and of physical mixtures of curcumin with SBA-15.

Figure 2

 2 Figure 2.3.14. N 2 adsorption-desorption isotherms and pore size distribution (inset) of (a) SBA-15, (b) SBA-15-CU. The BET specific surface area and the mesopore volume are 638 m 2 g -1 and 0.91 cm 3 g -1 for (a) SBA-15, 461 m 2 g -1 and 0.70 cm 3 g -1 for (b) SBA-15-CU, respectively.

Figure 2

 2 Figure 2.3.15. TEM image of (a) SBA-15, (b) SBA-15-CU-TA

  de la curcumine a montré une forte dépendance en fonction du pH. En plus, une libération en deux étapes a été observée à pH 1,2 pour le matériau préparé avec des SLN à base d'acide stéarique, suggérant que les SLN sont des réservoirs pour le principe actif, tandis que les canaux mésoporeux permettent la libération du principe actif. La cytotoxicité a montré que ces matériaux pourraient avoir des applications dans le domaine biomédical avec une bonne biocompatibilité.Cette méthode a été étendue pour développer des microcapsules hybrids à base de silice 'core-shell'. Ces matériaux ont montré une dépendance vis à vis du pH pour la libération de la curcumine avec une rétention marquée à pH 2,8, en raison de l'agrégation des particules de silice, du fait que le point isoélectrique de la silice est compromis entre 2 et 3. En plus, le test d'absorption cellulaire a montré que les microcapsules hybrides ont été bien internalisés dans les cellules Caco-2, suggérant de véritables applications potentielles dans le domaine.En suite, les matériaux silicatés mésoporeux multi stimuli-sensibles ont été développés pour le traitement de tissus cancéreux. Pour cet objectif, une méthode de revêtement en utilisant des complexes l'acide tannique-Fe(III) a été mise en oeuvre par addition successive de Fe(III) et d'acide tannique dans la dispersion de silice mésoporeuse chargée en curcumine. Une légère baisse du pH peut déclencher une libération rapide de la curcumine et cette libération peut être contrôlée par la concentration de glutathion (GSH). De ce fait, ces résultats ouvrent une nouvelle voie simple pour développer des systèmes de délivrance de médicaments.

Figure. 3

 3 Figure. 3.1 Some example of conventional surfactants (SURF) and their magnetic surfactants (MILS) (left); Response of liquid droplets to the field from a 0.4 T NdFeB magnet. [SURF1]=20 wt%, [MILS1]=20 wt% (right)

Figure 3

 3 Figure 3.1.1. Size distribution of MagSurf vesicles measured for A1 (a) and B1 (b), using DLS (black, n), NTA (blue, ▲), and NTA with fluorescence filter (red, •).

Figure 3

 3 Figure 3.1.2. Captured image of NTA for (A) vesicle A1, (B) vesicle A1 with fluorescence filter, (C) vesicle B1, and (D) vesicle B1 with fluorescence filter.

Figure 3

 3 Figure 3.1.3. Small-angle neutron scattering data normalized to total molar MagSurf concentration for (a) Ax, (b) Bx, (c) fitted data for A1 and (d) B1, normalized SANS data with respect to AOT 3 F concentration for A1-3 and B1-2

Figure 3

 3 Figure 3.1.4. Critical aggregation concentration (CAC) of vesicle solutions determined using Surface tension measurements.

Figure 3

 3 Figure 3.1.5(a) and (b) present the temperature dependence of magnetization measured in an applied field of 70 kOe for the A and B series respectively. Interestingly, these curves exhibit qualitative behaviour which correlates with the SANS data (Figures 5.3(a) and (b)): magnetization of A1-3 and B1-2 reported per Fe weight are almost superimposed as were SANS data, whereas a notable decrease is clearly observed on further dilution, from A3 to A4, and B2 to B3, as the vesicles are disrupted. Moreover, the measured magnetization at low temperature of A1-3 (≈ 420 emu/g) is quite closed to the saturation magnetization of Fe 3+ ions with S=5/2 (F 1 G/9

Figure 3

 3 Figure 3.1.5. Magnetization measurements as a function of temperature measured at 70 kOe for (a) A1-4, (b) B1-4 (b) and at 5 kOe for (c) A1&4, (d) B1&3-4. The straight lines in figures (c) and (d) are fits with a sum of two Brillouin functions as described in the text.

Figure 3

 3 Figure 3.1.6. Magnetization as a function of temperature for 3 DTAF solutions, above the CMC: 29.5 mM and below the CMC: 5.90 and 1.48 mM. (a): H = 70 kOe, (b): H = 5 kOe.

Figure 3

 3 Figure 3.1.7. Schematic representation showing the spin crossover of MagSurfs upon selfassembling: low spin in monomers, low spin and high spin in bilayers and high spin in vesicles

Figure 3

 3 Figure 3.2.2. DSC measurement of magnetic surfactant CTAF

Figure 3

 3 Figure 3.2.6. Schematic illustration of the synthetic pathway for magnetic mesoporous silica through a self-assembly mechanism with CTAF.

Figure 3

 3 Figure 3.2.8. SAXS data of mesoporous materials prepared with either 2.5 wt% CTAF and R of 0.16 (a), 0.12 (b), 0.08 (c) or with 1.5 wt% CTAF and R of 0.16 (d), 0.12 (e) and 0.08 (f). The reactions were carried out in aqueous solutions of 2 M HCl and silica condensation at 70 °C for 24 h.

Figure 3

 3 Figure3.2.10. SAXS patterns for silica materials: (a) Fe@SiO 2 , (b) Bare SiO 2 , and (c) CTAF@SiO 2 ; TEM micrograph of (d) Fe@SiO 2 , and (f) Bare SiO 2 .

Figure 3

 3 Figure 3.2.11. N 2 adsorption-desorption isotherm of (a) bare mesoporous silica, (b) Fe@SiO 2 , and their pore size distribution (inset).

Figure 3

 3 Figure 3.2.12. UV-Visible diffuse reflectance spectra of materials: (a) CTAF, (b) CTAF@SiO 2 (hybrid), (c)Fe@SiO 2 , and (d) Bare SiO 2

Figure 3

 3 Figure 3.2.13. (a) Magnetization of magnetic surfactant, CTAF as a function of dimensions parameter µ B B/k(T-θ) and its fit with the Brillouin function with S = 5/2; (b) Magnetization of hybrid CTAF@SiO 2 , Fe@SiO 2 , and bare SiO 2 as a function of applied magnetic field (Oe) at 10 and 300K.

Figure 3

 3 Figure 3.2.14. Magnetization of (a) the hybrid CTAF@SiO2 and (b) Fe@SiO2 samples measured at different temperatures and plotted as a function of the ratio of the magnetic field (B) to temperature (T).

Figure 3

 3 Figure 3.2.15 focuses on the low temperature dependence of the susceptibility measured under an applied magnetic field (B) of 1T. As already discussed (Figure 3.2.13), in this range,

Figure 3

 3 Figure 3.2.15. (a) Low temperature behaviour of _ measured under 1T for CTAF@SiO 2 and 0.5 wt.% Fe@SiO 2 . The Curie law behaviour of _ expected for S = 5/2 Fe 3+ (straight line). Two rates of 0.1 and 2 K min -1 with decreasing (-) or increasing (+) temperature. (b) _ of serveral Fe@SiO 2 materials measured with increasing temperature under B = 1T.

Figure 3

 3 Figure 3.2.15b shows the temperature dependence of the susceptibility for several Fe@SiO 2

Figure 3

 3 Figure 3.3.1. Synthetic strategy (not to scale): (A) CTAF-stabilized solid lipid nanoparticles (SLN) dispersed in micellar P123; (B) Silica condensation around SLN, giving hexagonally ordered mesopores; (C) Fe 2 O 3 @meso-macroporous silica obtained by calcination.

  3.2C)The values of ζ increased with the concentration of CTAF with respect to NHP, until a plateau was reached at 47 mV and 1.8 wt.% in magnetic-surfactant (16wt% of CTAF in NHP/CTAF mixture and 1.6% as Fe).

Figure 3

 3 Figure 3.3.2. (A) Size distribution of SLN@CTAF obtained from NTA (particle number counting); (B) Size distribution of SLN@CTAF obtained from DLS (intensity); and (C) SLN zeta potential as a function of CTAF level.

Figure 3

 3 Figure 3.3.4. Two TEM images of silica material prepared using 3.0 wt.% of CTAF. It is clearly shown that the size of metallic particles (probably Fe 2 O 3 ) is bigger than that of the silica material prepared in the optimal condition (Figure 3.3.5A)

Figure 3

 3 Figure 3.3.8. (A) Dark Fenton-like degradation of methylene blue in solution, (a) for the blind experiment with only H 2 O 2 (without any catalyst), (b) for the catalyst made in this work, without H 2 O 2 , (c) for bare SiO 2 , (d) for the catalyst made in this work, (e) for yorkshell structured Fe 2 O 3 @mesoporous silica (reported by Cui et al. 105 ); (B) Extended study of methylene blue degradation, using 15mg of catalyst, analysed by (a) UV-Vis and (b) Total Organic Carbon (TOC) measurement; (C) Effect of catalyst amount on methylene blue degradation for (a) 10 mg, (b) 15 mg and (c) 30 mg of catalyst, degradation rate fitted using pseudo-first-order model (inset, k' is the rate constant, R 2 is squared correlation coefficient); (D) Degradation of methylene blue adsorbed on the catalyst, 15 mg of catalyst used, 32.3% of MB adsorbed before H 2 O 2 addition.

Figure 3

 3 Figure 3.3.9. Repeated usability test of catalyst, 15 mg of catalyst used, and all experiments for catalyst reuse were performed for 7 h.

Figure 3

 3 Figure 3.3.10. (A) SAXS patterns of Fe 2 O 3 @meso-macroporous silica after 5 runs; (B) N 2 adsorption-desorption isotherms and pore size distribution (insert) of Fe 2 O 3 @mesomacroporous silica after 5 runs.

  domaine biomédical. Dans ce cadre, les matériaux silicatés mésoporeux sont considérés comme des candidats prometteurs puisqu'ils possèdent un réseau de pores homogènes et une bonne biocompatibilité. En outre, les médicaments hydrophobes encapsulées dans de tels matériaux présentent une meilleure biodisponibilité, en raison de la réduction de taille des particules de médicament. Par conséquent, le développement de matériaux silicatés mésoporeux stimuli-sensibles est d'une grande importance pour véhiculer des médicaments hydrophobes.Dans ce travail, nous nous sommes concentrés sur le développement de systèmes de délivrance de médicaments stimuli-sensibles à base de matériaux silicatés mésoporeux et méso-macroporeux en proposant des approches originales en utilisant des nanoparticules solides lipidiques (SLN) ou des tensioactifs magnétiques. Tout d'abord, les matériaux silicatés méso-macroporeux chargés en curcumin ont été préparés par minéralisation de dispersions de nanoparticules lipidiques solides (SLN). Il a été révélé que la répartition de la curcumine entre les SLN et les micelles dépend de la nature du lipide du SLN (20% pour palmitate cétylique et 65% pour acide stéarique), en raison des interactions entre le lipide et la curcumine. La libération de la curcumine est dépendante du pH pour les matériaux à base de palmitate cétylique ou d'acide stéarique. La libération de la curcumine à pH 1,2 se fait en 2 étapes pour les matériaux synthétisés avec les SLN composé d'acide stéarique, ce qui suggère que les SLN agissent comme des réservoirs pour la curcumine, tandis que les mésopores permettent de libérer la curcumine. L'étude de cytotoxicité suggère aussi que les matériaux hybrides organiques-inorganiques pourraient avoir une meilleure stabilité et la durabilité que les systèmes existants.La même méthode a été adaptée pour préparer des microcapsules hybrides de silice 'coreshell' à base des nanoparticules lipidiques solides. Les microcapsules chargées en curcumine ont une taille de 2 µm et la coquille de silice mésoporeuse est de 0,3 um d'épaisseur. La libération de la curcumine à partir de ces matériaux est également dépendt du pH et une rétention marquée à pH 2,8 a été mise en évidence, en raison de l'agrégation des particules de silice, puisque le point isoélectrique de la silice est entre pH 2 et 3. Cette propriété de la silice pourrait être mise à profit pour l'administration orale, puisque la valeur du pH moyen dans In 1938, by introducing a number of simplifying assumptions, Stephen Brunauer, Paul Emmett and Edward Teller were able to extend the Langmuir mechanism to multilayer adsorption and obtain an isotherm equation (the BET equation)

Figure A2 .

 A2 Figure A2. IUPAC classification of adsorption isotherms.
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  Among some outstanding results, Balas et al. showed the confinement and the controlled release of alendronate from MCM-41 type mesoporous silica.113 Alendronate is a bisphosphonate, used as a model drug in osteoporosis treatment. It can be loaded into amino-functionalized mesoporous MCM-41 at pH 4.8 and released by increasing

	the pH up to 7.4 where electrostatic interaction between guest molecule and host mesoporous
	silica becomes too weak.
	Metal involved coordination bonding based mesoporous silica is also a good approach for
	pH-responsive drug delivery system. Zheng et al. reported a construction of a coordination
	bonding "host-metal-drug" architecture using amino functionalized mesoporous silica (APS)

conducted several modifications of silica nanoparticles by various functional group such as amino or carboxylate.

  128 

  Dans ce chapitre, il est montré que les nanoparticles de silice mésoporeuse (MSN) ont été utilisées pour concevoir des systèmes efficaces de délivrance de médicaments, en particulier en raison de leur capacité élevée d'encapsuler des principes actifs, de leur grande stabilité et leur possibilité de protéger les molécules actives dans un environnement biochimique. En effet, les propriétés de biocompatibilité et de biodégradabilité sont à la base du développement de ces matériaux dans ce domaine. En outre, les MSN peuvent offrent une grande variété de voies pour la fonctionnalisation des surfaces de la silice en utilisant des molécules stimuli-sensibles (polymères, nanoparticules métalliques et ligands de ciblage) au

pH, à la chaleur, à la lumière et au champ magnétique. Les stratégies récentes de fonctionnalisation ont été adaptées pour contrôler la cinétique de libération de médicament à l'endroit approprié en évitant la libération prématurée afin d'éviter des effets secondaires indésirables. Pour le moment, la plupart des études in vitro ont permis d'évaluer la cytotoxicité, la biocompatibilité, la biodégradabilité, la rétention de MSN et la compréhension de certains mécanismes de l'absorption cellulaire. Cependant, la toxicité et les résultats d'absorption intracellulaire décrits dans la littérature sont spécifiques à chaque système d'administration de médicament et ne sont pas encore généralisables. En outre, la conception simple et peu coûteuse de supports de médicaments à base de MSN est nécessaire pour mettre au point des systèmes de délivrance de médicaments ou des biocapteurs pour des applications thérapeutiques.

3 Results and Discussion Solid Lipid Nanoparticles (SLN) preparation

  

	Curcumin-loaded solid lipid nanoparticles (CU-SLN), used as both a macro-template for the
	silica material and a reservoir of curcumin in this study, were prepared by sonicating a hot
	emulsion containing the melted lipid (cetyl palmitate (NHP) or stearic acid (SA)) and
	France). After 24, 48, 120 and 168 h of incubation, stock MTT solution (5 mg/mL MTT in
	PBS) was added (10 µL per well) and plates were incubated in a humidified atmosphere with
	5% CO 2 at 37 °C for 4 h. Then, insoluble purple formazan was dissolved by adding 100 µL
	sodium dodecyl sulfate (SDS, L-5750, Sigma, France) (0.1 g/mL SDS in PBS, with 445 µL

).
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The assay is based on the cleavage of the tetrazolium salt MTT by active mitochondrial dehydrogenases to produce an insoluble purple formazan salt. Since this conversion only occurs with viable cells, it directly correlates with cell count. Experiments were performed in 100 µL of medium in flat-bottom 96-well plates (831835, Sarstedt, HCl 0.01 M) to each well, and incubated for 4 h more. The absorbance at A540 nm was measured with a reference wavelength of A690 nm, using an ELISA reader (Multiskan EX, Thermo Electron Corporation, France). Eight wells per dose and time point were counted in three different experiments.

2.1.

micelles of Pluronic P123. In general, lipids have relatively low melting point (i.e. 52°C for cetyl palmitate), thus hot emulsion technique could be powerful and simple method when it combines with ultra-sonication for SLN preparation. Moreover, compared with other methods like solvent diffusion-evaporation or high-pressure homogenization, hot emulsion technique followed by ultra-sonication needs much less time (~ 5 min). Concerning the composition of SLN, since most of the synthesis parameters were already optimized in the previous work of our group, 26 we focused only on an effective encapsulating of curcumin into solid lipid nanoparticles based on NHP and SA.

First, dynamic light scattering (DLS) measurements were performed on curcumin loaded-SLN and blank SLN in order to determine their size distribution and investigate the influence of guest molecule, curcumin. As shown in Table

2

.1.1, a slight increase in mean diameters for curcumin-loaded SLN was observed, compared to those of blank SLN. Zeta potential measurements gave slightly negative values (around -10 mV), which are consistent with

Table 2

 2 

	.1.3, Figure 2.1.15) it is revealed that in all cases, the drug release
	mechanism could be described by the quasi-Fickian drug diffusion process, as all release

exponent (n) values are lower than 0.43. However, curcumin release rate, expressed using the kinetic constant, are varied as a function of pH and silica material compositions. The kinetic constants of CU-NHP-Mat are about two times higher than those of CU-SA-Mat, confirming also our hypothesis concerning the interaction between the lipid and curcumin as discussed previously.

Table 2 .

 2 13. Release kinetic parameters obtained using Korsmeyer-Peppas model. K for kinetic constant, R 2 for coefficient of determination and n for release exponent.

Table 3 .

 3 1.1. Compositions of the A and B series of MagSurf solutions and parameters deduced from fits of SANS data and magnetization measurements; [a] r is the DTAF/ AOT 3 F molar concentration ratio. [b] C T is the sum of the surfactant molar concentrations expressed in mM. [c] C AOTF is the molar concentration of AOT 3 F expressed in mM. [d] Φ is the vesicle diameter in nm. deduced from SANS.

	K)

  hematite (α-Fe 2 O 3 ). The breadth of the Fe 2 O 3 peaks embedded in silica is consistent with

	Peak # Position (2θ)		Cos (θ)	FWHM (2θ)	FWHM (rad) Diameter (nm)
	1	32.8		0.959		0.41		7.16 10 -3	20
	2	35.5		0.952		0.55		9.6 10 -3	15
	Table 3.3.1. Fe 2 O 3 nanoparticles size calculated using Scherrer formula
	The iron content (4 wt.% Fe, 5.7 wt.% Fe 2 O 3 ) in Fe 2 O 3 @meso-macro-porous silica was
	determined using ICP-OES elemental analysis (Table 3.3.2), being in agreement with the
	TEM-EDX analysis (Figure 3.3.5B and 3.3.5C).		
	SiO 2	Al 2 O 3 Fe 2 O 3 MnO	MgO	CaO	Na 2 O K 2 O	TiO 2	P 2 O 5	Others Total
	87.23 0.04	5.73	0.02	< DL * < DL 0.02	0.11	< DL 0.24	6.86	100.25
	Table 3.3.2. ICP-OES elemental analysis (wt.%) of Fe 2 O 3 @meso-macroporous silica (DL =
	detection limit)						

  Bien que les tensioactifs contenant des ions métalliques ont été développés depuis plus d'une dizaine d'années, leurs propriétés magnétiques n'ont pas été encore bien étudiées.1 Une des raisons probables est que ces tensioactifs ont des ions métalliques au niveau de la tête polaire, qui sont stabilisés par des ligands. En raison de leur structure moléculaire, les ions métalliques dans ces composés ont pu être isolés et leurs faibles interactions à longue portée les empêchent d'être magnétiquement actifs.2 Dans le domaine des liquides ioniques, les liquides ioniques métalliques (MIL), qui combinent les propriétés générales des liquides ioniques à température ambiante (RTIL) avec celles qui sont associées avec des ions métalliques qui one sur fortes réactivités sous un champ magnétique externe, font l'objet de plusieurs publications. 3 Cependant, la plupart des liquides ioniques métalliques décrits sont limités à des dérivés d'imidazolium contenant une courte chaîne alkyle, qui ne présente pas de propriétés notables de tensioactifs.Ensuite, la synthèse et l'étude de propriétés magnétiques de silices poreuses en utilisant uniquement des tensioactifs ioniques liquides magnétiques sont abordées. Puis, ces composés sont combinés avec des nanoparticules lipidiques solides (SLN) pour la préparation de silices méso-macroporeuses associées à des nanoparticules d'oxyde de fer qui ont été utilisées en catalyse. D'abord, les propriétés de synthèse et d'auto-assemblage de tensioactifs magnétiques ont été étudiées. Des vésicules, formés avec deux tensioactifs magnétiques, ont été caractérisés par small-angle neutron scattering (SANS), diffusion de lumière dynamique (DLS) et nanoparticles tracking analysis (NTA). Les résultats montrent que la taille des vésicules sont indépendantes de la concentration et de la proportion des 2 tensioactifs. De plus, un phénomène de transition de spin avant / après formation de vésicules a été observé, permettant de proposer un mécanisme d'auto-assemblage des vésicules.Ensuite, les tensioactifs magnétiques ont été utilisés pour le développement de silices mésoporeuse magnétiques. Il a été montré que des ions Fe ont été adsorbés sur la surface des mésopores sur 3 nm d'épaisseur sans formation de nanoparticules métalliques. Il a été également observé qu'un phénomène de transition de spin de Fe (III) est présent lorsque la température est inférieure à 10 K. Cette anomalie serait due à la réduction de volume pour des Fe (III), induit par la présence des canaux mésoporeux, dont le diamètre est de 2,4 nm.

	tensioactifs ioniques liquides qui ont des ions métalliques magnéto-actif tel que le 1-méthyl-
	3-decylimidazolium tétrachloroferrate. La synthèse de ces tensioactifs ioniques liquides
	magnétiques (MILS) peut être facilement réalisée en mélangeant un trihalogénure de fer avec
	un tensioactif cationique à quantité stoechiométrique. Les tensioactifs ioniques liquides
	magnétiques possèdent une concentration de micelle critique (CMC) qui est comparable aux
	tensioactifs parents parce que les anions tetrahalideferrate ne sont pas étroitement associés à
	la tête. La structure des micelles est également similaire à celles des micelles parents, mais
	aucune interaction entre micelles n'a été observée en raison de l'encombrement des anions
	tetrahalideferrate. En effet, ces tensioactifs magnétiques sont intéressants car ce sont des
	liquides moléculaires, plutôt que des fluides magnétiques (ferrofluides), qui sont constitués
	de particules colloïdales métalliques (10 nm) dispersées dans un fluide porteur. Il faut noter
	que, MILS peuvent garder une réponse magnétique, même en solution aqueuse diluée.
	Dans ce chapitre, une nouvelle approche en utilisant des tensioactifs ioniques liquides

Cependant, une avancée importante a été apportée par le groupe d'Eastoe au Royaume-Uni, qui combine les propriétés intéressantes des liquides ioniques (MIL) et tensioactifs classiques contenant des ions métalliques.

4 

Eastoe et al. ont synthétisé, pour la première fois, des magnétiques est proposée pour la conception de matériaux de silice magnétique. Tout d'abord, la description de la synthèse de divers tensioactifs ioniques liquides magnétiques a été mise au point comme sonde magnétique pour étudier le mécanisme d'auto-assemblage de vésicules.

Résumé en français (chapitre 2)La curcumine, un polyphénol naturel hydrophobe de couleur jaune qui est extrait à partir de la racine de curcuma séchée, le rhizome de la plante Curcuma longa, a été utilisée pendant des siècles dans la médecine indigène comme anti-inflammatoire et anti-oxydant. 1 La curcumine a des propriétés liés au pharmacologiques pour des problèmes cardiovasculaires, pulmonaires, auto-immunes ainsi que pour maladies métabolisme. 2 Son utilisation potentielle la plus intéressante est probablement celle qui permettrait de soigner des cancers.3,4 Des études précliniques ont montré que la curcumine peut inhiber la genèse des cancers dans une variété de lignées cellulaires. (sein, côlon gastrique, hépatique, épithéliale orale, ovaires, pancréas, prostate et leukemia 5 ) En outre, il a été montré que la curcumine a provoqué la mort cellulaire dans huit lignées de cellules de mélanome, également dans celles portant les p53 mutants, qui sont très résistantes à la chimiothérapie conventionnel. 6 Cependant, l'utilisation de la curcumine a été limitée en raison de sa faible solubilité en milieu aqueux.7 En effet, la curcumine a une très faible solubilité dans la gamme de pH 1,2 à 7,4, qui sont des valeurs de pH physiologiques du corps humain, et dans des conditions alcalines la curcumine subit une hydrolyse rapide, en étant décomposée en acide férulique, son ester méthylique et en vanillin.8,9 La curcumine est également très sensible à la dégradation photochimique et thermique qui est un problème pour son stockage de longue durée.10,11 En outre, certaines études ont révélé que sa mauvaise absorption et son métabolisme rapide réduisent considérablement sa biodisponibilité.12 Ces obstacles peuvent être dépassés en incorporant la curcumine dans des nanoparticules, des liposomes 13,14 des micelles, 15 des complexants à base de cyclodextrines (CD) en solutions aqueuses,16,17 ou dans des silices mésoporeuse.18 Cependant, les transporteurs de médicaments à base de matières organiques sont susceptible d'être sans traitement postsynthèse comme par exemple le revêtement de surface. En outre, dans certains cas, une perte de principe actif pendant le stockage pourrait être possible, limitant ainsi l'application de ces vecteurs.19 Dans ce chapitre, pour la conception de des systèmes stimuli-sensibles, deux approches ont été testées: 1) mise au point de silices poreuses en utilisant des nanoparticules solides lipidiques (SLN) et 2) développement d'une méthode pour le revêtement de surface de la silice mésoporeuse à l'aide d'un complexe acide tannique-Fe(III).
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Pasc, Spin crossover as a probe of vesicle self-assembly in J. Am. Chem. Soc. deionized and purified using a Milli-Q pack system. All reagents were used without further purification.

Synthesis of magnetic surfactant AOT 3 F ((C 20 H 37 O 7 S) 3 Fe) 250 mL of a saturated aqueous solution of the iron (III) nitrate anhydride was filtered and added to 125 mL of 1.0 mol L -1 of NaAOT (sodium bis(2-ethylhexyl) sulfosuccinate) solution prepared in absolute ethanol. 50 mL of diethyl ether was added to the mixture, and then the lower aqueous phase containing excess of iron (III) nitrate was removed. The organic solvent was evaporated using a rotary evaporator and then, the surfactant AOT 3 F was dried in vacuo at 60°C for 24 h.

Synthesis of magnetic surfactant DTAF (CH 3 (CH 2 ) 11 N(CH 3 ) 3 FeCl 3 Br)

1.63 g of FeCl 3 (10.1 mmol) was added to 3.10 g of DTAB (11.0 mmol) that was already dissolved in 50 mL of methanol. Then, the solution was heated to reflux overnight. The methanol was evaporated using a rotary evaporator and then, the surfactant DTAF was dried in vacuo at 60°C for 24 h.

Preparation of magnetic vesicles

Magnetic vesicle solutions were prepared by mixing the magnetic surfactants in D 2 O at room temperature under vortex stirring, if necessary. Briefly, 28.1 mg of AOT 3 F and 34.2 mg of DTAF were dissolved in 4 mL of D 2 O and this solution was denoted as A-series (molar ratio of DTAF/AOT 3 F is 3.7). Another vesicle solution was prepared by dissolving 15.0 mg of AOT 3 F and 37.0 mg of DTAF in 5 mL of D 2 O, which is denoted as B-series (molar ration of DTAF/AOT 3 F is 7.8). Vesicle solutions were kept at 25°C for 2 h before further analysis.

Small-Angle Neutron Scattering (SANS)

Scattering was measured on the LOQ and SANS2D diffractometers at the ISIS Facility, Rutherford Appleton Laboratory, United Kingdom. LOQ and SANS2D are both time-offlight instruments. SANS2D uses neutrons with an incident wavelength of 2.2 Å < λ < 14 Å, and with the 1 m 2 detector offset sideways and vertically by 150 mm, the resulting q range In this model, the adjustable parameters in the model are thickness (t), core radius of the shell (R 1 ).

Magnetic measurements

Magnetic measurements have been performed with a Physical Properties Measurements System (PPMS) from Quantum Design equipped with ACMS option, and using a sample holder provided for liquids. All measurements have been made with the same heavy water solutions as SANS. The signal contribution of sample holder and heavy water have been measured in the same conditions as the solutions, it is purely diamagnetic and has been systematically subtracted. A remaining diamagnetic contribution arising from the surfactants is taken into account in the fitting procedure. All samples have been introduced directly at 60K in the sample chamber, and temperature measurements have been performed between 60K and 2K under several applied fields with decreasing and increasing temperature at 0.5 K / min. No discrepancies have been observed between both measurements for A-and B-series.

Results and Discussion

Magnetic surfactant and their vesicle formation.

The necessary Fe 3+ MagSurfs can be prepared from conventional surfactants, cationic dodecyltrimethylammonium bromide (DTAB) and anionic sodium bis(2-ethylhexyl) sulfosuccinate (AOT) to afford DTAF and AOT 3 F respectively. The behavior of these MagSurfs (AOT 3 F, DTAF) is a little different from the parent surfactants. The single chain surfactnat, DTAF has a critical micelle concentration (CMC) of 13.6 mM at 25°C, which is similar to that of DTAB (15.5 mM). 4 However, its melting point decreases from 246°C to 32°C. Critical micelle concentration of AOT 3 F is of 2.2 mM (with respect to AOT moiety), which is also close to CMC of the parent surfactant, AOT (~2.5 mM). 36 Gentle mixing of two surfactants at a certain ratio r (r = n DTAF /n AOT3F = 3.7 (series Ax) or 7.8 (series Bx)) in a certain concentration range (Table 3. 

Materials and methods

Chemicals

Tetramethylorthosilicate (TMOS), Hexadecyltrimethylammonium bromide (CTAB), were purchased from Sigma-Aldrich. Methanol, iron (III) chloride (FeCl 3 ) were purchased from Alfa Aesar. Water was deionized using a Milli-Q pack system. All chemicals were used as received without further purification.

Synthesis of magneto-responsive surfactant, CTAF

1.77 g of FeCl 3 (11.0 mol) was added to 4.0 g of CTAB (11.0 mmol) that was already dissolved in 50 mL of methanol. Then, the solution was heated to reflux overnight. The methanol was evaporated using a rotary evaporator and then the magnetic-surfactant CTAF was dried in vacuo at 60 °C for more than 4 h.

Synthesis of Magnetic Mesoporous silica templated using CTAF

Silica materials were prepared by sol-gel, through the cooperative templating mechanism, from micelles of CTAF and tetramethoxysilane (TMOS) as inorganic precursor. In a typical procedure, 123 mg of CTAF were added in 8 mL of 7.5% of HCl dissolved in H 2 O. Then, 296 mg of tetramethyl orthosilicate (TMOS) were added at room temperature and the mixture was stirred for 30 min. The final molar composition of the gel is 1 SiO 2 : 0.12 CTAF: 228 H 2 O: 8.2 HCl. Then, the mixture was transferred to a Teflon bottle placed in a stainless-steel autoclave at 343 K for 48 h. The resulting product is filtered on a Buchner funnel and dried in air for 24 h. Dry hybrid material (CTAF@SiO 2 ) was placed in a saturated atmosphere of triethylamine for 5 minutes. The organic template was washed with hexane, the powder was then heated to 70 °C and washed with absolute ethanol to afford Fe@SiO2. Bare silica materials (Bare SiO 2 ) were also obtained after removal of surfactant, CTAF by extraction with ethanol in a Soxhlet during 24 h.

Magnetic measurements

Magnetic measurements were performed with powder samples (CTAF@SiO2, Fe@SiO2 and bare silica) placed in a capsule and plastic straw with a PPMS Quantum Design instrument in the 2 K-300 K temperature range and a magnetic field up to 9 T. Raw data have been corrected from the diamagnetic contribution of samples and sample holder.

Results and Discussion

Magnetic surfactant, CTAF

The surfactant used for the synthesis of magnetic mesoporous silica materials (CTAF@SiO 2 and Fe@SiO 2 ) is CTAF (CetylTrimethylAmmoniumtrichloromonobromoFerrate). It was simply prepared from a common surfactant cetyltrimethylammonium bromide, CTAB and a stoichiometric amount of paramagnetic FeCl 3 . The successful preparation of the surfactant was verified using elemental analysis (Table 3.2.1) and UV-Visible spectra (Figure 3.2.1) that showed the characteristic bands for the [FeCl3Br] -ion similar to those for the [FeBr4] - ion. 68 The surfactant, CTAF exhibits the ionic liquid property with a melting point of 64°C, as determined by differential scanning calorimetry (DSC) (Figure 3 Regarding the curves obtained with CTAB solutions (Figure 3.2.5), the intensity is proportional to the dispersed volume fraction for all q values. The presence of an interaction peak at 0.55 nm -1 and the strong decrease of the scattered intensity at low q suggest that the Initially, the surfactant/TMOS molar ratio (R) and the concentration of HCl were fixed at 0.12 and 1M, respectively, values which are similar to those used for the synthesis of MCM-41 with CTAB in acidic conditions. 71 In these conditions, the concentration of surfactant

(1.5-10wt%) and the temperature of the silica condensation (70, 100°C) were varied, while the duration was kept constant of 24 h. Looking at the SAXS patterns of the obtained materials only a single broad peak is observed for most of the materials. This indicates the formation of a wormhole-like structure, with an interpore distance of about 3.9 nm. In these conditions, the better organisation of the silica was obtained at 100°C and 2.5 wt% of CTAF, since two reflections at 3.9 and 2.3 nm (ratio 1: 3) are observed. (Figure 3.2.7) Figure 3.2.7. SAXS data of mesoporous materials prepared at 100°C (A), 70°C (B) at a molar ratio surfactant/TMOS of 0.12 and 15 wt% (a), 10 wt% (b), 2.5 wt% (c), 1.5 wt% (d) of CTAF in a solution of 1M HCl.

Further, the mesostructuring of porous silica with a higher concentration of HCl (2M) as reaction media was investigated. The silica condensation was performed at 70°C for 24 h, and R was fixed to 0.12 and. However, the surfactant concentration was fixed to 1.5 wt.% as this condition gave the narrowest peaks in SAXS pattern as shown in Figure 3.2.8e.

For all materials, nitrogen adsorption-desorption isotherms are of type IV and the calculated pore size are centred on 2.4-2.7 nm. At both surfactant concentrations, for R = 0.08, the silica has necked pores, and a surface area and a pore volume significantly lower than for the materials obtained at R = 0.12 and 0.16. The values of the porosity parameters are given in Synthesis of Fe 2 O 3 @meso-marcoporous silica material (Silicalization of SLNs@CTAF)

A 0.5 mL sample of hydrochloric acid (37 wt.%) was added to 20 mL of SLN dispersion decorated by CTAF (SLN@CTAF), as prepared above. Then, 2.3 g of tetramethylorthosilicate (TMOS) was added dropwise to the solution. The surfactant (P123)/silica precursor (TMOS) molar ratio (R) was 0.016. The mixture was stirred vigorously for 1 h at room temperature then and was held at 40 °C for 24 h, for aging and then kept at 100 °C for 24 h. As-synthesized silica material was dried in vacuo at 30 °C for 24 h. "Dried" as-synthesized silica material was calcinated at 550 °C under air (1°C/min) for 6 h to remove organic matters (SLN, P123, CTAF) and form iron oxide nanoparticles.

Catalytic performance of Fe 2 O 3 @meso-macroporous silica

Fenton-like degradation of methylene blue (MB) in aqueous solution was performed with the Fe 2 O 3 @meso-macroporous silica (denoted as catalyst). Fifteen milligrams of catalyst (0.86 mg as Fe 2 O 3 ) was added to a 50 mL beaker containing 20 mL of 50 ppm MB solution. Then the suspension was sonicated for 5 min and kept under stirring at least for 2 h to achieve adsorption equilibrium. A 1.2 mL sample of H 2 O 2 (30 wt.%) was added to initiate the degradation reaction. No acid or base was added for pH adjustment. All reactions were carried out in the dark to avoid the influence of light. At a given interval, 300 µL of solution was withdrawn and quickly centrifuged at 5000 rpm for 10 min to separate silica material.

Then 150 µL of solution was diluted to 3 mL for UV-vis measurement (Agilent CARY-3E).

The concentration of methylene blue was calculated using standard calibration curve at 664 nm. Total organic carbon (TOC) analysis was performed for these samples using an Online TOC-VCSH Total Organic Carbon Analyzer. (Shimadzu, Japan) All data reported are the mean (±) standard deviation of at least three different experiments.

Analyses of methylene blue adsorbed on the catalyst

Methylene blue adsorbed on the catalyst was quantified after 1, 3, 5, 7, 10, 12, 16, and 20 h.

The catalyst was first filtered, than dried in vacuo at 40 °C for 6 h. Then, adsorbed methylene blue was extracted with ethanol (3 × 20 mL). The concentration of methylene blue was determined spectrophotometrically using standard calibration curve at 655 nm.

the SLNs was of 1.8 wt%, which corresponds to the minimum for saturation of the SLN surface by magnetic surfactant, as determined using zeta potential measurement. Although Fenton-like reactions are powerful for most of iron-based materials like iron oxide, rapid scavenging of HO• on the iron oxide surface, and a possible aggregation of iron species in aqueous medium could limit wide applications. Thus, the accessibility of contaminants to the reaction site should be improved using support material such as meso-macroporous silica.

Moreover, satisfying dispersion of iron species over matrix is also needed for practical application of Fenton-like reactions. 99 The catalytic assays were performed onto iron oxide@meso-macroporous silica with hexagonally ordered mesopores that has the highest iron content (4.0 wt.% Fe), meaning the one obtained with 1.8 wt.% of CTAF. The catalysis was performed under similar conditions to those reported by Cui et al. is slightly higher than into Fe 2 O 3 @silica that has a smaller surface area (582 m 2 g -1 for bare silica vs 432 m 2 g -1 for Fe 2 O 3 @silica). However, in both cases, the porous catalyst adsorbs Ces tensioactifs magnétiques ont ensuite été utilisés à la fois comme agent de structuration et comme source du fer pour la préparation de silices mésoporeuse magnétiques. Les matériaux

Appendix -Techniques of Characterization

Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) is an analytical method to determine the structure of particle systems in terms of averaged particle sizes or shapes, such as organized molecular systems containing surfactant molecules. This technique is based on the differences in electron densities between the scattering objects and continuous medium. The intensity distribution curves = f (q) of micelles, microemulsions can be accessed using theoretical models of geometry and size of aggregates, as well as among aggregation (number of surfactants per micelle), the conformations of the hydrophilic chains and hydrophobic and other parameters describing the system. For samples with a regular organization, for example liquid crystal phases, the diffraction beam of photons X on different planes of the structure leads to the observation of peaks caused by Bragg geometry characteristics of the system.

The repeat distance between these planes diffraction is given by Bragg's law:

where d h,k,l is for Bragg distance, ! for half-angle diffraction, n for order of reflection (integer) and " for wavelength of X-rays.

The relationship between the repeat distances determined from the Bragg reflection reveals the structure of the studied system. According to Bragg's law, in the range of small angle, the greater the distance of repetition is, the smaller the angle between the diffracted beam and direct beam is. Herein the distances repetition of the studied systems are in the size order of several nanometer, the diffraction angles are small, hereupon in order to detect the diffracted beam, the apparatus requires an important distance between sample and detector.

Hexagonal structure consists of infinitely long cylinders packed in a hexagonal array. The Xray diffraction on a hexagonal structure leads to the appearance of Bragg reflection with decreasing intensity whose positions are defined by q 0 , q 1 = 3 q 0 , q 2 = 2q 0 , q 3 = 7q 0 ,etc… These reflections are due to the diffraction of incident beam on different planes. (Figure A1)

From the geometrical considerations, the composition of system and the partial volumes of hydrophobic and hydrophilic parts of surfactant, it is also possible to calculate the structural parameters from the repetition distance, such as hydrophobic radius and the cross-sectional area. In this work, detailed configuration and setting values used for the measurement of porous silica materials are described as following: small angle X-ray Scattering (SAXS) measurements for silica materials were carried out on a SAXSess mc 2 (Anton Paar) apparatus, using a line-collimation system. This instrument is attached to a ID 3003 laboratory X-Ray generator (General Electric) equipped with a sealed X-Ray tube (PANalytical, " Cu, Kα = 0.1542 nm) operating at 40 kV and 50 mA. A multilayer mirror and a block collimator provide a monochromatic primary beam. A translucent beam stop allows the measurement of an attenuated primary beam at q=0. Samples were sealed between two sheets of Kapton® polyimide film, before being placed inside an evacuated sample chamber, and exposed to X-Ray beam for 15 minutes. Scattering of X-Ray beam was recorded on an Image Plate detector, with a sample-detector distance of 261.2 mm. All the data were then corrected for the background scattering from the Kapton® and for slit-smearing effects by a desmearing procedure using the Lake method.

Nitrogen adsorption-desorption analysis

The knowledge of the pore-network texture based on physical adsorption-desorption analyses is fundamental to the characterization of nanometric powders. In our study, we employ this method to determine the pore sizes and specific surface area of the mesoporous materials.

where 4 is for surface tension at given temperature T, r p for pore radius and t for thickness of an adsorbed layer.

This method is applied to the adsorption branch of the isotherm in case of there is interconnected pore network which could induce the desorption branch of the isotherm give incorrect information in the calculation. Based on an iterative calculation, it allows the calculation of the amount of adsorbed gas between a given pressure interval. From the value of pore radius as a function of relative pressure, it is possible to determine the accumulated volume of all these intervals depending on the pore radius. Although it is well-known that this method gives an underestimated pore size around 20% and that some new methods have been developed, we used it here for the sake of simplicity and this mathematical algorithm does not significantly affect the results as it is a systematic comparison.

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) (also known as Photon Correlation Spectroscopy or Quasi-Elastic Light Scattering) is a technique in physics, which is used to determine the size distribution profile of small particles such as micelles, microemulsions and solid lipid nanoparticles.

In the limit of infinite dilution, the apparent hydrodynamic radius R h can be estimated from the Stokes-Einstein equation. Apparently, the apparent hydrodynamic radius includes solvent effects.
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where K b stands for Boltzmann constant, T for temperature, @ for viscosity and R h for particle radius.

In our work, DLS is employed to study size distributions of micelles, solid lipid nanoparticles as well as mesoporous silica nanoparticles.. DLS experiments were carried out using a Zeta 3000HS (Malvern Instruments, Ltd. UK) at 25 °C. It is equipped with an argon laser (︎ = 633 nm) with variable intensity, which allows covering the wide size range involved. The hydrodynamic radius measurements were carried out at a scattering angle of 90°. Almost all the samples were diluted with water before the measurement.

Mercury porosimetry

This technique was used in order to determine the size of macropores present in the materials with a hierarchical porosity. Being capable of measuring pore diameters up to a few tens of micrometers, it is complementary to the adsorption-desorption of nitrogen that allows knowing the pore size in the meso and macropore scale. Mercury porosimetry is based on the non-wetting properties of mercury. When mercury is in contact with a solid, it does not adsorb on the walls immediately, because it has a high surface tension. This causes a resistance, which prevents the penetration of mercury into the pores. This resistance can be overcome if an external pressure is applied.

There is a relationship between this pressure and the pore size of which is given by the equation of Washburn, which can be expressed as follow:

where D stands for pore diameter, P for the applied pressure, 4 for the surface tension, and G for contact angle. The applied pressure (P) can be obtained form the volume (V) of mercury penetrating the pores. Although pores are rarely cylindrical, the use of this model is generally accepted as the practical manner in mercury porosimetry. In this work, mercury intrusion porosimetry experiments were performed using Micrometiric AutoPore IV.

Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that images the sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern.

The electrons interact with the atoms that make up the sample producing signals that contain information about the sample's surface topography, composition and other properties such as electrical conductivity. Due to the very narrow electron beam, SEM micrographs have a large depth of field yielding a characteristic three-dimensional appearance useful for understanding the surface structure of a sample. A wide range of magnifications is possible, from about 10 times (about equivalent to that of a powerful hand-lens) to more than 500,000 times, about 250 times the magnification limit of the best light microscopes. Thus we are able to observe the particle morphology closely on a very fine scale.