Resumé

La nanomédecine est un domaine extrêmement prometteur dans l'industrie pharmaceutique et médicale en raison de son potentiel dans le traitement et le diagnostic de systèmes biologiques. 1 Un des principaux intérêts dans la nanomédecine est l'utilisation de ces matériaux pour l'imagerie, 2 la « drug delivery » et en tant qu'agents thérapeutiques pour les cellules cancéreuses. 3 Parmi les différents types de nanovecteurs, il en existe deux principales classes : on les appelle « soft and hard nanomaterials » (nanomatériaux mous et durs). Les nanomatériaux de type « soft » sont principalement composés de substances biologiques, de polymères biodégradables 4 ou de petites molécules auto-assemblées. 5 Les nanomatériaux de type « hard » sont, quant à eux, faits de matériaux inorganiques, principalement de la silice mésoporeuse, du silicium poreux 6 ou des zéolithes. 7 D'un point de vue chimique et matériaux, les nanoparticules présentent une plateforme très versatile pour le développement d'outils efficaces et fonctionnels car leur taille, leur forme et leur surface peuvent être facilement confectionnés pour réaliser des sondes optiques très efficaces ainsi qu'un ciblage de médicament, à la fois passif et actif.

Cependant, d'un point de vue biologique, un des plus grands problèmes dans la thérapie basée sur la conception des nanoparticules est d'avoir une meilleure compréhension, surtout leur façon d'interagir avec l'organisme vivant en raison de leur possible toxicité pour l'être humain.

L'objectif final de cette thèse intitulée " Imagerie optique et drug delivery utilisant des nanomatériaux de type soft et hard" est à la fois de développer de nouveaux matériaux mous et durs et d'étudier leur interaction avec des cellules vivantes pour une ultime application dans le domaine de la théranostique englobant l'imagerie, la détection, les thérapies génique et du cancer.

Chapitre 1. Complexes de Pt(II) pour des applications en bio-imagerie

Confectionner des systèmes astucieux et fonctionnels capables d'être efficaces à la fois dans le diagnostic (imagerie) et la thérapie du cancer est une étape cruciale dans le développement de la biomédecine. De nos jours, la bio-imagerie (optique) doit faire face à d'importants problèmes dans les tentatives de développement de nouveaux matériaux et de petites molécules capables d'avoir de meilleurs rendements quantiques d'émission, une certaine stabilité envers le photo-blanchiment et de longues durées de vie de l'état excité. ailleurs. 11,15 Le complexe CF 3 -Pt-4OHpy a été choisi car les groupements trifluorométhyle sont connus pour améliorer la perméabilité cellulaire et nucléaire, alors que la lipophilie améliore l'assimilation cellulaire. 16 Récemment, Gather et Yun ont observé que le signal optique de colorants marqueurs de cellules peuvent être amplifiés de la même manière que le procédé LASER et ce phénomène est en effet très utile pour la réalisation d'un LASER biologique. 18 Cependant, le besoin d'une cavité optique limite leur potentielle utilité pour la bioimagerie et l'analyse des cellules. Dans le travail suivant, nous reportons un LASER directionnel sans miroir, dans lequel le milieu d'amplification est purement basé sur la diffusion dynamique (phénomène appelé « random laser »), provenant de cellules biologiques marquées telles que les cellules HeLa, gliome C6, A549, MDCK, et Astrocyte.

Ces cellules ont été incubées avec un colorant courant et bon marché, la rhodamine 6G (0.9 mM en DMSO). Le système, lors de l'irradiation à LASER pulsé (520 nm, 10 Hz, 8 ns), donne d'efficaces activités laser, avec notamment une certaine collimation, cohérence et monochromaticité. Par la suite, en réalisant une analyse computationnelle appelée PCA (principal component analysis) sur le spectre d'activité laser, nous avons démontré avec succès la possibilité d'amplifier la lumière à partir d'échantillons biologiques dans l'étude de la distinction de cellules (Fig. 2).

Ces mesures préliminaires peuvent ouvrir un nouveau domaine de la biophotonique dans lequel les propriétés d'émission laser des biomatériaux dépend de la densité, de la composition et donc du type de cellules et ainsi de permettre l'identification des différentes cellules dans un milieu.

Chapitre 3. Matériaux nanoporeux inorganiques multifonctionnels pour la distribution d'oligonucléotides et de médicaments dans les cellules vivantes

Le design et la synthèse de nanomatériaux multifonctionnels peut mener à des applications, particulièrement dans le domaine de la théranostique, i.e., l'imagerie, le diagnostic et la thérapie du cancer. 19 La conception de particules poreuses dans le but de pouvoir transporter des molécules bioactives dans les cellules vivantes représente un challenge important pour le développement de la nanomédecine.

Dans ce chapitre de thèse, nous décrivons deux exemples utilisant des nanomatériaux basés sur des cristaux de zéolithes L en tant que plateformes multifonctionnelles pour administrer simultanément différents oligonucléotides tels que l'acide désoxyribonucléique (ADN) et l'acide nucléique peptidique (ANP) avec des fluorophores en tant que médicaments modèles à l'intérieur de cellules vivantes. La zéolithe-L est un exemple de la classe des matériaux poreux à base d'aluminosilicate, possédant une symétrie hexagonale. La structure est construite de sorte à ce qu'un système de « tunnels » unidimensionnels (formés par des pores) soit parallèle à l'axe c.

L'entrée des pores, qui correspond aussi au diamètre le plus petit de la pore est de 0.71 nm (la structure y est représentée Fig. 3a).

Les zéolithes-L multifonctionnels (de taille d'environ 50 nm) ont été préparés par introduction de molécules à l'intérieur des pores des zéolithes d'un colorant dans le but de mettre en oeuvre le procédé d'assimilation et de relargage ; cette méthode a été utilise pour démontrer la faisabilité de la stratégie (voir prochain chapitre). Nous avons choisi Pour cela, nous avons synthétisé des nanoparticules de silice mésoporeuse (MSNP) de 100 nm de diamètre et de 2.4 nm pour la taille des pores (Fig. 4a-4c). Les MSNP ont été synthétisées par la méthode dite « surfactant-templated synthesis » et caractérisées par MEB, MET, SAXS, DLS, potentiel zêta, spectroscopie de fluorescence, et microscopie confocale. Les matériaux ont été chargés avec la témozolomide (TMZ), un médicament anti-cancer. La surface des particules a été couverte en utilisant des interactions électrostatiques avec un acide nucléique peptidique-polyarginine chargé positivement (R8-PNA) conjugué ciblant le miR221 micro ARN (cf. Fig. 4a pour le schéma de préparation du matériau). Ce micro ARN est connu pour être régulé dans plusieurs formes de tumeur, 22 incluant les gliomes. Ceci à été également montré pour sensibiliser les cellules de gliome aux molécules de témozolomide. 23 Des expériences biologiques sur les lignées cellulaires gliome C6 et T98G, connues pour surexprimer le oncomiR221 et résistantes aux traitements aux témozolomides, montrent l'assimilation cellulaire de nanosystèmes multifonctionnels (cf. Fig. 4b).

Après incubation pendant 1, 4, et 24 heures dans un milieu de culture cellulaire en présence de MSNP (concentration : 0.05, 0.1, 0.5 mg/mL), les particules ont été internalisées dans les cellules. Le procédé a été suivi par microscopie confocale, utilisant une longueur d'onde d'excitation de 633 nm (longueur d'onde d'excitation du colorant Cy5, attaché au préalable à la silice). Les particules ont été internalisées après 1 heure et il est intéressant de remarquer qu'après 24 et 48 heures, l'apoptose a été observée dans les lignées cellulaires, indiquant le relargage des témozolomides avec succès ; ainsi que le l'ANP ciblant miR-221 dans les cellules cancéreuses. Le système TMZ-MSNP montre une amélioration de l'effet post-apoptose, et l'effet combiné de TMZ et R8-PNA dans les MSNP montrent une induction efficace de l'apoptose (70.9% de cellules apoptotiques) dans la lignée cellulaire T98G, résistante au témozolomide (cf.

Fig. 4e).

En conclusion, l'approche de la combinaison du relargage des témozolomides avec l'ANP désigné complémentaire du micro ARN miR221, surexprimé par gliome a été réalisée ave succès et pourrait être appliquée in vivo s'il est possible d'éliminer les vecteurs qui transportent les médicaments.

Chapitre 5. Nanocapsules hybrides cassables d'organosilice pour le relargage de protéines

L'avant-dernier chapitre de ma thèse traite de la possibilité de créer des particules cassables, capables de transporter des biomolécules fragiles et pouvant être éliminées par le corps humain. Les nanoparticules de silice mésoporeuse attirent de plus en plus l'attention de nombreux chercheurs, devenant ainsi une des stratégies les plus prometteuses dans le domaine de la nanomédecine. 24 Récemment, l'utilisation de ce type de matériaux a été utilisée pour le relargage de protéines. 25 Cependant, un des principaux problèmes des nanomatériaux d'un point de vue général est le dégagement du corps des animaux lors d'expériences in vivo. De plus, nous ne connaissons pas de publications sur des coquilles de silice cassable pour piéger et relarguer plus tard des grosses biomolécules. Le concept de systèmes de silice cassables est en effet très intéressant, dans la mesure où contrairement a la biodégrabilité de certains polymères, la structure rigide de la silice pourrait rester intacte, jusqu'à atteindre la cible puis être détruite par un stimulus qui peut être du a une intervention externe ou un phénomène chimique induit(e) par les cellules elles-mêmes.

Ici, nous décrivons le développement d'un système innovant capable d'encapsuler, dans leur repliement, des macromolécules bioactives. Les capsules possèdent d'excellentes propriétés de stabilité dans l'eau, et sont conçues dans le but de se casser en très petites parties. (< 5 nm) une fois internalisées dans les cellules. En particulier la cassabilité est induite par la présence d'agents réducteurs dans les cellules, car la silice contient des ponts disulfures. Le réducteur comme glutathionne ou cystéine présent en relativement grande quantité dans les cellules cancéreuses peut permettre la réduction des groupements disulfures en thiols, ce qui aurait pour conséquence la destruction des capsules.

Les matériaux cassables ont été préparés par encapsulation de protéines de transport avec une coquille hybride biodégradable, dont la structure contient des ponts disulfures comprises dans un réseau de silice (Fig. 5a). Différentes protéines (cytochrome C, protéine fluorescente verte (GFP), et des protéines toxiques telles que human TRAIL APO2 ligand et Onconase ® ) ont été encapsulées avec succès dans les coquilles. Le produit final est sous la forme de nanosphères, de taille homogène (diamètre 40-50 nm).

Les matériaux ont été caractérisées par MEB, MET, SAXS, DLS, potentiel zêta, spectroscopie de fluorescence, et microscopie confocale. Dans le but de comparer avec des matériaux non cassables, des systèmes non cassables faits uniquement avec de la pure silice contenant la même quantité de protéines ont été préparés. La cassabilité du système a été testée sur du glutathion (5 mM) en utilisant le signal de l'absorbance du cytochrome; et peut être observée après une heure.

Pour exploiter l'utilisation de tels transporteurs dans les cellules vivantes pour des application en « protein delivery », nous avons incubé le cytochrome C encapsulé dans les nanoparticules (CytC@NPs) avec les cellules gliomes C6. La morphologie des particules internalisées après réduction par le glutathion présentes dans les cellules à différents temps ont été étudiés par MET. Comme nous pouvons le constater sur les Fig.

5d et 5e, plusieurs morphologies amorphes sont détectables après plusieurs moments, indiquant le succès de la cassure des particules par activité enzymatique lysosomale.

Les particules non cassables restent, quant a elles, intactes après 48 heures (Fig. 5). Pour prouver que l'activité des protéines sont les mêmes après le relargage, deux types de protéines toxiques (human TRAIL APO2 et Onconase ® ) ont été encapsulées. La première protéine citée est connue pour lier les récepteurs morts 26 alors que la seconde protéine citée est capable de réaliser l'induction du chemin « intrinsèque » (mitochondries) de l'apoptose. 27 Des études détaillées de leur éventuelles toxicité envers les cellules en tant que preuve de relargage des protéines a été réalisée. La Fig.

5f montre la réduction de la viabilité des cellules jusqu'à 45% quand les cellules sont en contact avec les coquilles cassables contenant des protéines toxiques (TRAIL et Onconase ® ) après 24 heures, ce qui n'est pas observable pour les systèmes non cassables. Ces résultats peuvent ouvrir de nouvelles portes quant au traitement de maladies dans lesquelles un manque en enzymes spécifiques est responsable de la maladie. C'est pourquoi des études in vivo son actuellement en cours.

Chapitre 6. Nanoparticules d'argent recouvert de silice biodégradable : une plateforme innovante pour la biodétection plasmonique

Une autre application grandissante dans le domaine des nanomatériaux fonctionnels, hormis l'imagerie et la livraison de médicaments, est leur utilisation en détection. La combinaison de reporters moléculaires tels que des colorants de fluorescence et des nanoparticules a permis la détection d'analytes multiples de manière efficace et sensible à très faible concentration. [28][29][30][31][32] La conception de nanodétecteur sans employer des reporters moléculaires externes a aussi été développée et, dans ce cadre, les nanomatériaux plasmoniques [33][34][35][36][37][38][39][40][41][42] (par ex. nanoparticules d'or et d'argent) ont joué un rôle important.

Propriétés électronique et optique, biocompatibilté et faisabilité de la chimie de modification de surface avec différentes molécules de conjugaison sont quelques paramètres importants régissant le choix des nanoparticules métalliques (NPMs), à savoir les nanoparticules d'or et d'argent, en tant qu'excellent modèle de biodétection. 34,38,43 Cette application spécifique profite généralement d'une forte absorption, d'une intense dispersion de lumière et d'une amélioration de champ magnétique résultant d'une résonnance des plasmons de surface localisée (RPSL).

Dans ce chapitre, nous présentons une synthèse simple et directe et l'utilisation de nanomatériaux plasmoniques hybrides pour la détection d'agent réducteur. Dans ce cadre, nous avons combiné avec succès le concept de la biodétection plasmonique en utilisant des nanoparticules d'argent recouvert de couche de silice cassable construisant une structure finale en coeur-coquille bien définie. Nos données de microscopie électronique montrent la taille de particule finale d'environ 220 nm (Fig. 6a) alors que la spectroscopie UV-visible montre un pic d'extinction (absorbance) du système à 482 nm (Fig. 6b). L'expérience préliminaire d'application en détection utilisant les nanostructures hybrides pour la détection de tetrahydroborate de sodium et de glutathion (GSH) en solution a été effectuée à travers l'analyse directe du déplacement de résonnance des plasmons de surface localisée (RPSL) suite à une interaction avec les analytes. Une couche de silice de 60 nm (correspond à un déplacement de RPSL bleu de 10 nm) a été enlevée avec succès suite à un contact de 24h avec du tetrahydroborate de sodium à 5 mM (Fig. 6c et 6d) alors que nous avons observé un déplacement dans le rouge de la RPSL (Fig. 6e) dû à la formation d'agrégat suite à l'interaction avec le glutathion (Fig. 6f). Notre résultat préliminaire suggère que le système à un grand potentiel pour être étendu pour une application future en nanomédecine, en particulier pour une livraison de médicaments et biodétection simultanées. 

CHAPTER 1

General introduction

!

Abstract

In this first chapter, general background and state of the art related to the topics of the research works carried out throughout this thesis will be highlighted. It shall start with an overview about the use of functional molecules and "soft" materials for bioimaging.

Second, a newly reported approach in cell imaging, which is based on stimulated emission, will be presented. Third, application of porous "hard" silica-based materials namely zeolites and mesoporous silica nanoparticles as multifunctional nanosystems for theranostic applications, including imaging, gene and drug therapy will be described.

Their current issues in cellular uptake and toxicity will be also included. Fourth, application of plasmonic materials in the field of biosensing will be added and finally, the objective of the thesis will be pointed out.

!

Nanomedicine holds a great promise in the pharmaceutical and medical industries due to potential for treatment, monitoring and diagnosis of living system. 1 The use of nanomaterials for imaging, 2 drug delivery and therapeutic agents for cancerous cells 3 is one of the main challenges in the field. Several nano-based materials have been endeavored for these specific applications. Among the many types of nanovectors, two main classes hold the most promise: "soft", mainly composed of biological substances, biodegradable polymers 4 or self-assembly of small molecules, 5 and "hard" nanoparticles made of inorganic materials mostly mesoporous silica, 6 porous silicon, 7 and zeolites. 8 From a chemistry and material point of view, nanoparticles are an extremely versatile platform for the development of effective and functional nanomedical tools as their size, shape, and surface features can be tailored to achieve bright optical probes and both passive and active drug targeting. However, from a biological perspective, one of the greatest issues in designing nanoparticle based-imaging and therapy is actually to have a better understanding on how they interact with living organism in regard to possible hazards (toxicity) to human health.

In this introductory part, we present some reported examples and current development of "soft" and "hard" nanosystems for application in life sciences especially in theranostics field including imaging, sensing, gene and cancer therapy. Their interaction with biological systems is highlighted. quantum yield (PLQY), and tunable emission. However, some fundamental issues such as short luminescent lifetime, dye saturation, blinking, and photo bleaching are still presence. From lab methodology perspective, it is quite often found that transfection vectors or specific media/buffers have to be employed to internalize the molecule into the cells. In addition, many of these molecules require very long incubation period (in some case can even go up to several days) and sometimes, can be only used for fixed ! cell staining purpose (not living cells) therefore limiting their use for easy, fast, and robust cell labeling probes.

Currently, some alternatives molecules and nano-based materials have been successfully developed and their uses as labeling probes have been reported in literatures. [11][12][13][14][15][16][17][18] Quantum dots (QD) [19][20][21] as the first example, have shown a big potential to be employed, in particular due to their extraordinary luminescent properties, however their toxicity issues [22][23][24][25][26] have hindered their use in living cells and animals. Lanthanide based molecules as the next example, have been reported as a new generation of bio label. [27][28][29][30][31][32] They exhibit very long luminescent lifetime (can go up to millisecond 33,34 )

and the latter can be indeed useful to be used in time gate imaging or time-resolved technique [35][36][37] especially for distinguishing the signal coming from the label and endogenous autofluorescent molecules. 38 One of disadvantages of this system is from the chemical synthesis point of view. Since antenna systems are always required, consequently long and complicated synthetic routes have to be performed. 39 Free lanthanide ions were also reported showing toxicity activity towards several cellular organisms. [40][41][42] Second harmonic generation (SHG) probes can be additional option and recent examples showed their use for in vitro and in vivo labeling, [43][44][45] however the choice of available materials, e.g. highly organized-noncentrosymmetric molecules with high 2 nd order susceptibility value, is limited and the need of excitation source using pulse laser instead of continues wave laser as used in conventional epifluorescence microscope can be found as a limitation.

On the other hand, photoactive transition metal complexes (TMCs) in particular first row transition metal such as copper(I) [46][47][48] and zinc(II), 49 as well as second, and third row with d 6 , d 8 and d 10 electronic configuration i.e., iridium(III), ruthenium(II), osmium(II), rhenium(I), platinum(II), palladium(II), silver(I), and gold(I) 50 have also started to receive a great deal of attention especially in the fields of optoelectronics, 51,52 photo-catalysis, 53,54 electrochemiluminescence (ECL), 55,56 non linear optical (NLO) materials, 57 and bio-sensing 58 due to their rich and peculiar physico-chemical and redox

properties. The presence of heavy metal atoms in TMCs interestingly introduces more unique and fascinating photo-chemical and -physical characteristics when compared to common fluorescent based organic molecules. Amongst all, careful choice of metal ions and ligands yields to luminescent compounds, which exhibit great photo-and electrochemical stability, high photoluminescence quantum yield (PLQY) (in some cases can be up to unity), 59 tunable emission color across the visible electromagnetic spectrum ! (from ultra-violet (UV) to near infra-red (NIR)), 60,61 a very large Stokes shift, and also long-lived emissive excited states due to triplet-manifold nature typically two to three orders of magnitude longer than those of classic organic fluorophores. As an effect of the strong spin-orbit coupling (SOC) exerted by the heavy atom, intersystem crossing (ISC) processes yield to the population of energetically low-lying triplet excited states, allowing efficient radiative decay to the singlet ground state namely phosphorescence.

One of the rising and fascinating research fields for TMCs is nowadays represented by their use as luminescent labels in bio-imaging application both in vitro and in vivo. 18,62- 64 To date, some general reviews have been addressed on the use of transition metals such as Ir(III), 18 Ru(II), 65,66 Re(I), 67 and Pt(II) 64 as cellular probes for bioimaging applications. Furthermore, a review has recently tried to find rationalization between the chemical structure and cellular compartmentalization relationship, however general conclusion still far away be drawn. 68 In this thesis, we focus our attention on phosphorescent platinum(II) complexes that have started to bloom as luminescent labels for cell imaging application. properties. 82 In addition, the formation of such metallophilic interactions in luminescent square planar platinum complexes, and the subsequent modulation of their photophysical properties, can also be induced by the presence of biological molecules and poly-electrolytes in aqueous media. 80,83,84 1.1.1. Fundamental photophysics of d 8 

platinum complex

In order to better follow the forthcoming discussion, we wish to provide some basic concepts on the photophysics of square-planar d 8 platinum compounds.

In Optical excitation of such compounds in the ultraviolet-visible (UV-Vis) region leads to the formation of excited states described, on the basis of their electronic transition configuration, namely metal centred (MC), ligand centred (LC), interligand or ligandto-ligand charge transfer (ILCT or LLCT), ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT) (Fig. 1c). More precisely, upon this optical excitation, such processes can be described as electron density redistribution between part of the molecules where filled and virtual orbitals with a certain nature are located.

All the features described so far are typical of both d 6 and d 8 complexes.

Furthermore, the square-planar geometry of d 8 TMCs, such as platinum(II), yields to high tendency towards stacking, through formation of ground-state intermolecular noncovalent weak metal⋅⋅⋅metal 85 and/or ligand-ligand interactions through the πelectron cloud of the aromatic rings. [86][87][88][89] Such d 8 ---d 8 interaction, which typically shows distances in the range 3-3.5 Å, leads to lower-lying excited state with metal-metal-toligand charge transfer (MMLCT) character (Fig. 1b) and in some cases enhancement of the emission properties i.e., higher emission quantum yields, longer excited state lifetimes and reduced reactivity compared to their predecessor. 2) which was used for cell labeling and displayed also a unique photo-induced cytotoxicity property. The complex was reported to be uptaken by HeLa cells after incubation in culture media and to be predominantly localized inside the nucleus and the mitochondria. to stain the cytoplasm of the cells while maintaining low toxicity feature towards HeLa cells (See their internalization experiments in Fig. 3).

A very interesting class of compounds and spectroscopic tools based on time gate imaging have been described by Williams and coworkers 94,95 where they reported highly emissive and photostable tridentate platinum(II) species of general formula

[PtLCl], namely 8, where HL is 1,3-di(2-pyridyl)benzene and its application in cell imaging. They were also able to detect change in the excited-state lifetime depending on the different localization of the complex inside the cell. Continually, we reported slightly similar neutral N^C^N terdentate cyclometallated Pt complexes bearing hydrophilic (oligo-)ethyleneglycol chains of various lengths, 9,10 that can be used for ! staining cytosplamic and nuclear region of the cells. We found out that their kinetics of uptake was somehow influenced by the length of ethylene glycol chains. 96 To this point, however, there are limited examples of the exploration of the aggregate species for bioimaging, even though there are some interesting facts that may be useful for developing new form of emitter such as: (i) aggregation will protect the complexes from interactions with the environment in particular from dioxygen inducing quenching;

(ii) the reactivity or toxicity of the compounds is reduced by the difficult accessibility of the metal centre; (iii) the rigidity, due to the packing of systems in well-defined structures, decreases non-radiative processes; (iv) changes in photophysical scenario, such as bathochromic shift of excitation and emission towards more biologically ! interesting spectral windows. Therefore, their use as imaging labels will be very fascinating for the preparation of novel hybrid materials or for the formation of soft nanostructures through self-assembling process of non-biological within cellular compartments (See pictorial representatives, in Fig. 1c).

Stimulated emission: a new approach in bioimaging

When fluorescent or phosphorescent molecules are optically pumped (excited) with an appropriate energy light source, typically lower energy photons can be emitted through the process called spontaneous emission (see representative simplified Jablonski diagram in Fig. 4a). Unfortunately in some specific cases, this signal can be very low in DBRs (see Fig. 5a) and Escherichia coli bacteria that were genetically programmed to synthesize the green fluorescent protein (GFP) inside a Fabry-Perot type cavity.! Once the system was pumped at energies just above the lasing threshold (ca. 0.9 nJ), a very narrow linewidth emission signal (full width at half maximum, fwhm, 0.04 nm) was successfully detected (Fig. 5b). Organic fluorophores staining the cells on the other hand, can be also used as gain medium replacing the role of fluorescent proteins. The same authors reported variety of organic fluorescent dyes commonly employed for staining cells (i.e., fluorescein, FITC-Dextran, Calcein-AM and rhodamine 6G) could be used to induce stimulated emission. 106 Different types of cell lines namely HeLa, NIH3T3, HEK293, EL4 and red blood cells were used in these experiments and they ! claimed that the lasing modes are very sensitive to cell properties and thanks to this, it might be used for cell characterization, cell sorting and sensing. 106 Yun and coworkers also succeeded to further extend the idea of cell laser by introducing the concept of stand-alone cell lasers with both gain medium and cavity inside cells. 107,108 In this respect, internalized microspheres particle made from polystyrene or BaTiO 3 were used to generate whispering-galley-mode (WGM) lasing system inside cytoplasm of the cells (Fig. 5c). 

Introduction to random laser

In order to understand the physics of a random laser, a fundamental knowledge of conventional laser is needed. In a standard optical cavity scheme, a laser is generally made by a gain material positioned inside an optical cavity that provides the resonant feedback. In this system, stimulated photons are reflected and amplified from one side of mirror to the other side. The cavity finally determines the laser mode, directionality of the output as well as its frequency. On the contrary, in random lasers, the feedback was provided by multiple scattering hence the lasing modes will be only determined by the scattering, not by a laser cavity 121 (see the illustration in Fig. 6). As already stated that the scattering plays a very important role in understanding RL. In random media, photons are scattered multiple times before leaving the media. When gain is introduced to the random media, or simply called random amplifying media (RAM), the light waves are not only scattered (randomly) but also amplified from one particle (a point scatterer) to another multiple times before they finally leave the media (Fig. 6b). In this respect, the scatterers hold the role like a resonator in a conventional laser in providing an increased path length (or dwell time) to both the pump and the stimulated-emitted photons within the active medium. Indeed it is very interesting, since in a conventional laser, scattering is traditionally considered detrimental to laser action, because such process removes photons from the lasing mode of a conventional laser ! cavity. A RAM itself can be realized, for example by adding diffusely scattering passive nano/microparticles to a laser-dye solution e.g., rhodamine 6G (R6G) dissolved in a specific solvent i.e. ethanol.

As in the conventional laser, in RAM, the gain due to amplification competes with the losses. The gain is given by ! !" , where, α is the gain coefficient and l is the total path length traversed by the emitted photon in the active medium. While the overall gain in a RAM depends on the scattering strength and the excitation energy, the losses are attributed to absorption and the escape of photons from the amplifying medium. The threshold at which lasing occurs, indicated by the sudden drastic spectral narrowing of the emission spectrum, which is determined by the balance between the gain and the loss, as in the case of a conventional laser system.

The relevant length scales explaining the scattering process are the scattering mean free path, l s and the transport mean free path, l t . The scattering mean free path (l s) is defined as the average distance that light travels between two consecutive scattering points whilst the transport mean free path (l t ) expresses the average distance a wave travels before its direction of propagation is randomized. The mathematical expression of these two length scales can be written as Eq. 1.1. 128

! ! = ! ! ! 1 -cos ! !!!!!!!!!!!!!!!!!!!!!!!!!!(Eq. 1.1)
Where ! cos ! is the anisotropy parameter defined as the average cosine of the scattering angle, which can be found from the differential scattering cross section. For example, in Rayleigh scattering, cos ! = 0 hence ! ! = ! ! ! while cos ! ≈ 0.5 or

! ! = ! 2! ! in case of Mie scattering.
Furthermore, light amplification by stimulated emission in RAM is termed by the gain length ! ! and the amplification length ! !"# . The gain length is defined as the path length over which the intensity is amplified by a factor of e while the amplification length is defined as the (root mean square, rms) average distance between the starting and ending point for paths of length ! ! .

In a homogeneous medium without scattering, light propagates in a straight line, thus

! !"# = ! ! , while in the diffusive regime (!! ≪ ! ! !! ≪ !!), ! !"# = ! !"
, where D is the diffusion coefficient, ! = ! ! ! ! and ! is the speed of light. In a three-dimensional (3D) system, ! = ! !! ! 3, then:

! ! !"# = ! ! ! ! ! 3 !!!!!!!!!!!!!!(Eq. 1.2)
The gain length is the analogue of the inelastic length, defined as the travel length over which light intensity is reduced to 1/e due to absorption. Hence, the amplification length ! !"# is analogous to the absorption length ! !"# = ! ! ! ! ! /3 where ! ! in an absorbing medium, is the inelastic mean free, the analogue of the gain length.

Moreover, depending on feedback mechanism (intensity feedback or amplitude feedback), random lasers are classified into two categories: (i) random lasers with incoherent and non-resonant feedback 109,110,117 and (ii) random lasers with coherent and resonant feedback. 111,129 In random lasers with incoherent and non-resonant feedback, the phase condition within the scattering medium is ignored due to the non-resonant diffusive nature of feedback is only provided by the weak scatterers, since it only returns light into the gain volume, instead of to its original position. In the diffusive regime where generally incoherent random laser is observed, the probability of emitted light returning to its original position is very low that the effect of interference on the feedback is negligible.

Incoherent random lasing is analogous to amplified spontaneous emission (ASE) in that it drastically narrows the emission spectrum from a few tens of nanometers to a few nanometers and transforms the usual linear excitation-emission intensity relation to a highly nonlinear one, above the pump threshold. 128 By increasing the amount of scattering in random media, the increase of backscattering will occur (also simply called weak localization). 130 When the amount of scattering is multiplied beyond a critical value, the system turns into localized state (l t ≤ 1/k ; k = 2π/λ is the wave vector), where light propagation is inhibited because of interference in multiple scattering, hence photons are trapped inside and cannot escape. 131,132 This phenomenon is well-known as Anderson localization of the light, an optical analog of Anderson localization of electron in solids. 133 Physically, the localization occurs if the transport mean free path (l t ) become comparable to the effective wavelength hence the electric field cannot even perform one oscillation before the wave is scattered again. 128 Thanks to such strong scattering, the return probability of the intensity to closed loop paths (Fig. 6c) is very high thereby reducing the diffusion constant. In RAM, during such long trapping time, photons can induce stimulated emission of other photons. 129 ! When the amplification along such a loop path exceeds the loss (for example due to the escape from the loop), laser oscillation occurs in the loop, which then serves as a laser "cavity". The requirement of the phase shift along the loop being a multiple of 2π

(condition for constructive interference) defines the oscillation frequencies. Random lasing with coherent feedback is characterized by the appearance of discrete, narrow lasing peaks (i.e. line widths < 1 nm, being limited by the spectrometer resolution) in the emission spectrum above the pump threshold in addition to a drastic increase of emission intensity (see example in Fig. 7). 128 
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Light scattering from cells is a well-studied phenomenon and the way light is scattered is influenced by a cell's size, shape, refraction index, density, and morphology. 157 Kerker et al. 158 demonstrated that light scattered is highly dependent on the amount of a cell's internal organs (organelles). Furthermore, organelles such as mitochondria, lysosomes, peroxisomes, microtubules, and endosomes serve as scattering sites amid the relatively isotropic refractive index medium of the cytoplasm, contributing to light scattering especially at large scattering angles. 159 Studying the elastic scattered light in certain angular ranges allows for the determination of morphological features from the cell. Through analysis of these features, discrimination of different cell types, or more importantly of different cell states can be done. 157 In fact, this has been widely used in biology for example in cell sorting and flow cytometry technique.

To the best of our knowledge, there is no report yet showing generation of RL from fluorescent dye-stained biological cells and even more appealing, from a single cell level by taking advantage of multiple intracellular light scattering (see illustration in Fig. 8). Hence in this thesis, we devote our effort to realize the first cellular laser operating without any conventional optical cavity.

Multifunctional "hard" nanosystems for theranostic applications: Imaging and therapy

One of the most active research areas in nanotechnology nowadays is the development of small size (one to hundreds of nanometer) functional materials for nanomedicine applications, especially for bioimaging and cancer therapy, well-known as theranostics.

In the first two introductory parts we have already described the state of arts and recent developments especially in the domain of cellular imaging, thus in this next part, some current examples and progress in the field of cancer and gene therapy based on nanomaterials will be highlighted.

Efficacy of cancer therapy still remains as a challenge since the traditional way of using a single therapeutic tool in most of cases still cannot provide a complete and effective treatment. Actually, the combination of chemotherapeutic agents has also been tried to prevent drug resistance, however, the ability of cancer cells to adapt and develop new resistance pathways eventually leads to ineffective results. 160,161 To tackle this, a very promising and interesting strategy for an efficient cancer treatment relies on the combination of two or more therapeutic approaches with different mechanisms, which can simultaneously cooperate to provide an enhanced final therapeutic effect. However, some fundamental issues for example immunogenicity and cytotoxicity, technically challenging and laborious production procedures for vectors as well as high costs due to biosafety requirements are still presence, hence limiting their potential application.

The fast development of nanotechnology has played an important role towards this aim, leading to the design and fabrication of non-viral vectors based on multi-structured nanomaterials tailored in such a way to carry and to deliver the therapeutic components/genes in a sustainable manner directly to the cells. [168][169][170] The use of nanocarriers has been recently demonstrated for the simultaneous delivery of DNA or siRNA or miRNA and anti-cancer drugs, 171,172 greatly enhancing the possibility to reduce drug resistance in tumors. 173 Among many type of nanomaterials, porous materials namely zeolites and mesoporous silica nanoparticles (MSNPs) can be considered as most promising approach for the realization of multifunctional delivery systems, thanks to their large surface area with well-defined chemical properties, their controllable and ! available porous structure to host guest molecules, and their excellent biocompatibility features. 6 Å with a unit cell length 7.5 Å (Fig. 9). In order to compensate for the negative charge due to the presence of aluminum atoms in the framework, sodium or potassium are present as charge-balancing cations. These cations can be easily replaced by different charge moiety/species such as fluorescent dye or drug molecules. 176 Although one of the main applications of zeolites is in the field of catalysis, 177 their use in the field of biotechnology has been starting to grow in the last two decades. An early example has demonstrated the use of zeolites to load magnetic resonance imaging agent, gadolinium(III). 178 Furthermore, a combination magnetic and optical imaging was reported by De Cola and co-workers through insertion of the fluorescent dye, pyronine, as well as by decorating the outer surface of the zeolite with highly stable Gd(III), however, there was no any ! report about biological experiment yet. 179 The same group also explored possibility to entrapped radioisotope agent (i.e. 111 In 3+ ) in the channel of zeolites to be used in positron emission tomography (PET). Preliminary in vivo experiment on Wistar rats showed the distribution of the nanosystems in lung, liver, and spleen (see Fig. 10). 180 Whilst the surface of the materials can be decorated with any preferred molecules or targeting moieties by simple exploitation of the well-established silicate chemistry, the pores of zeolites posses unique property since they can be also loaded with fluorescent dyes or chemotherapeutic agents (i.e. drugs) and reloaded while the system enters the cells. Arruebo et al. 181 demonstrated a magnetic triggered drug delivery system based on magnetite and FAU zeolites containing a well-known cancer drug, doxorubicin. In vitro experimental data has shown that the system is capable to store and release remarkable amounts of the drug inside the cells demonstrating the system as potential candidates for drug delivery applications. Several drugs have been also stored and released to the cells through zeolites systems namely ketofren, 182 fluorouracil, 183 temozolomide, 184 , α-cyano-4-hydroxycinnamic acid (CHC), 185 to cite some. MSNPs can be prepared by one pot sol-gel synthesis 186 where typically silica precursors are hydrolyzed and recondensed in the presence of a surfactant, i.e.

cetyltrimethylammonium bromide (CTAB), forming micelles that are responsible for the mesostructure of the particles (See simple preparation scheme in Fig. 11).

The earliest example of its biological application was date back when Vallet-Regi and co-workers 192 reported the first time the use MSNPs for drug delivery in 2001. Since that time, many studies have been devoted to the advanced use of such materials in nanomedicine applications in the hope!for the diagnosis and prevention and treatment of diseases. These investigations also concern about the chemical properties of the materials i.e., the size and shape control, surface functionalization and particle stability as well as the biological property in the frame of their interaction with living organism both in vitro and in vivo including drug release control, cellular uptake, cellular targeting, cytotoxicity, and body clearance.

Recently, the use of MSNPs has been described for the simultaneous delivery of siRNA or miRNA and anti-cancer drugs greatly improving the possibility to reduce drug resistance in tumors. 193 Multivalent MSNPs have been demonstrated to be suitable and effective for the combination of RNA interference (RNAi) 194,195 and drug treatments;

! !
for example, the double release of specific siRNA and doxorubicin by MSNPs to overcome drug resistance in breast cancer or HeLa cells has been investigated. 193,196 Instead of siRNA, microRNAs (or simply miRNAs or miRs) have started to emerge as potentially powerful targets for gene modulation. They are short non-coding RNA molecules regulating gene expression by repressing translation or by inducing the cleavage of target RNA transcripts. 197,198 Current evidence has suggested that the peculiar expression profile of miRNAs is related to the pathogenesis of cancer, 199 to tumor progression, and to drug resistance. The anti-miR strategy (also called miRNA targeting therapy) can play an important role in the treatment of tumors overexpressing a specific type of miR; however, due to the presence of multiple targets, the effect of a single anti-miR molecule in most cases might have a limited effect. Combined therapies can thus be employed, especially in cases where the target miR is associated to chemoresistance. One of the most important miRNA targets, miR-221, has been found to be upregulated in several tumor forms, [200][201][202] especially in gliomas. [203][204][205] It was shown to regulate several key target genes, among which p27Kip1 mRNA appears to be one of the most interesting, since this protein is a strong regulatory element able to modulate cyclin-CDK complex activity and hence cell cycle progression 206 ; miR-221 knockdown is able to potentially trigger p27Kip1 upregulation. 207,208 Interestingly, the downregulation of miR-221 has been shown to sensitize glioma cells to temozolomide, which is one of the most common antineoplastic agents for malignant glial tumors. 209-212

Biodegradable silica-based nanomaterials: A new approach in designing stimuli responsive materials for biomedical application

Despite the large number of reports on zeolites and mesoporous silica for biomedical applications, their use for in vivo application has been limited. As general problem for inorganic "hard" nanovectors, the issue of complete and safe excretion from the biological environment, after accomplishing their diagnostic or therapeutic functions

has not yet been entirely addressed. 213 Fortunately, this is one of the major obstacles impeding their potential clinical translation as drug carriers, imaging tools or in situ therapeutic agents. The concept of biodegradable particle has recently appeared in the literature, 4,[214][215][216] but this approach had not yet been attempted for silica-based nanoparticle until recently De Cola and co-workers patented a new technique to produce breakable porous silica particles with tunable size from 30 to 200 nm and pore diameter from 2 to 5 nm. 217 The materials were prepared by introducing a breakable linker ! (organic moiety) such as disulfide bridge in the silica frameworks and they can be broken to the size smaller than 3 nm upon a contact with reducing agents. The introduction of organic moieties in the silica framework was pioneered by Inagaki et. al. 218 Degradable or breakable systems that can be destroyed by a desired external stimulus are highly desirable and could lead to a large number of applications. Such a fascinating concept can be applied to design (nano)materials of different porosity, size and shape. It is therefore clear that these breakable containers have several advantages when compared to contemporary silica-based materials, specifically: i) larger particles can be safely employed without risk of bio-accumulation, allowing not only higher loading but also ii) a more versatile tuning of the pore size, with the consequential opportunity of hosting larger molecules, such as oligonucleotides; iii) active targeting since we can modify the surface of the particles using antibody, peptide or sugar to recognize certain type of cells; iv) better release of the guests, thanks to the destruction of the mesoporous framework; v) no residues in the blood or in the cells after 2 weeks; vi) ability to embed fluorescent dye in the silica matrix/wall which enable to track the particles and their debris during both in vitro or in vivo experiment.

Nanomaterials-cells interaction: Cellular uptake and toxicity

Understanding cellular uptake of nanoparticles, in particular the interaction between cells and nanomaterials, is essential to develop their applications in biology. During incubation, cells will interact with nanoparticles and by using specific uptake mechanisms, the particles will enter into the cells. Previous studies have investigated some aspects of the mechanism of cellular uptake. [219][220][221] Depending on many parameters, different uptake mechanisms are exhibited. In general, cellular uptake mechanism can be divided into two different pathways: energy-dependent mechanism in which energy in ATP form needed for the whole process and non energy-dependent mechanism such as direct diffusion. To be more specific, the energy-dependent mechanism can be categorized into several uptake pathways: phagocytosis, clathrin mediated endocytosis or receptor mediated endocytosis, caveolae mediated endocytosis and pinocytosis (see summary depicted in Fig. 12).

Chithrani and co-workers demonstrated that cellular uptake of gold nanoparticles as an example was done via endocytotic pathways, in particular by mechanism namely receptor mediated endocytosis (RME) or clathrin mediated endocytosis. 222 RME is a ! pathway where cytosolic protein named clathrin plays an important role in forming coated vesicles. The process starts when ligands on the surface of nanomaterials bind to receptors on the surface of cells. A chemical signal generated as a result of this binding is sent through the cell membrane and subsequently followed by membrane coating formation and invagination. RME itself was found to be strongly size-dependent where the optimal size was around 50 nm. 223 This argument has been supported by the theoretical model developed by Zhang and co-workers that also stated optimal nanoparticles size for RME was 50 nm. 224 Moreover, increasing the size will affect the thermodynamic process driving force and increase the wrapping time, as consequently, the number of particles taken will decrease. 225 
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In order to address the specific uptake mechanism, the role of inhibitors can be maximized. Some literatures have reported that cellular internalization the MSNPs may also depend on the particle's size, shape, surface charge and functional groups. Although the utilization of nanoparticles as cellular probes has shown potential, the biocompatibility (toxicity) of nanoparticles remains an issue. The term of cell toxicity is not always specified to death or live condition, but can be also related to the change of biological system that leads to the cell death during a certain period. 

Metallic nanoparticles: A versatile platform for plasmonic biosensing

Another growing application in the field of functional nanomaterials apart from imaging and drug delivery, is their use for sensing. Combination of molecular reporters such as fluorescent dyes and nanoparticles has enabled detection of multiple analytes in a very ! effective and sensitive way at very low concentration. [242][243][244][245][246] Design of nanosensor without employing external molecular reporters has been also developed, and in this respect plasmonic nanomaterials (e.g., gold and silver nanoparticles) have been playing

an important role.

Fundamental of surface plasmon resonance

In order to better follow the next discussion, we wish to provide some basic concepts on the surface plasmon resonance, a foundation of plasmonic bisensing.

When a metallic particle is interacting with incoming photons, the oscillation of the electromagnetic field of the light will induce a subsequent and collective coherent oscillation of free electrons localized on the particle's surface. It further leads to charge separation with respect to the ionic lattice, consequently forming a dipole oscillation along the axis of the electric field of the light (see Fig. 14a). The amplitude of the oscillation reaches maximum value at a specific frequency, namely surface plasmon resonance or localized surface plasmon resonance [247][248][249] or simply LSPR (due to these optical modes causing highly localized electromagnetic fields outside the particles). 250 The LSPR band is found to be much stronger for noble metal-based plasmonc nanoparticles (in particular Au and Ag) than other metals. Its intensity and wavelength depend on the factors affecting the electron charge density on the particle surface for example: the metal type, particle shape, size, structure, composition, and the dielectric constant of the surrounding medium as can be explained by Mie approximation to Maxwell's equation (simply called Mie theory). 247 Since the SPR induces a strong absorption of the incident light, the absorption can be directly measured using a simple UV-Vis absorption spectrometer. For particles smaller than 20 nm, the LSPR can be quantitatively explained based on the following equation (Eq. 1.

3): 247,251,252

! !"# = ! !"! ! ! ! ! ! ! ! ! ! ! ! ! !!! ! ! !! ! ! (Eq. 1.3)
where ! !"# refers to the extinction cross-section which is related to extinction

coefficient (ε); ε (M -1 cm -1 ) = 10 -3 N 0 ! !"# (cm 2 )/2
.303, λ is the wavelength of the incident photons, ε is the complex dielectric constant of the metal given by ε 
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Mostly, naked silver or gold nanoparticles are stabilized by means of anions (e.g., Cl -or citrate 3-) or soft materials such as polymers (i.e. polyvinyl pyrrolidone) absorbed on their surfaces in order to prevent the aggregation (Fig. 15a). Hard and rigid structure like silica can be also used as well for the same reason. A pioneering work from Liz-Marzan and co-workers 260 showed that thin layer of silica (Fig. 15b) could be grown on the surface of gold nanoparticles. They also proved the presence of the shells were able to influence the peak position of LSPR (typical red-shift was observed) and the degree of red-shift is depending on the thickness of the shells (Fig. 15c-15d) as also supported by result from by Kobayashi et al. 260,261 Changes in dispersant media such as pH and ionic strength can cause nanoparticle destabilization and aggregation. Upon the aggregation of nanoparticles, the LSPR is red-shifted and broadened followed by turning of the color of the solution. In some interesting cases, the presence of analytes has been shown able to induce the aggregation. Huang and co-workers 262 for example observed the aggregation of citratestabilized silver nanoparticles upon the interaction with berberine hydrochloride, an anti-inflammatory drug. NP, nanoparticle). c. Generation of colored solutions for detection with the naked eye.

In the presence of hydrogen peroxide, gold ions are reduced. High concentrations of hydrogen peroxide favor the formation of non-aggregated nanoparticles resulting a red solution while when the concentration of hydrogen peroxide decreases, for example due to the biocatalytic action of the enzyme catalase (thanks to the presence of PSA or p24), aggregates of nanoparticles are formed and this turns the solution blue. Adapted from Ref. 263 with permission from Nature Publishing Group.

Citrate stabilized silver nanocolloids display a negatively charged surface resulting yellow stable dispersions in water while in the presence of positively charged berberine hydrochloride, nanoparticles aggregate and suspension color changes from yellow to green or blue depending on the concentration of berberine. They claimed being able to detect ca. 0.05 to 0.4 µM based on the color alteration of the AgNPs suspension.

Recently, Stevens and De la Rica 263 proposed an interesting plasmonic enzyme-linked immunosorbent assay (ELISA) system based on the biocatalytic cycle of the enzyme that is associated to the growth of gold nanoparticles (Fig 16). They demonstrated in the absence of prostate specific antigen (PSA) and HIV-1 capsid antigen p24, the reduction of gold ions with hydrogen peroxide happened at a fast rate, and quasi-spherical, nonaggregated gold nanoparticles were obtained (red color) while in the presence of one of these analytes, kinetics of crystals growth slowed down resulting formation of aggregated particles (blue color). They mentioned the system was able to detect both analytes at the ultralow concentration of 1x10 -18 g/ml.

In order to achieve selective colorimetric assays, molecular recognition events i.e. by attaching targeting ligands to the surface of the particles have been employed.

Oligonucleotides such as DNA 264,265 

∆! ≈ ! ! !"#$%"!&' -! !"#$%! 1 -! !!!/! ! (Eq. 1.4)
Where m is the sensitivity factor (in nm per refractive index unit), ! !"#!"#$%& and ! !"#$%! !are the refractive indices of the adsorbate and medium surrounding the nanoparticle respectively. d is the effective thickness of the adsorbate layer (in nm), while ! ! is the electromagnetic field decay length (in nm). 268 Since decades ago, gold nanoparticles have been extensively used for these types of sensors however, silver nanoparticles can give an advantage since its narrower plasmon ! bandwidth can provide more accurate measurements of the LSPR shift. 269

As already previously mentioned for the case of colorimetric sensing, one of very crucial step towards the development of a sensor based on LSPR shift is to attach the conjugate moiety able to capture the target analytes as well as to prevent non-specific binding to the surface of the particles. stimulate the nucleation of silver nanocrystals and small numbers of silvers are deposited on the nanosensors, therefore generating a smaller variation of the LSPR (Fig. 18). Fig. 18. Scheme of signal-generation mechanism by means of enzyme-guided crystal growth proposed by Stevens and co-workers. 277 GOx is able to generate hydrogen peroxide, which reduces silver ions to grow a silver coating around gold nanostars.

Adapted from Ref. 277 with permission from Nature Publishing Group.

Objective of the thesis

The final objective of this thesis is to investigate functional soft-and hard-materials as well as to study their interaction with living cells for an ultimate application in the field of theranostics covering imaging, sensing, gene and cancer therapy.

Chapter 1 gives a general introduction on the main topics of the thesis including the use of functional molecules and "soft" materials for bioimaging, followed by an explanation of a new approach in cell imaging, which is based on stimulated emission.

It also describes the application of porous "hard" materials namely zeolites and ! mesoporous silica nanoparticles as multifunctional nanosystems for theranostic applications as well as plasmonic material for biosensing applications.

Chapter 2 investigates the use of self-assembled platinum(II) complexes as a cell's labeling probe. The synthesis and photophysical characterization are highlighted and their cellular interaction is studied.

Chapter 3 presents the first generation of stimulated emission (laser), without conventional cavity, coming from dye-stained biological cells. The applications of this novel technique in cell imaging and cell distinction study are demonstrated.

Chapter 4 shows our efforts to develop multifunctional nanocarriers based on two types of porous hard materials namely zeolites-L and mesoporous silica nanoparticles for drug and oligonucleotide delivery in vitro. The uptake and toxicity study in three different cell lines are given.

Chapter 5 describes the realization of stimuli responsive hybrid organosilica based materials able to encapsulate proteins in their native form and deliver them into living glioma cells. The study of toxicity of the system displays the possibility to be used as an anti glioblastoma agent.

Chapter 6 demonstrates the synthesis and the use of breakable silica coated silver nanoparticles for detection of reducing agent.

Chapter 7 reviews the principle of instrumental techniques employed in this thesis.

Chapter 8 summarizes all the information provided in each chapter.

This thesis is a proof of conception of interdisciplinary studies covering major and important research field in chemistry, materials science, medicine, biology, and physics. 

Platinum complexes for biomedicine: An introduction

The discovery of cisplatin {PtCl 2 (NH 3 ) 2 } 1 anticancer activity in the middle of 1960s and its significant clinical success have led to an increasing interest in the research and development of platinum-based drugs and molecules. [2][3][4] Furthermore, d 8 platinum(II)

complexes have gained much attention due to their fascinating and interesting luminescence properties. [5][6][7][8] Cyclometallated derivatives are usefully employed in the field of optoelectronics in particular for the preparation of triplet emitters for highly efficient OLED (organic light emitting diode) devices 6,9,10 as well as for their attractive second-order nonlinear optical (NLO) properties. 11,12 One of major research fields regarding luminescent Pt(II) complexes is their recent, yet promising application as luminescent probes for cellular imaging. [13][14][15] Although fluorescent organic and bio-organic labels are still the most used systems and a leading choice for such purposes mostly due to their excitation and emission tenability features, 16,17 the use of Pt(II) complexes in some respects could surpass organic molecules. Firstly, its wide emission color tunability could be easily achieved by the adequate choice of the ligands. Secondly, they have a better stability towards photo-and chemical degradation. Thirdly, they posses a very large Stokes shift allowing the detection of their emission at a much lower energy than the excitation energy as well as their long-lived luminescent excited states owing to their triplet-manifold nature.

Moreover, their emission lifetimes typically two to three orders of magnitude longer than classic organic fluorophores will be very advantageous i.e., for dioxygen detection purpose. Indeed, in bioimaging applications this last property is of particular importance since an improvement of the signal over background auto-fluorescence 18 ratio by means of time-gated techniques, can be achieved. 19 Lastly and the most important, their very unique property to exhibit a high stacking tendency (to aggregate) resulting in 
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In the following chapter, we demonstrate a successful strategy towards the development for high luminescent and long-lived imaging probes by using neutral square-planar platinum(II) complexes consisting of a terdentate ligand containing a pyridine bistriazole coordinating ligand. Formation of the MMLCT bands upon establishment of metallophilic interactions, which is able to shift bathochromically both excitation and emission while enhancing PLQY, is studied. As it will be hereafter discussed, the novel probes are characterized with high cell permeability, organelle selectivity, fast internalization, and low cytotoxicity with a possibility to excite the materials in the visible region.

Experimental section

All of synthesis, chemical, and photophysical characterization studies were performed in collaboration with Dr. Matteo Mauro and Mr. Alessandro Aliprandi from the group of Prof. Luisa De Cola.

Material and methods

All the solvents and reagents were purchased from Aldrich, TCI, Fluka, and VWR without any further purification. K 2 PtCl 4 was used as received from Precious Metal Online (PMO). All the reactions were performed under nitrogen atmosphere. 

Synthesis of the ligands

Pyridine-2,6-biscarboxamidine dihydrochloride. 2,6-dicarbonitrile (20.0 g, 154.9 mmol, 1.0 eq.) and MeONa (1.67 g, 30.98 mmol, 0.2 eq.) were dissolved in 180 mL of dry methanol. After refluxing for 6 h, ammonium chloride (NH 4 Cl, 12.8 g, 340.8 mmol, 2.2 eq.) was added to the reaction mixture and kept overnight under reflux condition.

After cooling process, the solid was filtered over a Buchner, washed with diethyl ether, Et 2 O, dried and collected as pure compound (30.6 

2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine(py-CF 3 -trzH 2 ).

Ethyltrifluoroacetate (13.7 mL, 114.4 mmol, 2.2 eq.) was dissolved in 150 mL of THF followed by addition of hydrazine monohydrate (6.15 mL, 126.7 mmol, 2.2 eq.). The reaction mixture was refluxed for 2 h and after, pyridine-2,6-biscarboxamidine dihydrochloride (15.0 g, 63.5 mmol, 1 eq.) and sodium hydroxide (2.54 g, 63.5 mmol, 1 eq.) were added. The reaction mixture was kept overnight refluxing under nitrogen atmosphere. After cooling, the desired product, py-CF 3 -trzH 2 , was further purified from the crude on column chromatography by using silica gel as stationary phase and dichloromethane and acetone 9:1 as eluent (2.04 g, 5.84 mmol, yield 9.2%). 

Synthesis of the complexes

CF 3 -Pt-4OHpy. Ligand py-CF 3 -trzH 2 (230.0 mg, 0.660 mmol, 1.0 eq.), PtCl 2 (DMSO) 2

(306.0 mg, 0.73 mmol, 1.1 eq.), 4-hydroxypyridine (63 mg, 0.660 mmol, 1.0 eq.) and

Et 3 N (200 µL) were suspended in 20 mL of a 3:1 mixture of 2-methoxyethanol and water. The reaction mixture was heated overnight at 85°C. A precipitate having yellowish-green color appeared few minutes after the heating. The preferred compound was purified on column chromatography using silica gel as stationary phase and 3:1 THF:n-hexane mixture as eluent, and obtained as greenish-yellow solid (66. Tol-Pt-4OHpy. The complex was prepared in similar condition as previously described for CF 3 -Pt-4OHpy, by employing 2,6-bis(3-(p-tolyl)-1H-1,2,4-triazol-5-yl)pyridine as tridentate ligand. The platinum(II) complex was further purified on column chromatography using silica gel as stationary phase and ethylacetate:ethanol 1:1 as eluent, and obtained as yellow solid (yield 7%). 

Crystallography

X-Ray diffraction experiment was performed using a Nonius Kappa-CCD diffractometer equipped with an Oxford Cryosystem liquid N 2 device, using Mo Kα radiation (λ = 0.71073 Å). The crystal-detector distance was 36 mm. The cell parameters were determined (Denzo software) 22 from reflections taken from one set of 10 frames (1.0° steps in phi angle), each at 20 seconds exposure. Direct methods using the program SHELXS-97 23 was used to solve the structures. The refinement and all further calculations were carried out using the same program. 24 The hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL default parameters. The non-H atoms were refined anisotropically, using weighted full-matrix least-squares on F 2 . A semi-empirical absorption correction was applied using MULscanABS in PLATON. 25 Transmission factors: Tmin/Tmax = 0.35078/0.42889.

The fluorines of one trifluoromethyl group are disordered over two positions. The structure was treated as a racemic twin solved within the P1 space group with a BASF of 0.26804.

Photophysical measurements

All spectrometric grade solvents used for spectroscopical characterization were purchased from VWR. Absorption spectra were collected on a Shimadzu UV-3600 spectrophotometer double-beam UV-VIS-NIR spectrometer and baseline corrected.

Steady-state emission spectra were recorded on a Horiba Jobin-Yvon IBH FL-322

Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double-grating excitation, emission monochromator (2.1 nm mm -1 of dispersion; 1200 grooves mm -1 ) and a TBX-04 single photon-counting detector. Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by standard correction curves.

Time-resolved measurements were performed using the time-correlated single-photoncounting (TCSPC) option on the Fluorolog 3. NanoLEDs (402 nm; fwhm < 200 ns) with repetition rates between 10 kHz and 1 MHz was used to excite the sample. The excitation sources were mounted directly on the sample chamber at 90° to a doublegrating emission monochromator (2.1 nm mm -1 of dispersion; 1200 grooves mm -1 ) and collected by a TBX-04 single-photon-counting detector. The detected photons are correlated by a time-to-amplitude converter to the excitation pulse. Signals were collected using an IBH DataStation Hub photon-counting module and data analysis was ! performed using the commercially available DAS6 software (Horiba Jobin-Yvon IBH).

The quality of the fit was assessed by minimizing the reduced χ2 function and by visual inspection of the weighted residuals. For multi-exponential decays, the intensity, namely I(t), has been assumed to decay as the sum of individual single exponential decays as by the following equation (Eq. 2.1)

! ! = ! ! ! !!! ! !! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(Eq. 2.1)
where τ i are the decay times and α i are the amplitude of the component at t = 0. The percentages to the pre-exponential factors, α i , are listed upon normalization. The quantum yield were measured using an absolute photoluminescence quantum yield spectrometer Quantaurus C11347 (Hamamatsu, Japan) by exciting the sample at λ exc = 300 and 350 nm. All solvents were spectrometric grade. The measurements were performed on samples at 50 µM concentration.

Cell culture

All materials used for cell culture were purchased from Gibco. 

Platinum complex incubation

Incubation with PBS. The culture medium was gently removed followed by washing with PBS two times. Subsequently, 2 mL of new staining solution containing the corresponding platinum complex (50 µM in less than 1% DMSO containing PBS) were gently added onto cells' surface. After incubation at 37°C for 4 hours, the incubating media was removed and the cell layer on glass cover slips was gently washed (3×) with PBS and fixed with 4% paraformaldehyde (PFA) solution for 10 min.

!

Incubation with cell culture media. After removing the culture medium and performing cell washing with PBS two times, 50 µM of CF 3 -Pt-4OHpy staining solution (in less than 1% DMSO containing culture media) was added to the cells grown onto glass bottom dishes. After incubation at 37°C for 4 and 24 hours, the media was removed and the cell layer on glass cover slips was gently washed (3×) with PBS and 2 mL of fresh culture medium was added.

Organelle staining

After the CF 3 -Pt-4OHpy complex incubation and PFA fixation, cell layer was washed twice with PBS and kept in 0.1% 

Photobleaching experiments

Photobleaching experiments were performed on post-fixed cells priorly stained with CF 3 -Pt-4OHpy and DAPI. The sample was continuously excited with high power 405 nm laser (ca. 32 mW) for 5 minutes continuously and subsequently imaged by a confocal microscopy setup at low power acquisition (ca. 1.2 mW) every 5 minutes for a total time of 25 minutes.

Kinetic of internalization of the complex in PBS

The culture media of live cells cultured on glass bottom dish (MatTek) was removed and 2 mL of CF 3 -Pt-4OHpy staining solution (50 µM in less than 1% DMSO containing PBS) was added. The cells were subsequently imaged by confocal microscopy setup for about ten minutes of acquisition time for a total duration of 75 minutes.

!

Kinetic of internalization of the complex in culture media

The culture media of live cells cultured on glass bottom dish (MatTek) was removed and 2 mL of CF 3 -Pt-4OHpy staining solution (50 µM in less than 1% DMSO containing culture media) was added. The cells were subsequently photographed by confocal microscopy setup for one minute of acquisition time for a total duration of 75 minutes.

Kinetic of cellular expulsion of the complex after culture media addition

Cells grown on glass bottom dish were incubated with 2 mL of CF 3 -Pt-4OHpy staining solution (50 µM in less than 1% DMSO containing PBS) for 20 minutes. Subsequently, cells were quickly washed three times with PBS to eliminate the excess of the nonuptaken complex and the PBS was replaced by normal culture media. Confocal microscopy experiments were directly performed for 2 minutes of acquisition time for a total duration of 40 minutes.

Platinum complex incubation at 4 o C

Cells grown on glass bottom dish were incubated with 2 mL of CF 3 -Pt-4OHpy staining solution (50 µM in less than 1% DMSO containing PBS). After incubation at 4°C for 2 hours, the cells were subsequently imaged by confocal microscopy setup without further washing treatment for five-minute acquisition time for a total duration of 25 minutes.

Fluorescence confocal microscopy

All of the fluorescence microscopy experiments were performed using Zeiss LSM 710 confocal microscope system with 63× magnification, numerical aperture, NA, 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). A continuous wave (cw) laser at 405 nm was employed to excite the samples. The emission of the complexes was collected in the range from 500 to 620 nm. Lambda mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. In this respect, the complexes were excited at 405 nm and emission spectra were collected from 412 to 723 nm. For co-localization experiments, the samples priorly counter stained with different fluorophores, i.e., DAPI (λ exc /λ em : 358 nm/461 nm), SYTO ® RNASelect™ Green Fluorescent Cell Stain (λ exc /λ em : 490 nm/530 nm) and Alexa Fluor ® 568 Phalloidin (λ exc /λ em : 578nm/600 nm)

were excited at 405 nm and 594 nm, respectively. The emission spectra of the ! complexes together with the different dyes were collected using lambda-mode acquisition of the confocal setup. The raw data taken by the lambda mode then were processed using linear un-mixing tool available in ZEN 2011 software package (Zeiss GmbH). Image processing was performed using the same software. False color images were adjusted to better distinguish the complexes from cellular organelles, e.g., yellow corresponds to complex, blue to DAPI that stains nucleus, green to nucleoli, and red to f-actin. The 4-hydroxypyridine has been chosen as the ancillary ligand to provide an amphiphilic character to the complexes while keeping the overall charge neutral character of the compounds. Neutral square-planar platinum complexes are expected to show higher tendency to aggregate than charged counterparts, due to the fact that the latters might experience much higher repulsive electrostatic interactions when spatially near.

Results and discussion

Synthesis and single-crystal X-Ray determination

Single crystals of the platinum complex bearing the trifluoro-methyl moieties suitable for X-ray diffractometric analysis were obtained by crystallization in DMSO at room temperature.

! 8) 98.5 (6).

The corresponding Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram for the complex CF 3 -Pt-4OHpy•2DMSO and the crystal data as well as the structural refinement parameters are displayed and listed in Fig. 1 and Table 1, respectively. In the crystal state, the complex shows a square-planar arrangement around the platinum atom, distorted in order to comply with the geometrical constrains imposed by the formallydianionic tridentate ligand. As far as the geometrical parameters are concerned, the N(py)-Pt [where py is pyridine] bond lengths are 1.995( 16) and 2.029( 16 These values are sizeably narrower than those one could expect for ideal chelating arrangement for square planar complexes (90°). Finally, the complex displays an closeto-planarity arrangement as demonstrated by the value of 3.1(10)º of the N(1)-Pt-N (8) out-of-plane bending angle adopted by the nitrogen atom, N( 8), of the monodentate ancillary pyridine. It is important to note that, all these crystallographic findings are in accordance with the already reported structures of Pt(II) complexes containing 1,2,4-! triazolate ligands with a κN 1 coordination mode. 6,27,28 In the crystal packing, the complex molecules are organized in a parallel head-to-head staggered fashion, but no closed-shell Pt•••Pt interaction (Pt•••Pt distance = 4.845 Å) has been detected, resulting in a negligible interaction between neighbor molecules. Such absence of interaction could most likely be due to the presence of the DMSO molecules within the crystal structure engaged in hydrogen bond interaction with the OH moiety of the ancillary

pyridine [O(1)-H(1)•••O(2) = 1.66 Å and O(1)•••O(2) = 2.50(2) Å].
Table 1. Single-crystal X-ray crystallographic data and the structure refinement. 

Photophysical study

In order to evaluate the possible application of the novel neutral platinum complexes as luminescent labels for bio-imaging purposes, we have investigated their photophysical properties in solution. The corresponding absorption spectra and the most meaningful photophysical data for both platinum(II) complexes in DMSO solution are shown and summarized in Fig. 2 and Table 2, respectively. 

λ abs (e) [nm, ×10 3 M -1 cm -1 ] λ em [nm] t [ns] PLQY (%) λ em [nm] t [ns] PLQY (%) CF 3 -Pt-

!

The two compounds show broad and featureless weak bands (ε = 3.4 × 10 3 M -1 cm -1 and 2.2 × 10 3 M -1 cm -1 for CF 3 -Pt-4OHpy and Tol-Pt-4OHpy, respectively) centered at ca. 390 nm. This behavior can be due to spin-allowed metal-to-ligand charge-transfer

( 1 MLCT) transitions, as already reported for closely related complexes. 6,13,21 Interestingly, we noticed that the intensity of the bands is very different even though the maxima are the same for both complexes. These bands are attributed to transitions that mainly involve the platinum d orbitals partially mixed with the terdentate-ligandcentered π and π* orbitals. Complex Tol-Pt-4OHpy presents a strong featureless band at about 320 nm attributed to ligand-centered ( 1 LC) π → π* transitions involving the tolyl groups on the triazolate rings. At higher energies, triazoles and pyridine bands overlap and it is not possible to assign the correct maxima within the window of the employed solvent.

Excitation at any of the absorption bands below 534 nm causes an emission at room temperature in DMSO only for the Tol-Pt-4OHpy (Fig. 3), while the trifluoro-methyl derivative is not emissive in fluid solution. The excitation spectrum is also depicted in Fig. 3 and it is very similar to the absorption spectrum recorded in the same conditions as previously shown in Fig. 2. Interestingly, addition of water-DMSO mixture, DMSO:H 2 O (1:99 v / v ), causes the formation of aggregates for both the tolyl-and the CF 3 -containing derivatives. For the Tol-Pt-4OHpy the emission shifts to lower energy (Fig. 3) reaching a maximum at 562 nm, while the CF 3 -Pt-4OHpy displays now an emission at 587 nm. The fact that aggregates are formed is also visible looking at the excitation spectra as clearly demonstrated by the formation of a new broad band around 450 nm for the tolyl complex while for the CF 3 -Pt-4OHpy derivative the onset shifts to very low energy reaching 520 nm (Fig. 3). These low energy bands, which are absent in the pure DMSO solutions, are assigned to the transitions involving a new excited state, namely 3 MMLCT, which is promoted by metallophilic interactions between platinum centers. The emission of the compound CF 3 -Pt-4OHpy, as monomeric species, can be detected at 77 K in 2-MeTHF glassy matrix. The structured emission presents vibrational sharp peaks at 452, 482 and 515 nm, and it is attributed mainly to ligand centered (LC) transitions in accordance with a similar previously reported complex (Fig. 3). 7 The excited state lifetimes of the complexes at room temperature show multi- (1:99 v / v ) (red trace). The samples were excited at λ exc = 330 nm.

Bioimaging

Due to its very interesting and dynamic behaviour between monomeric and aggregates species that can be easily monitored from the changes in the photophysical properties, we decided to investigate the possible use of the complexes as cellular probes for optical imaging in living and fixed cells. In order to achieve this, schematic studies by means of cellular uptake experiments were carried out on the living human cervical carcinoma, HeLa, cell line under normal biological conditions (37°C, 5% CO 2 ) and the cellular behavior were analyzed by confocal microscopy. The results of the internalization experiments upon incubation on cancerous cells are reported.

The two complexes possess tridentate ligands with different hydrophobicity and electron density. Furthermore, CF 3 -Pt-4OHpy was chosen because of trifluoromethyl groups are well-known to enhance cell and nuclear permeability, while lipophilicity generally enhance cellular uptake even though being responsible of increased ! cytotoxicity 29,30 while Tol-Pt-4OHpy derivative displays good luminescent properties in both monomeric and aggregated conditions.

The platinum complexes were dissolved in a minimum amount of DMSO and the respective solutions were diluted into phosphate buffer saline, PBS, resulting in a 50 µM solution with less than 1% content in DMSO. HeLa cells were incubated for 4 hours at 37°C under 5% CO 2 atmospheric condition with the complexes, and then were washed with complex-free PBS, followed by cell fixation using 4% paraformaldehyde (PFA) solution. In addition, kinetic experiments to observe the real time internalization of the complex were performed. Under these conditions, as can be seen by analyzing the fluorescence confocal images depicted in Fig. 4a and Fig. 5a, the two complexes show bright emission coming from ! different cellular compartments indicating cell internalization. The emission of Tol-Pt-4OHpy was mainly observed from cytoplasmic region while the trifluoromethylcontaining complex, i.e., CF 3 -Pt-4OHpy, was partially distributed in the cytoplasmic region but bright aggregates were observed inside the nucleus. This particular localization is also previously observed for the case of neutral N^C^N terdentate luminescent Pt(II) complexes. 14,19 In order to understand deeper especially related to the chemical nature (either a monomeric compound or an aggregated species) of the emissive species responsible for the photoluminescence of the stained cells, we recorded photoluminescence spectra of cellular compartments upon platinum complex uptake and the results are shown in Fig. 4b and 5b (dash red trace). For both investigated complexes, an intense and broad emission band centered at 550 nm and 590 nm for Tol-Pt-4OHpy and CF 3 -Pt-4OHpy, respectively has been observed. In order to monitor real-time events under normal cellular conditions, an ideal bioimaging probe should not influence, strongly interact, or alter the correct cellular functioning and bio-chemical processes. Thus, luminescent molecules used as staining agents should preferentially be uptaken in relatively short incubation period. Thus, we performed kinetics studies in HeLa cells by means of live cell imaging. At the same concentration used, we found that the complex started to enter the cytoplasmic and cell nucleus after ca. 10 minutes of incubation and accumulate inside cell nucleoli after 20 minutes of intake with the CF 3 -Pt-4OHpy complex and all the staining pattern of the cytoplasmic and nuclear regions was found to increase over time (Fig. 7). It is very important to note that many of commercial dyes sometime require very long incubation period (several hours and in some case can even go up to several days), therefore the designed complex can be regarded as easy, fast, and robust cell labeling probes.

! In order to address uptake mechanism involving energy dependent mechanism i.e., endocytosis, uptake experiment at low temperature (i.e., 4 o C) for 2 hours incubation time was further performed. It is very well-known that uptake (endocytosis) is inhibited almost completely by incubation the cells at low temperature, 31 thus performing the experiment at this condition can reveal the mechanism involved. After 2 hours of CF 3 -Pt-4OHpy incubation in the living HeLa cells without performing further washing step, no internalization were observed (Fig. 8a). This result is clearly confirming that endocytosis plays an important mechanism for the cellular internalization. More interestingly, we started to observe the complex started to be internalized after 5-10 minutes after the sample was replaced in room temperature (Fig. 8b-8d) confirming the influence of endocytosis in our system.

! As can be clearly seen from Fig. 3 we should be able to excite the systems also in the visible region since the excitation spectrum extend to almost 550 nm. In order to prove this hypothesis, we have recorded emission images upon different excitation wavelengths and showed that we can efficiently use this complex and overcome the problem related to the excitation energy as shown for CF 3 -Pt-4OHpy in Fig. 9. The aggregation process is also leading to the protection of the platinum complexes and prevents oxygen quenching, as already discussed above, but also to reduced photobleaching. To estimate to a certain extent the degree of photostability of the investigated systems inside nucleus of cells, we have compared the photobleaching time of DAPI, used to stain nuclear region, with our platinum complexes under the same excitation wavelength, 405 nm.

The results are displayed in Fig. 10 and clearly suggest that our label is more photostable than the organic dye even though we still have to note about different concentration used (in solution) and uptaken by the cells for both dyes (500 nM vs 50 µM for DAPI and CF 3 -Pt-4OHpy, respectively).

! We would like to stress out that the uptake of the platinum complexes and their internalization in HeLa cells occur only when PBS is used as incubation medium.

Indeed, the replacement of PBS with cell normal culture media containing 88%

Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), 1%

Penicillin-Streptomycin and 1% L-Glutamine 200 mM prevented the complexes to be internalized by the cells. Fig. 11 displays the experiments carried out for the complex CF 3 -Pt-4OHpy. The data obtained suggest that the platinum complex is somehow sequestered by the culture media, most likely because of an interaction with one of the amino acids/proteins, and therefore is not uptaken by the cells even if the incubation time is extended to 24 hours.

Furthermore, to confirm this hypothesis, the complex was incubated for 20 minutes (minimum incubation period confirmed by previous kinetics experiment) in PBS solution with cells and, as expected, internalization occurred (Fig. 12a). At this point, the cells were washed several times with PBS to eliminate the excess of the complex and the PBS was replaced by normal culture media.

! After several minutes (see Fig. 12b-12c), the luminescence signal slowly disappears from inside the cells and surprisingly it has been migrated to the outer part of cells and slowly detected as bright small spots surrounding the cells, but very clearly in the cell's environment i.e., culture media. In addition, the emission profile collected from several of these aggregates confirms that photoluminescence is coming from the platinum compounds, but the wavelengths (λ em = 550 nm) is hypsochromically shifted compared with the platinum aggregates inside the cells (Fig. 12d). This observation supports the hypothesis that the platinum complexes experience a different environment and therefore change their emission properties.

However, cellular uptake of the platinum complexes using cell culture media as the incubating media can occur if the cells are dying or cell membrane is partly damaged.

Live cell imaging was performed on HeLa cells incubated with CF 3 -Pt-4OHpy in cell culture media using time-lapse acquisition mode. The complex was excited at 405 nm and the emission signal was collected with one-minute acquisition time for a total duration of 75 minutes.

! Cells were excited at 405 nm.

The selected slices of time-lapse images for 0 to 75 minutes are displayed in Fig. 13.

Our observation reveal that there was no uptake occurring before the first 30 minutes, but surprisingly the uptake of the complex starts very rapidly only when the cells were dying due to the long exposure to UV light (see formation of apoptotic sign in bright field image, ca. after one hour). This is indeed not surprising since, as already reported, long exposure to UV light can harm the cell, break cell membrane, damage DNA and other cellular organelles and later induce cell death. 32 In fact, this specific uptake phenomenon has been observed and well-studied especially in the development of dead cell labeling molecules such as DAPI staining.

! More important, this finding is also strongly supported by the fact that only area irradiated with UV light show cellular uptake of the complex while cells in the surrounding do not exhibit any internalization since they have not been damaged. A control experiment to prove that the platinum complex is not responsible for the cell damage due to the formation of singlet oxygen or other reactive species was performed by irradiating the system, in the same conditions, with wavelengths of 455 and 488 nm light where the platinum complexes absorb light (Fig 14).

! probes to be used in bio-imaging applications.

Finally, in order to prove that the synthesized complex can be used for staining different type of cell, we performed cellular uptake experiment under the same described condition in living glioblastoma cell line namely, Rattus norvegicus brain glioma (C6 glioma). As it is displayed in Fig. 16, we observed similar respond as already reported for HeLa cells. 

Conclusion

In this chapter, we have demonstrated the use of Pt(II) complex as an efficient probes for cellular imaging application. Their square planar geometry can induce self-assembly resulting in supramolecular architectures possessing interesting photophysical properties together with an enhanced stability. Such aggregates can be indeed considered a new class of dynamic probes, since the emission can be easily modulated and their long-lived emission easily detected. Also by designing the coordinating ligands it is possible to internalize and localize the complexes in specific parts of the cells.

The investigated complexes show efficient uptake when specific incubation conditions e.g. PBS was used and, interestingly, the presence of amino acids or proteins or other ! CHAPTER 3

Stained biological cells for mirrorless random lasing: From concept of laser generation to cell distinction study! !

From spontaneous emission to stimulated emission: A cellular laser

The use of fluorescent dyes to stain biological cells especially cellular organelles is a common tool in the field of bioimaging. 1 Information from spontaneous emission of luminescent labels and sensors, in particular, enables analysis in real time and in real space of biological samples with high resolution and sensitivity. 2 Nonetheless, in presence of a strong excitation field and of an amplification medium, spontaneous emission can be overcome by stimulated emission, eventually leading to lasing. This last phenomenon, compared to spontaneous emission, carries totally different information concerning the system in which it is generated, hence having the potential to reveal new features about the physical properties of the amplification medium.

Furthermore, laser action is a well-known tool commonly used to trigger other information-dense phenomena, such as excitation of other fluorophores with high selectivity in energy, space and time.

Lasing can be obtained upon energy supply from an active medium coupled to an amplification system. The amplification media have been traditionally characterized by a high degree of order, to achieve control on resonance properties and on resulting lasing features. Amplification of light without conventional optical cavity, however, remained as a big challenge in the field of laser until recently when a special class of amplifier has emerged and characterized by a random structural organization, [3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18] i.e. a random pattern of scattering points distributed in space. The mutual interference in such random resonance paths originates an emission speckle, where the stimulated emission is amplified by light localization, 19,20 eventually leading to laser action. Interestingly, such amplification paths are relatively "unstable": fluctuations of the output speckle-like emission pattern can be observed due to: 1) chaotic nature of "multiple scattering" 21 and refractive index variation, 15,22 2) dynamic properties of the amplification medium such as diffusion of the scatterers, 23 and 3) undesired effects such as photobleaching or pump fluctuations. 24 Resulting laser emission hence features peculiar dynamic properties and can rapidly change in direction, intensity and wavelength, [25][26][27] which yielded this phenomenon the name of "random lasing (RL)". 12,15 (Please refer to a dedicated subchapter (i.e. Chapter 1.2.1) to understand the physics of random laser).

The first report of stimulated emission amplification in biological cells dates back to 2011, when Gather and Yun successfully generated laser action by placing a 293ETN cell expressing green fluorescent protein (GFP) inside a high-Q resonator consisting of two distributed Bragg reflectors, DBRs. 28 Few other examples showed light ! amplification phenomena in biological samples, including human colon tissue incubated with rhodamine 6G (R6G), 29 cortical bone of bovine femurs infused with rhodamine 800 dye 30 and nanofibers of bacterial cellulose impregnated with nanoparticles and R6G dye molecules. 31 In this chapter, we report for the first time on laser emission obtained (without any conventional optical cavity) from fixed biological cells stained with a common organic dye. Moreover, we successfully explore the use of such light-amplification for novel biophotonics applications related to bioimaging and cell segregation study. To be more specific, the significance of this achievement is threefold: firstly, it demonstrates that biological cells are able to provide by their own the scattering-based amplification medium that is needed to trigger laser action, without the need for traditional resonators or for additional scatterers such as inorganic nanoparticles. Secondly, the dynamic behavior, type and life cycle of the cells can modulate the lasing activity and even determine which modes can be amplified in relation with the physical properties of the cell constituents. Finally the simplicity of the method used to achieve directional, intense and highly efficient laser emission paves the way for a new branch of research in the fields of cellular biology and biophotonics: lasing, rather than spontaneous emission, can indeed be employed as the analytical signal to yield new information about cellular behavior and properties especially for imaging and for distinguishing cell types based on the computational analysis of their RL spectra.

Experimental Section

This study was performed in collaboration with Dr. Valentin Barna and Dr. Damiano

Genovese from the group of Prof. Luisa De Cola.

Sample preparation

Human cervical carcinoma (HeLa), Rattus norvegicus brain glioma (C6 glioma), and Rat primary cortical astrocyte cells were grown inside media containing 88% 

Laser setup

For the lasing experiments, a pulsed Nd:YAG laser (Spectra Physics, frequency of 10

Hz, pulse duration 8 ns) coupled to a Master Oscillator Power Amplifier (MOPA) system (Spectra Physics 200PRO) was employed and operated at 520 nm wavelength.

The optical set-up includes an optical diaphragm, optical density filters, polarizers, mirror, a spherical lens (focal distance, f = 7 cm) for beam focusing, yielding a beam waist of about 65±5 µm at the focus position or alternatively a 10x magnification objective (Thorlabs) yielding a beam waist of about 3.0±0.2 µm, dichroic mirror (DM), beam splitter (BS), a Charged Coupled Device (CCD) camera and optical fiber connect to Ocean Optics HR4000 Spectrometer (resolution ca. 0.15 nm). The lasing threshold was measured by means of a power meter (Coherent). !

Image analysis

Videos (10,000 frames) of lasing beam were taken with a CCD camera (DCU224M, Thorlabs) and a 25 mm objective (MVL25M23, Thorlabs) at 10 fps, i.e. the same repetition rate as the pump laser and of random lasing shots. Image analysis was performed using Matlab and ImageJ. In order to quantify the fluctuations of the beam shape (in 1D, along a line crossing the center of the beam), we designed a "shapematrix" as the matrix obtained by subtracting each pixel along this line with all other pixel along the same line:

!! !,! ! = ! ! ! -! ! ! .
This matrix yields a parameter (sf) that reports on the shape fluctuations, given as the standard deviation normalized by the mean of the absolute value:

!" = !"# !! !,! ! / !! !,! ! .

Multivariate statistical analysis

10,000 individual spectra (401 points per spectrum, wavelength range 550 nm to 600 nm, ca. 0.15 nm resolution) of five different cell groups were acquired during the lasing experiments. Principal component analysis (PCA) was performed by using a statistics toolbox from Matlab. The processed data for a single cell group contains a 401x10,000 matrix.

Results and discussion

Generation of cellular RL

Our active material consists of human cervical carcinoma cells, HeLa, incubated with R6G staining solution (0.9 mM in DMSO) for 30 minutes. Two confinement geometries were chosen to host the active material, a rectangular chamber with thickness 100 micron, and a glass capillary cylinder with internal diameter about 600 micron.

The sample was excited at room temperature with a pulsed laser system (wavelength 520 nm, frequency 10 Hz, pulse duration 8 ns) whose beam passed through a series of optical elements (Fig. 2), yielding a focused pump spot of diameter 65±5 µm in the center of the chamber. Upon optical pumping at low energy, the typical R6G fluorescence, a bright red-orange emission, was observed and analyzed with a highresolution spectrometer.

! ! HeLa cells behave in this experimental system as the only amplification medium, and they also host the active dye in high concentration, as shown in the confocal micrograph in Fig. 3f (see also the intensity profile depicted in Fig. 4). Their average diameter after trypsination was 12±2 micron. Their concentration in volume fraction Φ, accounting to roughly 10% in average, was varied along the chamber long axis through a sedimentation process. The rectangular chamber was oriented vertically during lasing experiments (see Fig. 3a and sketch in Fig. 3c), resulting in heavily packed sediment in the bottom, from which no lasing could be detected (concentration in volume fraction Φ~70%, Fig. 3f). On the other hand a long lasting random lasing was observed in a central region where a dynamic gradient of cell concentration is present (volume fraction ranged approximately 1<Φ<20% during lasing experiments, Fig. 3b). Fig. 4c displays an input-output curve for our cellular laser. As can be seen here, the output of optically pumped cell showed a distinct kink as the pump energy was increased beyond a certain level (i.e. 1 µJ/pulse). The emission monitored from our system, in low pumping regime shows typical fluorescence profile (Fig. 5a) while in the high pump energy regime it features the typical dynamic behavior of random lasing. Fig. 5b shows the emission spectra of individual lasing shots, which are extremely narrow (0.4 nm fwhm) and display evident intensity and peak wavelength fluctuations.

Nonetheless, the overall lasing emission remains highly monochromatic, only extending in a range of few nanometers.

This cell-based random laser device exhibits remarkably high conversion efficiency.

The ratio of output versus input energy, measured by means of a power meter, revealed a yield of random lasing generation as high as 35%. The directional random laser beam features a very low divergence (fwhm ~ 0.5 degrees, angular distribution in Fig. 5d)

,
which can open new perspectives in photonic applications. [32][33][34][35] 

Analysis of RL beam's profile

Beam profile imaging analysis was performed to investigate the macroscopic behavior of the system. The far field intensity profile of the beam revealed strong variations in time of both intensity and shape (Fig. 5c), yielding additional confirmation of the randomness of the observed laser action. The time-dependent shape and intensity of the random lasing beam were analyzed and compared to the pump and the non-absorbed beams. Remarkably, despite the single lasing shots display the peculiar speckle-pattern shape, the random lasing beam averaged over time displays a homogeneous intensity profile, where the interference pattern typical of the coherent pump beam has vanished (Fig. 6a-6c). 32,33 Intensity fluctuations versus time can be clearly observed in Fig. 6g-6i (local intensity time traces taken in significant spots of the beams) and in Fig. 6d-6f, where maps of the fluctuations are shown for the three beams (pump, non-absorbed and random lasing beams). with a strong intensity in the center of the ring, coming from the internal part of the cells. This finding is very important since it confirms the lack of the formation of lasing spot only from R6G-DMSO solution. Resulting ring shape interference (Fig. 7b) might be due to the excitation beam that that inevitable has also fringes itself since this is unavoidable and apparently gives an inhomogeneous excitation on the field of image (Fig. 6a). Furthermore, multiple interference patterns were observed in the presence of several lasing spots with typical multimode emission wavelength from two or more nearby excited cells (Fig. 7c), indicating the coherence behavior of the photons emitted from our system. In short, these observations suggest hence that stimulated emission is randomly amplified by the cells contained in the small focal volume of our experimental system: fixed HeLa cells are thus able to trigger random resonance paths that result in light localization and eventually in random laser action. 

Cell distinction study

We proved the generality of the here reported method to prepare random lasers from biological cells. Analogous random lasing was indeed observed when different types of cells, both cancerous namely C6 glioma, a glial cell from brain tumor of rat and A549

(human lung cancer cells), and non-cancerous cells i.e., MDCK (dog kidney cells) and rat primary cortical astrocyte were treated with the same experimental procedure as HeLa cells. Fig. 8 shows a representative picture and the emission spectrum of the C6 glioma cells sample, which yields random lasing under similar conditions as the HeLa sample. Finally, we performed a multivariate statistical analysis, i.e. principal component analysis (PCA) on emission profile data to demonstrate the application of the lasing from biological samples for cell distinction study. PCA is a data reduction technique which allows a visualization of the data set in a reduced-dimension space and it has been already employed as a powerful tool to distinguish cell types/groups from Raman, SERS, and infrared (IR) spectroscopy experiment data. [36][37][38] PCA generates score plots and loadings from derived principal components (namely PC score and PC loading) that able to identify the importance of each variable (i.e. a peak(s) in absorption/emission ! spectrum) and correlation of a variable to a PC mirrors its contribution to the data variation allowing us to distinguish the data groups.

The computational analysis on 10,000 individual spectra for each cell independently was performed using Matlab R2009a software and the corresponding results are shown in Fig. 9. As can be seen from two dimensional PC1 and PC2 scatter plot, RL emission coming from each individual cell has different data distribution which could be attributed to strong intensity fluctuation of each system. Interestingly, we found there is a slightly similar feature between A549 and Astrocyte cells, and the same behavior also can be observed in the other group consisting of HeLa, MDCK, and C6 glioma.

Furthermore, by plotting each PC loading values as a function of wavelength, we could identify the dominant laser peak(s) that mostly relate to similarities and differences between each RL signal. PC1, PC2, and PC3 loading graph (Fig. 9b-9d) showing at some specific RL modes, similar values for two or more systems are detectable. 

!

On the other hand, large variation of values (from positive to negative) at particular frequencies can be also detected and their presence can be very useful as a main discriminator between two or more types of cells, or even in more general case to distinguish between cancerous and healthy cells. So even though it is still preliminary, such results have demonstrated that by analyzing PC scores and loadings of RL spectra, segregation of the cell types can be easily performed. Work is in progress to understand if such a behavior can be applied in the recognition and discrimination of healthy and cancer cells of the same organ/tissue.

Conclusion

We realized a flexible design to trigger for the first time random laser action in R6Gstained biological cells. The demonstrated laser action is highly efficient, directional and narrow banded (fwhm below 0.5 nm for each laser mode). We also successfully extended the practical innovation of the new result representing the use of lightamplification from biological samples in cell imaging and distinction study. The reported system is relatively robust, and hence provides a new analytical tool with great interest, wide applicability, and big potential of opening new horizons for biophotonics applications in the fields of biological probes and sensors.

CHAPTER 4

Porous materials as multifunctional inorganic nanocontainers for oligonucleotide and drug delivery into living cells !

Abstract

The design and synthesis of multifunctional nanomaterials could lead to potential applications especially for the field of theranostics, i.e., imaging, diagnostic, and cancer therapy. Manufacturing and tailoring porous nanostructures in order to be able to carry bioactive molecules into living cells represents an important goal towards the development of powerful systems for nanomedicine. In the following chapter, we will 

Transfection of oligonucleotides

Gene transfection or the transfer of foreign genetic materials has been recognized as a well-known tool in the field biomedicine and its applications enabling study of the function of genes and gene products in cells have been demonstrated since many years. 1 In particular, DNA or DNA-like species including transgene plasmids, oligonucleotides, aptamers, ribozymes, DNAzymes, and small interfering RNAs have been shown capable to control disease progression and to manipulate living organism through gene knock-out or knock-in mechanism. 2 However, one of the biggest challenges might be preventing the success of DNA based technology as a pharmaceutical or a basic research tool is their low DNA transfection efficiency, both in term of DNA delivery (i.e. number of DNA internalized inside the cells, in particular in the cell's nucleus) as well as DNA expression (number of nuclear's DNA undergoes translation). These can be also correlated to its low uptake across the plasma membrane, inadequate release of DNA molecules with limited stability, and lack of nuclear targeting. 3 Therefore, development of powerful technique and system that could tackle these problems remains as substantial subject in the field of biotechnology.

Like a DNA, peptide nucleic acids or simply called PNA have started to become a powerful tool and considered as a promising platform for the development of novel gene therapy agents. PNA is an oligonucleotide mimics in which the natural negatively charged sugar-phosphate backbone is replaced by a neutral polyamide backbone composed of N-(2-aminoethyl)glycine units. 4 Some key aspects making PNA highly suitable for biological applications are its high affinity for DNA and RNA, high sequence selectivity, as well as stability towards degradation of both nucleases and peptidases. More importantly, they have been already shown being able to efficiently target miRNAs in anti-miR strategies. [5][6][7][8][9] However, like its counterpart, DNA, their poor cell membrane permeability remains as a drawback to be used in real biomedical applications.

Due to several limitations of viral systems, especially from a safety point of view, 10 numbers of non viral-based approaches 11 mainly using "soft system" have been introduced to help the oligonucleotides such as DNA and PNA to cross the cell membrane barrier. Several strategies can be performed, e.g. by linking the DNA electrostatically either to positively charged uptake-enhancing molecules, like peptides, [12][13][14][15][16] proteins, [17][18][19][20] or synthetic polymers (i.e., poly-L-lysine (PLL) and polyethylenimine (PEI), [21][22][23][24] and by entrapping the DNA into dendrimers [25][26][27][28][29] (see a ! general review by Luo and Saltzman 3 ). Similar approaches indeed have been also applied to PNA system, for example by modifying the backbone, or conjugating the structure to cell penetrating peptides or linking them to polymeric structure. 6,[30][31][32][33][34][35][36][37][38][39] Recently, "hard system" such as inorganic nanostructures based on metallic particles i.e., gold, 40-46 silver, 47 and iron oxide nanoparticles [48][49][50][51] have gained a lot of attention to be potentially employed as oligonucleotide nanocarriers, however, the number of examples of in vitro or in vivo experiments are still limited. Carbon-based nanostructured materials i.e., nano graphene oxide particles and carbon nanotubes also have been lately explored as possible suitable carriers for PNAs 52 and DNAs, 53-58 but the toxicity issue 59 might limit their future clinical application.

The use of porous materials, and in particular zeolites [60][61][62][63] and mesoporous silica nanoparticles (MSNP) 64,65 very recently opened a new dimension in the field of cancer or gene therapy since the pores can be used to load different molecules i.e. drug or fluorescent dye or even the oligonucleotide itself and their surface can be used as anchoring based of any targeting moiety or oligonucleotides, therefore actually multidelivery system can be envisaged. However, up to date, numbers of examples both in vitro and in vivo of the use of porous materials for concomitant delivery both cancer drug and oligonucleotide into living cells are very limited and they are mostly dominated by MSNPs. 66,67 In the first part of the following chapter, we will describe two examples of porous nanomaterials using 50 nm zeolite-L crystals (0.7 nm pore size) as multifunctional platforms to simultaneously deliver different oligonucleotides such as deoxyribonucleic acid (DNA) and peptide nucleic acid (PNA) together with organic fluorophores as a model drug into living HeLa cells. Thanks to the presence of its natural pores, the loading of selected molecules into the channels and their subsequent release was successfully demonstrated. Moreover, we investigated the kinetics of the fluorescencelabeled DNA and the fluorescent drug-mimicking molecule upon their release from the zeolite directly inside the cancerous cells. We have followed in real time their migration into and evidenced the final fate and spatial distribution in different organelles of the cells.

In the last part, a specific example of employing mesoporous silica nanoparticles (100 nm in size and 2-3 nm in pore's size) incorporating anti-miR-221 PNA probes and a cancer drug -temozolomide-to drug resistant glioma cells will be highlighted. The toxicity effect towards two different cell lines, i.e., C6 glioma and T98G cells were ! schematically studied in order to demonstrate the synergistic therapeutic effect of the two agents.

Experimental section

All of synthesis and material characterization studies were performed in collaboration FACS experiment and biological studies using T98 glioma cells were conducted in collaboration with Dr. Eleonora Brognara from the group of. Prof. Roberto Gambari at University of Ferrara, Italy.

Chemicals

All reagents were purchased from commercial suppliers and used without further Fmoc-A(Bhoc)-OH was purchased from Link Technologies (UK). HBTU was purchased from Matrix Innovation (Canada). Rink amide resin was provided by Merck (Italy). Aerosil Ox-50 was a gift from Evonik Industries. Aerosil Ox-50 was purchased ! from Evonik Industries. Ultra-pure water (Milli-Q Elememt, Millipore) was used for all the experiments.

Synthesis of zeolite-L nanocrsytals

Preparation of the silica dispersion. 15.00 g Aerosil OX-50 were slowly added to 35.00 g distilled water and dispersed for 8 minutes by using an Ultra Turrax disperser (IKA T18 Basic, 18000 rpm). After the first step, the dispersion was kept for 1 hour at room temperature and redispersed for 8 minutes before further use. For preparing aluminum solution (Solution A), 4.84 g KOH were dissolved in 20.00 g doubly distilled water 1.56

g Al(OH) 3 were added to the solution and it was refluxed until a clear solution was obtained. To prepare solution B, 7.23 g KOH were dissolved in 21.68 g distilled water and 40.06 of the silica dispersion were added. Finally solution A was quickly added to solution B it was stirred at room temperature until the solution became turbid.

Crystallization step was then done at 170°C for 6 hours at 40 rpm. SEM and TEM measurements then directly analyzed size and morphology of zeolites.

Insertion (loading) of fluorescent dye inside the pore of zeolites

DXP loading. DXP dye was inserted through sublimation (gas phase) at 300°C. 0.5 mg DXP was mixed with 100 mg zeolite-L in a glass ampoule to achieve a loading of around 7% (n dye /n site ) or equal to 0.71 mg DXP/100 mg zeolites. The ampoule was dehydrated at about 4.0x10 -6 mbar for 12 hours and sealed. Insertion was then done at 300°C for 24 hours. Afterwards the zeolite-L crystals were washed with n-butanol until the supernatant showed no fluorescence anymore and the zeolites were finally dried in vacuum.

DAPI loading. Zeolite-L nanocrsytals (150 mg), were dispersed in 15 mL of a 0. 

Functionalization of zeolite-L nanocrystals

Amino-functionalized zeolite nanoparticles. Dye-inserted zeolite nanocrystals (100 mg)

were dispersed in toluene solution (10 mL) followed by sonication. APTES (50 µL, 0. CTAB removal from MSNP pores. CTAB was removed from MSNP pores by shaking the particles overnight in ethanol containing few drops of HCl 37%. The particles were recovered by centrifuging and washed several times with ethanol and water.

Carboxylate-functionalization of MSNPs (COOH-MSNPs

). 80 mg of MSNPs were dispersed in 10 mL of DMSO followed by addition of 100 mg of succinic anhydride.

The mixture was stirred overnight at room temperature. The material was again recovered by centrifuging and washed three times with DMSO and twice with water.

Loading of temozolomide (TMZ-MSNPs

). 20 mg of COOH-MSNPs were dispersed in 5 mL of methanol and subsequently, 15 mg of temozolomide (TMZ) were added. The mixture was thoroughly sonicated to get a homogenous dispersion and then stirred overnight at room temperature. Methanol was then directly evaporated under vacuum, and the particles were washed with methanol and water to remove the non-internalized drug.

PNA-functionalization of MSNPs (PNA-MSNPs). 10 mg of TMZ-MSNPs or COOH-

MSNPs were dispersed in 1 mL of a 90 µM aqueous solution of R 8 -PNA221, and the mixture was stirred at room temperature for 4 hours. The final material was recovered by centrifugation and washed with water.

Material characterization

Confirmation of DNA binding by confocal microscopy. After DNA functionalization step, the particles were washed, dried on a microscope glass slide and the overlap of the DXP signal (in the zeolite pores) and the Cy5 signal (DNA label) was confirmed by confocal microscopy.

!

Quantification of DNA bounded to the surface. Amine-functionalized zeolites (1 mg)

were incubated in a solution of 15 nmol fluorescence-labeled DNA in 0.5 mL PBS buffer (37°C, 30 min). The materials were removed by centrifugation and the amount of DNA binding to the particles was calculated by subtracting the DNA concentration in the supernatant from the initial DNA concentration. In this experiment, A Cy5-labeled DNA was used and the concentration in the supernatant was determined by using a molar extinction coefficient of 2.50x10 5 M -1 cm -1 (650 nm) from the literature. 71 Before the measurement, the supernatant was diluted 1:16 with PBS buffer. An absorption of 0.2 was obtained which corresponds to a concentration of 6.4 nmol DNA / 0.5 mL PBS.

Therefore the binding is 8.6 nmol DNA per 1 mg of nanozeolite-L. Calculation of number of DNA molecules bound to a single particle was performed in the following way.

Zeolite-L dimensions: diameter = 50 nm; radius = 25 nm; length = 60 nm; mass = 0.001 g Number of parallel channels:

n !" = ! ! ! ! ! ! !"# !" = ! ! ! !" ! ! ! (Eq. 4.1)
where a: primitive vector perpendicular to the c-axis, and r: zeolite-L diameter radius in nm.

Equation 4.1 can be approximated as

n !" = 1.104!r ! (Eq. 4.2)
Hence a zeolite-L with a radius of 25 nm obtains about 690 parallel channels.

Number (mol) of unit cells in one crystal:

N !" = n !" ! ! ! !|!| (Eq. 4.3)
where l: length of zeolite crystal |c|: primitive c-vector (0.75 nm) a zeolite L crystal with a length of 60 nm has 9.16x10 -20 mol unit cells.

Weight of one crystal:

m !"# = N !" !M !.!.
(Eq. 4.4)

Mu.c. refers to the molecular weight of one unit cell (2880 g/mol)

Thus the weight of one zeolite-L crystal is about 2.64x10 -16 g.

Number of crystals in 1 mg:

! N !"# = !"#$%&!!"## ! !"# (Eq. 4.5)
Thus in 1 mg of zeolites there are 3.8x10 12 single crystals.

DNA absorbed on 3.8x10 12 zeolite-L crystals (1 mg): 8.6 nmol

Finally, the number of DNA molecules on one zeolite crystal: (8.6x10 -9 *6.022 Quantification of PNA molecules on zeolite surface. TAMRA-PNA whose sequence is reported above, and bearing a lysine amino group as attachment point was linked to the zeolite-L crystals by following the procedure described for the unlabeled PNA. 1 mg of PNA/zeolite-L were dissolved in 200 µL fluoric acid (HF) and the sample was diluted with water to a final volume of 2.2 mL. Finally, the sample was analyzed by UV/Vis spectroscopy and the amount of PNA was calculated by the absorbance value of TAMRA dye (λ abs 555 nm = 6.5x10 4 M -1 cm -1 ). A rough estimate of the number of PNA molecules linked was obtained by the following calculations. From Abs555 = 0.027, we calculated that C TAMRA = 0.42 µM; from this, the number of PNA molecules attached to 1 mg zeolites was evaluated to be 5.6x10 14 . The number of parallel channels was ! estimated by using the same formula used for DNA binding calculation. Finally, we obtained there are 148 PNA molecules attached to a single zeolite nanocrystal. 

!

Italy). The relative expression was calculated using the comparative cycle threshold method and as reference U6 snRNA (small nuclear RNA) was used to normalize all RNA samples, since it remains constant in the assayed samples by miR-profiling and quantitative RT-PCR analysis, as previously reported in literature. 52 Viability study. Cell viability was measured by an automatic cell counter CASY (Roche Innovatis). Approximately 50,000 cells (HeLa and C6 glioma) were grown in 2 mL of culture media inside 6 well plates at 37 o C, 5% CO 2 environment for 24 hours. Culture media was removed and replaced by solution containing either 0.01 mg/mL of PLL-PNA-modified zeolites or PLL-DNA-modified zeolites or 0.17 mg/mL of TMZmodified MSNPs, PNA-modified MSNPs, and TMZ-PNA-modified MSNPs, followed by cell incubation. After 24 hours of incubation, the culture media were removed to 2 ml of Eppendorf tube and cell detachment were done by adding 500 µL of 0.25% trypsin-EDTA (1X) and incubating cells for 5 minutes. Subsequently, 1.5 mL of fresh culture media were added to neutralize trypsin. Cell suspension together with first solution collected were removed into 10 mL Eppendorf tube and centrifuged at 1000 rpm for 5 minutes. Supernatant were removed and cell palates were suspended into 1 mL of new culture media. 100 µL of the cell suspension was dissolved in 10 mL of CASY solution and measurement was performed. To add negative control experiment, the exact same procedure was performed by incubating cells in 50% of ethanol in culture media while for positive control; cells were incubated only with free particle culture media. all DLS measurements were conducted in water, while zeta-potential analysis in phosphate buffered saline (PBS), pH = 7. Thermo-gravimetric analysis (TGA) was carried out by using a STA 449 F1 Jupiter (Netzsch, Selb, Germany). All the instrumentations used for the PNA synthesis are reported elsewhere 68,69 

Analysis of apoptosis. The analysis of apoptosis based on

Results and discussion

Material preparation and characterization of functionalized zeolites

Zeolite-L crystals with the size ca. 50 nm, 0.7 nm in pore size were successfully for mesoporous silica nanoparticles, MSNPs. 72 This DNA amount corresponds to a binding of about 1360 molecules per nanozeolite L (see experimental section above). It is very important to note that the binding of DNA to the particle surface can be a good strategy to close the pores and to prevent a release of the guest molecules as already reported for MSNPs. 73 Furthermore, a detachment of the DNA from the particles can somehow reopens the pores and the guest molecules can be released, thus controlled and targeted delivery system can be envisaged.

In order to increase the cellular uptake, a thin layer of degradable PLL was electrostatically adsorbed onto the DNA-modified zeolites, leading to overall positively ! charged particles (28 mV) and increase of the size of final particles (Fig. 3b). PLL also allows for protection of the oligonucleotide in the extracellular environment. 74 depending on the sequence (Fig. 5). The highest amount of DNA bound to the PNA/zeolite-L was obtained when a fully complementary DNA strand was introduced followed by one mismatch. No binding was observed with a 3-mismatch DNA strand.

These results confirm that PNA retains its sequence selectivity, following the Watson-Crick base pairing mechanism, even when they are covalently anchored to the surface of zeolite-L. 

Material preparation and characterization of functionalized MSNPs

Amino-Cy5-modified MSNPs were successfully synthesized following the protocols described in experimental section. Subsequently, the synthesized particles were extensively characterized by means of SEM, TEM, zeta potential, fluorescence spectroscopy, and confocal microscopy. SEM and TEM result as depicted in Fig. 6a and 6b shows the average size of particles ca. 100 nm. The successful proofs of Cy5 incorporation in silica matrix of MSNPs can be seen from collecting the emission ! profile (Fig. 6c and6d), while the presence of amino group in the surface of particles can be noticed from the positive value of zeta potential (+7.96 mV) as well as from positive ninhydrin test. Next, the amine groups were reacted with succinic anhydride to convert the amino group surface into carboxylic acids group. A zeta potential shift to -32.26 mV was confirmed after this step proving the success step of functionalization.

The presence of a negative charge on the surface of particle is indeed very crucial for the final binding of the cationic anti-miR221 PNA probes. Before the PNA binding, the chemotherapeutic agent temozolomide was loaded into the particle pores. 

In vitro experiments with DXP-DNA-modified zeolites

In order to investigate the possible use of the functionalized systems as an efficient DNA and drug nanocarrier into living cells, cellular uptake experiment was further conducted by incubating the materials in living HeLa cells. Firstly, to observe internalization we used [DXP and Cy5-labeled DNA]-modified nanocrsytals as the model system due to the fact that DXP is not be able to leak out of the zeolites due to its insolubility in water. Indeed it is important in order to gather information on the exact localization of the zeolites independently from the binding to DNA.

The internalization of the particles was followed by the confocal microscope and after 1 hour of incubation we found a small amount of particles was already presence inside the cells. For better visualization of cells, the nuclei were stained with Hoechst 33342. By analyzing the overlapping signal between the DXP and Cy5 emission, we confirm that DNA is still bound to the particles (Fig. 8a). Extending the incubation time to 4 hours ! (Fig. 8b) subsequently increasing intracellular particle concentration. Interestingly, a first red diffused staining of the cytoplasm was detected, which could be ascribed to small amounts of DNA detached from number of the uptaken particles. However, it is also worth to note that a big part of the DNA was still located at the particle surface, which is confirmed by the overlap of the DXP and Cy5 signal. The DNA detachment resulted greatly enhanced and more visible for an incubation time of 24 hours (Fig. 8c), which led to the bright red emission diffused in the cytoplasm. The particle concentration in the cells was increased as well, due to the constant incubation with medium containing the particle dispersion, leading to a higher amount of unbound DNA in the cytoplasm. 

Intracellular DAPI and DNA release by nanozeolite-L

In order to prove the designed systems can be used for multiple deliveries, i.e.

delivering molecules trapped inside the channels and oligonucleotides adsorbed/attached on the surface of the particle, we decided to use DAPI-DNAmodified systems. We also stained the f-actin filaments with Alexa Fluor ® 568

Phalloidin to give a better overview of the cell structures and latter can be used in zstack experiments. As can be depicted from Fig. 9a, after 1 hour of incubation, we observed the same behavior as reported for DXP-DNA-modified zeolites. More interestingly, a pale staining of the nucleus as well as low intensity red diffused staining in the cytoplasm was detected by extending the incubation period to 4 hours (Fig. 9b).

!

The staining of nucleus can be attributed to small amounts of DAPI leaking from the pores of zeolites. This effect was enhanced after 24 hours incubation where we recorded a strong DAPI fluorescence in the nucleus and a strong DNA signal in the cytoplasm (Fig. 9c). The particle internalization itself was verified by recording z-stacks of the cells and their corresponding orthogonal views are depicted in Fig. 9d. Although the multifunctional system can already be regarded as a drug and DNA delivery species, a further analysis of the cell uptake after short incubation times revealed that the amount of zeolites inside the cells is quite low (see Fig. 9a). This ! phenomenon can be attributed to negative charge pending to the surface of DNA that could reduce the uptake thus lowering the number of internalized materials 75 even though at the same time the influence of protein corona 76,77 cannot be neglected In order to have a better understanding of the kinetics of release of the system inside the cell, we monitored the evolution of internalized particle at specific time points. The experiment was performed by means of live cell imaging of the cells post treated with particles for 1 hour in advance. We have therefore used the DNA-functionalized particles cover with a thin layer of the cationic polymer poly-L-lysine (PLL) that is well known to increase cell uptake. 79 The PLL can have two functions. We observed a rather large amount of particles uptaken by the cells for both experiments. However it is worth to notice that even though a tenfold lower particle concentration was used for the PLL coated particles, the uptake was similar or even slightly higher compared to the uncoated (no PLL) ones (Fig 10a vs. 11a). Both systems show a slow release of DAPI and DNA from the zeolites. The PLL coated system shows that the DAPI at least requires 4 hours (Fig. 10c) to be clearly released and migrated into the nucleus. This time delay is related to the PLL degradation time inside the cell. 80 For the uncoated particles we observe a pale nucleus staining already after 1 hour of incubation (Fig. 11b). The DAPI and the DNA signal were also followed until 48 hours (see Fig. 10f and11f) and we observed slightly decrease of the emission intensity. Please note that cell division occurs after ca. 23 hours, as the consequence it will decrease the particle number to about half is expected for each division.

! and 633 nm and the emission was recorded using their corresponding emission filters.

Scale bar is 5 µm. !

Co-localization experiment of intracellular particles and DNA inside cells' organelles

As already reported for a variety of particles, zeolite crystals were expected to accumulate in the lysosomes. 78,81 To test this hypothesis, in HeLa cells which are postincubated with DAPI-DNA modified zeolites, their lysosomes were labeled with the lysosome staining i.e. Lysotracker ® Green DND-26 and the overlap of this emission with the residual extra-nuclear DAPI fluorescence from the particles was checked. Both signals resulted very well overlapping (overlap coefficient = 0.86), which proved the accumulation of the particles in the lysosomes (Fig. 13a). This lysosomal distribution also suggests that the particles might follow an endosomal-lysosomal pathway through endocytosis mechanism as already reported for different types of nanoparticles. [82][83][84][85] In addition, we determined the intracellular localization of the desorbed DNA. As can be seen from Fig. 13b, the signal of DNA cannot be found in cell nucleus but more distributed in another organelle. As reported in other in vitro experiments, the DNA tends to move to the mitochondria 86,87 and therefore we checked if we could observe the same pattern for our system. We labeled the mitochondria with the yellow-orange emissive dye MitoTracker ® Orange CMTMRos and we noticed a very good overlap (overlap coefficient = 0.91) of the DNA signal with the mitochondria stain revealing after being released, majority of DNA tend to migrate to the mitochondria.

In vitro experiments with DXP-PNA-modified zeolites

As already stated in the introduction part of the thesis, PNAs offer several advantages over standard nucleic acid oligomers i.e. DNA 4 such as: (i) ability to stores sequence information in a manner similar to DNA so that the same nucleobases form specific G:C and A:T base pairs with a complementary DNA strand (ii) formation of stable duplex structures with complementary DNA or RNA sequences 88 and, (iii) in comparison to a duplex of oligonucleotides, a PNA-DNA (or RNA) duplex possesses higher thermal stability, therefore designing multifunctional nanosystem employing PNA can be beneficial as well.

! Henceforth, in order to prove the PNA-modified zeolites can be used as the same platform like its predecessor e.g. DNA-modified zeolites, we further performed schematic studies on the cellular respond in the same condition (concentration and incubation times) described for DNA case. We also labeled the cell nuclei and f-actins using commercially available dye, Hoechst 33342 and Alexa Fluor ® 647 Phalloidin for better visualization of the cell bodies.

As can be visualized in Fig. 14, we obtained a rapid uptake of the PNA-functionalized zeolites and after an incubation time of 1 hour, a high particle concentration can be seen inside the cells, as shown in Fig. 14a. We proved the particle uptake by recording zstacks after an hour of incubation (see orthogonal view in Fig, 14b). As expected, extending the incubation time leads to an increase of particle concentrations inside the cells and after 24 hours a very high particle concentration is observed (Fig. 14c and14d). In all cases, the particles are equally distributed in the cytoplasm without entering the nucleus as already reported from DNA-modified zeolites experiments. It is worth to take into account that PNA is very poor membrane permeable, hence this approach ! presents a very simple and straightforward way to efficiently deliver PNA into living cells.

Moreover, to prove that the PNA-modified zeolites are internalized without degradation of its oligonuclotide as well as to confirm if PNA units are still covalently bound to the nanocontainers after internalization, a fluorescence colocalization experiment was performed. A PNA sequence labeled with the yellow fluorescent TAMRA (H-TAMRA-(D-Lys)-GTAGATGA-NH 2 ) was attached to the surface of the zeolites, in this case filled with red emissive dye, oxazine 170, in the channels. The choice of oxazine 170 as the label for the nanocontainers due to the need for having an emission color (deep red) that does not overlap with TAMRA (yellow) or nucleus staining probe, Hoechst 33342 (blue). Finally, the particles were coated with PLL and cell experiments were done as previously described, i.e. 24 hours of incubation. As visualized in Fig. 15 the red emitting zeolites, and the labeled PNA (depicted in green), showed an identical pattern and the two signal co-localized (overlap coefficient 0.84) reveals that the PNA is still bound to the zeolites after cellular internalization. Samples were excited using λ exc 405, 543, and 633 nm and the emission was recorded using their corresponding emission filters. Scale bar is 5 µm.

Intracellular DAPI release by nanozeolite-L

We have observed that the PNA-nanocontainers were internalized without any detachment (degradation) of the PNA, thus we decided to exploit the possibility to combine the oligonucleotide activities (for possible targeting specific miRNAs) with a ! drug that can be released from the zeolites after degradation of the PLL. We copied the similar approach as we reported for the DNA work i.e. using DAPI as entrapped molecules. All of the experiments have been performed under the same conditions of the other samples. After 1 hour of incubation (Fig. 16a) we observed cellular internalization as has been seen previously. At this moment, there is no DAPI signal can be detected in cell nucleus yet except the ones observed in cytoplasmic region of the cells. This can be attributed to the presence of PLL coating which prevents the diffusion of the DAPI from the zeolite pores and which has relatively slow kinetics of degradation inside the cells. 80 As similarly observed in the case of DNA modified zeolites, after 4 hours of incubation, a notable amount of DAPI can be found in the nucleus (Fig. 16b). The release of the DAPI itself can be associated to the degradation of PLL, thus the channel are opened, allowing the leakage of the DAPI into the cell.

The release is further increased when the incubation time is prolonged to 24 hours (Fig. 16c). As a consequence, when a live cell (viable) is exposed to a low voltage field, electric ! current can't pass the intact membrane that is behaving as an electric insulator, otherwise due to the broken membrane in the case of dead cells the electric field can go through. Thus, when pulse area analysis is applied, the viable cells will have bigger area than dead cells and it is used as a distinguisher of a dead and viable cell.

Noteworthy, after one day of incubation at the same concentration used for the all experiments (e.g. 0.01 mg/mL) we didn't observe any sign of toxicity (Fig. 17). Our viability data shows that more than 90% cells were viable after treatment with both systems and this value is almost similar with control experiment (98%). 

In vitro experiments with temozolomide-PNA-modified MSNPs: One step towards cancer therapy

We have demonstrated an interesting proof of concept of functionalized zeolites for possible drug delivery and gene therapy application. In this following subchapter, our effort is devoted to demonstrate that the combination of oligonucleotide and a real drug can be applied for the possible treatment of glioblastoma. Based on the previous results

we observed, we decided to employ another type of porous nanomaterials namely mesoporous silica nanoparticles (MSNPs) due to its large pores (2-3 nm) in comparison to zeolites (0.7 nm). Indeed, this strategy is very successful where we are able to have very high loading value of drug molecule (temozolomide), ca. 17% (wt/wt).

Temozolomide (TMZ) is widely used oral chemotherapy drug and the therapeutic ! benefit of temozolomide depends on its ability to alkylate/methylate DNA. This methylation can damage the DNA and eventually trigger the death of tumor cells. 89 For better visualization/tracking of particles by means of fluorescence microscope, Cy5 dye was incorporated in the structure of MSNPs. In addition, we also modified the neutral PNA backbone to cationic form R8-PNA221 H-RRRRRRRR-GCAGACAATGTAGCT-NH 2 90 that able to target micro RNA, mIR-221. This microRNA has been found to be upregulated in several tumor forms [91][92][93] including glioma 90,94,95 and downregulation of miR-221 sensitizes glioma cells to temozolomide rendering the drug therapy rather unefficient. [96][97][98][99] The use of cationic PNA in this case gives some advantages: (i)

enhancing the hybridization properties by additionally exploiting electrostatic interaction (positive PNA and negative DNA), 5,100 (ii) improving the cellular uptake of the nanosystem due to its positive charge, without further need of cationic polymer coatings, 101 (iii) reducing the number of preparation steps otherwise required for a covalent binding of the PNA probes to the particle surface, which may cause a progressive unwanted release of the drug.

Cellular uptake experiments were firstly performed in slightly modified condition described for zeolite studies. We chose to use C6 glioma and T98G, two temozolomide resistant cell lines 102,103 as the cell model of the experiment. In addition, the concentration of particles was increased to five times higher (i.e. 0.05 mg/mL) in order to accommodate moderate number particles to be internalized. For a better visualization of the cell, f-actins were counterstained using Alexa Fluor ® 568 Phalloidin.

As can be visualized in Fig. 18, we obtained a rapid uptake of the PNA-functionalized MSNPs and after an incubation time of 1 hour, a high particle concentration can be detected inside the C6 glioma cells, as depicted in Fig. 18a. We further proved the particle uptake by recording z-stacks after 1 hour of incubation (see orthogonal view in Fig, 14b). As already observed previously, extending the incubation time leads to an increase of particle concentrations inside the cells and after 24 hours a very high particle concentration is observed (Fig. 18c and18d). Noteworthy, in all cases, the particles are equally distributed in the cytoplasm without entering the nucleus.

! and 633 nm, respectively. Scale bar is 10 µm.

In vitro viability study of TMZ-PNA-modified MSNPs

In order to investigate the possible anticancer effect of the temozolomide-PNA multimodal system, cell viability experiments were firstly carried out on group of C6 glioma cells. This specific cell line is indeed considered as a perfect model since the cell tends to overexpress the oncomiR-221, which is involved in the tumor proliferation 94,104,105 and it is also temozolomide resistant cell line. [106][107][108] For a better comprehension of the effectiveness of reported approach and to further prove the synergistic effect of the therapeutic molecules, a complete set of experiments was ! conducted, culturing the cell for 24 and 48 hours in the presence of MSNPs filled with temozolomide only (TMZ-modified MSNPs), MSNPs modified with R8-PNA221 only (PNA-modified MSNPs), and MSNPs loaded with temozolomide and coated with the R8-PNA221 (TMZ-PNA-modified MSNPs), respectively. At the end of each of incubations, cells were trypsinized and directly harvested (see experimental section). 

Anti miR-221 activity of PNA-MSNPs in T98G cell line

The anti-miR activity of PNA-modified MSNPs was tested to understand if the adsorption of the oligonucleotide on the surface of particle could interfere the interaction with the target. The experiment was conducted by analyzing miR-221 specific hybridization signal upon the presence of PNA-modified MSNPs (0.25 mg/mL). As can be seen from Fig. 21, the miR-221 specific hybridization signal was reduced when RNA was isolated from T98G glioma cell lines after 24 hours of treatment. We observed there is no major effects have been influenced by the presence of naked MSPN nanoparticles, whereas PNA-modified MSNPs (0.25 mg/mL, ! corresponding to 0.9 µM concentration of R8PNA) induced a significant reduction in the miR221 bioavailability. The lower signal obtained by qRT-PCR for the cationic R8-PNA221, at a comparable concentration as the PNA-modified MSNPs (1 µM), indicating that the free PNA inhibited miR221 slightly more efficiently than the same PNA bound to the MSNPs (Fig. 21). Please note that this test measures the competition of PNA and RT-PCR machinery for the target miR, hence the difference can be probably due to delayed release of the PNA from the nanoparticles.

TMZ-PNA-modified MSNPs induces apoptosis on glioma T98G cells

In order to finally assess the efficiency of the anti-miR PNA in combination with temozolomide treatment, downstream biological effects, i.e. cells' apoptosis activity were further evaluated. The analysis of apoptosis was carried out based on Annexin V and Dead Cell assay by means of FACS on the cells post-treated with TMZ-PNAmodified MSNPs (concentration 0.1 and 0.5 mg/mL). In addition, the possible toxicity well. The result of this experiment can be summarized in Fig. 22. Since the cell is TMZresistant, as expected, individual TMZ was unable to induce high level of apoptosis (see Fig. 22c and 22o and its comparison with the control experiment in Fig. 22a, 22b, and22m). On the contrary, as reported elsewhere, 90 a longer PNA R8-PNA221, were able to induce a significant increase of late apoptotic cells (16.6% in the representative experiment shown in Figure 22d). It should be noted that, treating the cells to naked MSNPs (concentration of 0.1 mg/mL or 0.5 mg/mL), causes only a slight increase of apoptosis (Figure 22e, 22f and 22m), supporting the result reported before. 110 When the T98G cells were exposed to TMZ-modified MSNPs, at concentration 0.1 mg/mL, we observed 15.13% apoptotic cells. Ca. 49% apoptotic cells were detected when the concentration increased to five fold (0.5 mg/mL) suggesting conversion of T98G cells from TMZ-resistant to TMZ-sensitive. We noticed slightly reduce in viability when the cells were in contact with PNA-modified MSNPs (0.1 mg/mL), however the viability decreased linearly with the increase of the concentration to 0.5 mg/mL (Fig. 22i and22j). Finally and more interestingly, a very large percentage of apoptosis is achieved when the cells were in contact with 0.1 mg/mL (26,92%, the highest number at 0.1 mg/mL concentration) and 70.9% total apoptotic cells at 0.5 mg/ml of TMZ-PNAmodified MSNPs (panel k and l). The summary of the MSNPs mediated effects are reported in panel m, for 0.5 mg/mL MSNPs; this MSNP concentration approaches the reference concentrations of TMZ (400 µM, panel c) and R8-PNA221 (2 µM, panel d of Fig. 22). In short, the multifunctional nanosystem, TMZ-PNA-modified MSNPs display more efficiency and have a massive effect in induction of apoptosis of T98G cells and the results strongly suggest a role of MSNP to deliver TMZ and PNA.

Conclusion

We have demonstrated three examples of nanomaterials using zeolite-L crystals and mesoporous silica nanoparticles as multifunctional platforms to simultaneously deliver different oligonucleotides such as deoxyribonucleic acid (DNA) and peptide nucleic acid (PNA) together with organic fluorophores and drug molecules into living cells.

Due to their remarkable biological properties, the presented multifunctional nanosystem can be regarded as an interesting and suitable prototype for the development of a new class of particles for theranostic applications. Further more, the concept can be applied ! for different types of nucleic acids such as plasmid DNA and siRNA for application of cancer and gene therapy in vivo. Breakable hybrid organo-silica nanocapsules for protein delivery !

Abstract

The direct delivery of macro biomolecules such as proteins to living cells promises a major impact especially for biological and medical applications, from restoring the function of interest, producing highly specific molecules in situ, to regulating gene expression without any genomic alteration leading to a reprogramming of the cell behavior. However, the process is mostly done involving difficult techniques and often requires extensive alteration of the protein itself. In the following chapter, we introduced a straightforward and an interesting approach to encapsulate native proteins using breakable organosilica matrices that can be broken upon a chemical stimulus i.e.

reducing agent in vitro. The destroyable nanocapsules are tested for the intracellular delivery of different type of proteins: luminescent or cytotoxic proteins namely cytochrome C, GFP, TRAIL Apo2 ligand, and Onconase ® into C6 glioma cells. We demonstrate that the shell is broken upon cell internalization and the released proteins are active for effective therapeutic effects towards glioblastoma disease. The exciting results show that our hybrid architecture is very promising in delivering fragile biomolecules into living organisms. 

In vitro protein delivery

Innovations in the field of biotechnology and nanomedicine have led to a major increase in the number of protein-and peptide-based therapeutics and other macromolecular drugs. More over, recent development in genomic and proteomic technologies are expected to continue expanding the pipeline of macromolecular curative candidates. [1][2][3] However, the efficient delivery of native, functional protein or enzyme in an active conformation to the necessary site of action still remains a challenge. In physiological conditions, proteins and peptides tend to undergo degradation by proteolytic enzymes or, in the case of the higher molecular weight proteins, may be recognized by neutralizing antibodies. 4,5 As a result, macromolecule-based therapeutic strategies often quickly lose their effectiveness or require frequent dosing. To overcome this problem, simple yet suitable delivery systems must be developed and the designed system has to be able to shield and protect the bioactive molecules in order to preserve their functional nature, reducing the need for repetitive injections and allowing the reach or organs without compromising the efficacy of the protein. 6,7 Recently, stabilization of protein for delivery purposes has been mainly achieved by micro-and nano-encapsulation (e.g., within liposomes, polymeric or inorganic structures) [8][9][10] and bioconjugation (i.e. by covalently linking proteins with water-soluble polymers or simply crosslinking proteins to form stable particle complexes). [11][12][13] The bioconjugation approach is however very labor intensive, and, in some cases, the process can cause denaturation of the biomolecules into a conformation resulting in a significant activity loss. 14 The encapsulation strategy has thus gained more and more attention and some promising examples of diverse soft host structures have been reported in the literature. 15,16 Mostly polymeric assemblies having biodegradable or, even better, stimuli-responsive networks for controlled release have been described. 17,18 However, this encapsulation approach might suffer some lack of stability since only physical interactions are present between the polymer framework and the protein cargo. 19 As possible alternatives, porous silica nanoparticles have gained a lot of attention in the development of drug delivery systems, 20 becoming one of the most promising strategies in the field of nanomedicine. 21 Recently, the use of porous silica 22 has been demonstrated also for protein delivery. However, to the best of our knowledge no reports on breakable silica shell for entrapping and complete release of large biomolecules has appeared. The concept of breakable silica system itself is indeed very ! interesting, since contrary to the biodegradability of reported polymers the hard structure of silica could remain intact, rigid and stable until reaching the targeting and then be destroyed upon a stimulus that could be triggered by an external intervention or because of a chemical input generated by the cells themselves.

In the following chapter, we describe the development of an innovative system able to encapsulate, in their active folding, bioactive macromolecules. The capsules possess excellent stability properties in water, and are engineered in order to break into very small pieces (< 5 nm) once internalized into cells. Indeed the reducing environment of the cells triggers a chemical reaction that destroys the capsules.

We demonstrate that the construction of the degradable shell around the proteins is a general methodology and different bioactive macromolecules can be entrapped and released from the stimulus responsive container. Our investigation started using cytochrome C and GFP as model proteins, to study in details the properties of our material, the number of proteins entrapped inside the system and the kinetic of release followed by spectroscopy. Furthermore, we extended the study to other proteins, which are known to be effective for killing cancer cells, such as the cytotoxic TRAIL Apo2 ligand and Onconase. 23,24 The capsules containing any of the toxic proteins were tested in vitro as possible treatment towards glioblastoma cancer, one of the most aggressive cancer with as low as 5-year survival rate. [25][26][27] 

Experimental section

All of synthesis and material characterization studies were performed in collaboration with Dr. Eko Adi Prasetyanto from the group of Prof. Luisa De Cola and Dr. Alessandro Bertucci from the group of Prof. Roberto Corradini at University of Parma, Italy.

Chemicals

All reagents were purchased from commercial suppliers, otherwise mentioned, and used without further purification. Triton X-100, n-hexanol, acetone, cyclohexane, tetraethyl orthosilicate (TEOS), sodium borohydrate (NaBH 4 ), cytochrome C were purchased from Sigma Aldrich (France). Bis [3-(triethoxysilyl)propyl]disulfide was obtained from Fluorochem (UK). Ammonia (NH 4 OH) was provided by VWR. TRAIL Apo2 ligand was purchased from Merck and GFP was from Merck Millipore. Onconase ® was kindly ! synthesized and provided by the group of Prof. Donald Hilvert from ETH Zurich. Ultrapure water (Milli-Q Elememt, Millipore) was used for all the experiments.

Material synthesis

Synthesis of CyC@BS-NP. Both 1.77 mL of Triton X-100 and 1.8 mL of n-hexanol were dissolved in cyclohexane. Independently, 300 µL of a aqueous solution of cytochrome C from equine heart (2.5 mg/mL) were mixed with 40 µL of tetraethyl orthosilicate (TEOS) and 60 µL of bis [3-(triethoxysilyl)propyl]disulfide. After shaking, this mixture was added to the prepared organic medium. 50 µL of ammonia aqueous solution (30%) were gently added and the water-oil emulsion was stirred overnight at room temperature. After, 20 mL of pure acetone were added in order to precipitate the CyC@BS-NPs and the final material was recovered by means of centrifugation followed by washing twice with ethanol and three times with water.

Synthesis of CyC@NonBS-NP. The synthetic step for CyC@NonBS-NP was following the above-described procedure. However, instead of using a mixture of TEOS and bis [3-(triethoxysilyl)propyl]disulfide, 100 µL of only TEOS was used as silica agent.

Synthesis of TRAIL@BS-NP. Synthesis of the breakable nanospheres containing toxic protein TRAIL Apo2 ligand (TRAIL@BS-NP) was carried out using slightly modified procedure described for cytochrome C. Both 1.77 mL of Triton X-100 and 1.8 mL of nhexanol were dissolved in cyclohexane. Independently, 100 µL of a 0.5 mg/mL aqueous solution of human TRAIL (Apo2 ligand) were mixed with 40 µL of tetraethyl orthosilicate (TEOS) and 60 µL of bis [3-(triethoxysilyl)propyl]disulfide. After shaking, this mixture was added to the prepared organic medium. 50 µL of ammonia aqueous solution (30%) were gently added and the water-oil emulsion was stirred overnight at room temperature. After, 20 mL of pure acetone were added in order to precipitate the TRAIL@BS-NP particles and the material was recovered by means of centrifugation, washing with ethanol twice and with water 3 times.

Synthesis of Onconase@BS-NP. Synthesis of the breakable nanospheres

Onconase@BS-NP was carried out following the slightly modified protocol already described for cytochrome C and TRAIL. 300 µL of a 1.66 mg/mL solution of ! Onconase ® (20 mM Tris buffer with 0.25 M NaCl) was used, together with TEOS (40 µL) and bis [3-(triethoxysilyl)propyl]disulfide (60 µL).

Synthesis of Onconase@NonBS-NP. The synthetic step for non-breakable particle, Onconase@NonBS-NP, was following the above-described procedure. However, instead of using a mixture of TEOS and bis [3-(triethoxysilyl)propyl]disulfide, 100 µL of only TEOS was used as silica agent.

Synthesis of GFP@BS-NP. Synthesis of the breakable nanospheres GFP@BS-NP was carried out following the slightly modified protocol already described for cytochrome C, TRAIL, and Onconase ® . 300 µL of a 1.66 mg/mL solution of GFP (20 mM Tris buffer with 0.25 M NaCl) was used, together with TEOS (40 µL) and bis [3-(triethoxysilyl)propyl]disulfide (60 µL).

All of the synthesized materials were analyzed by electron microscopy and zeta potential technique to understand the morphology, the size, and zeta potential value.

Chemical biodegradability test and simulation of protein delivery

Reduction of the S-S bond was first performed in the presence of sodium borohydride (NaBH 4 ). The experiment was carried out by mixing 1 mg of NaBH 4 together with 1 mL of 0.5 mg/mL CyC@BS-NPs dispersion in water, followed by stirring overnight at room temperature. Next, the sample was centrifuged and the supernatant was recovered.

UV-Vis spectroscopy experiment was conducted to determine the presence of the delivered protein.

In addition, the same experiment was performed to investigate the reduction of the S-S bond upon contact with glutathione, mimicking the process occurring inside living cells.

5 mM Glutathione was added to 1 mL of 0.5 mg/mL CyC@BS-NPs dispersion in water.

The mixture was stirred overnight at room temperature. Next, the sample was centrifuged and the supernatant was recovered. UV-Vis spectroscopy experiment was conducted to determine the presence of the delivered protein. To add a control experiment, the same procedure was repeated using non-breakable system (CyC@NonBS-NPs). !

Kinetics of release of cytochrome C

The release kinetics experiment was performed by monitoring the absorption spectrum of cytochrome C from CyC@BS-NPs sample upon contact with 5 mM glutathione at different incubation time (i.e., 0, 1, 2, 4, 24, and 48 hours).

Determination of number of proteins encapsulated in a single shell

The technique we used for calculating the number of proteins inside the shell is based on analyzing UV-Vis spectroscopy data (see also the previous example in Chapter 4).

From the UV Vis data of 1 mL of a 0.5 mg/mL dispersion of cytochrome@BS-NP treated with NaBH 4 as strong model reducing agent, we obtained. From the TEM analysis we obtained diameter (particle) = average 50 nm density CytC = 1.35 g/cm 3 density SiO2 = 0.445 g/cm 3 average considered density = 0.9 g/cm 3 thus volume of particle, V = 4/3πr 3 = 6.55x10 -17 cm 3 Mass of a single particle, m single particle = dV = 0.9 x 6.5510 -17 = 5.9x10 -17 g number particles = total mass / mass 1 particle = 0.005 g/ 5.9x10 -17 g = 8.5x10 -13 number cytC molecules = moles x Avogadro number = 4.5x10 -9 x 6.023x10 23 = 27.1035x10 14 Number protein/particle = 27.1035x10 14 / 8.5x10 13 = 31.886 Cytochrome C size = 2.6 nm x 3.2 nm x 3.3 nm (data are based on literature reported elsewhere 28,29 ) = 27.457 nm 3 V (total protein encapsulated in 1 particle) = 27.457 x 31.886 = 875.49 nm 3

V (1 particle) = 6.55x10 -17 cm 3 = 65449.85 nm 3 V (spherical corona) = 64574.36 nm 3 From V (total protein encapsulated in 1 particle) = 27.457 x 31.886 = 875.49 nm 3 R = 3 √(3V)/(4p) = 5.93 nm (radius of supposed protein core), ! Which means d ≈ 12 nm, and ≈19 nm thickness of the silica shell.

Cryo TEM analysis

1 mL of 0.5 mg/mL CyC@BS-NPs dispersion was firstly incubated with 1 mg of sodium borohydrate for 1 and 3 hours. Vitrified specimens were prepared by placing 3 µl of a sample on a Quantifoil ® 1.2/1.3 TEM grid. Each sample was blotted to a thin film and immediately plunged into liquid ethane in the Leica EM CPC cryo workstation. The grids were transferred to a 626 Gatan cryoholder and maintained at -179ºC during imaging. The grids were studied on a JEOL 2011 transmission electron microscope operating at an accelerating voltage of 200 kV. Micrographs were recorded on a Gatan Ultrascan cooled charge-coupled device (CCD) camera under low electron dose conditions to minimize electron bean radiation.

C6 glioma cell culture

Rattus norvegicus brain glioma (C6 glioma) were grown inside media containing 88% Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum, 1% Penicillin-Streptomycin and 1% L-Glutamine 200 mM (all material was purchased from Gibco) under 37 o C and 5% of CO 2 condition for 48 hours until reaching 80 to 90% cell confluency. Subsequently, the cells were washed twice with Phosphate Buffer Solution (PBS, Gibco), trypsinated and approximately 50,000 cells were reseeded on the monolayer glass cover slip inside 6 and 24 well plate culture dish and glass bottom dish (MatTek). New culture media (2 mL) were added gently and the cells were grown overnight.

Sample preparation for scanning electron microscopy analysis of cellular uptake

Approximately 10,000 C6 glioma cells were grown on round glass cover slips placed inside 24 well plates in the same procedure as mentioned previously. Successively, culture media was removed and 500 µL of nanoparticle dispersion (concentration 0.05 mg/mL) was gently added onto cells and the cells were left over inside the incubator for 7, 15, and 40 minutes. After the incubation finished, the media was removed and the cell layer on glass cover slips was gently washed (three times) with PBS, followed by cell fixation by immersing the cells inside 2.5% glutaraldehyde (Fluka Analytical, Sigma) in 0.1 M PBS solution. The cells were hydrated through immersion of a series of ethanol:H 2 O mixture, for example 50%, 60%, 70%, 80%, 90% and 100% ethanol, for ! about 20 minutes each. In addition, chemical drying agent, Hexamethyldisilizane (Sigma) was used as an alternative to critical point drying process. After immersion in 1:2, 2:1 solution of HMDS: 100% ethanol, and 100% Hexamethyldisilazane for 20 minutes each, the cells were evaporated under the hood for 3 hours. Gold were sputtered on the top of the specimen and the samples were observed with a FEI Quanta FEG 250 scanning electron microscope (FEI corporate).

Sample preparation for transmission electron microscopy analysis of the cells

Approximately 10,000 C6 glioma cells were grown on round glass cover slips placed inside 24 well plates in the same procedure as mentioned previously. Next, culture media was removed and 500 µL of nanoparticle dispersion was gently added onto cells and the cells were left over inside the incubator for 4 and 24 hours. After, the media was removed and the cell layer on glass cover slips was gently washed (three times) with PBS. One batch of cell was fixed immediately after washing while the other batch was cultured for additional 24 hours. The cell fixation was directly performed by immersing the cells inside 2.5% glutaraldehyde (Fluka Analytical, Sigma) in 0.1 M PBS solution.

Next, the cells were post fixed with 0.5% osmium tetroxyde (EMS) in water and dehydrated through immersion in different solutions, where the ratio of H 2 O:ethanol varied from 50% to 100% in ethanol, before being embedded in epoxy resin, Embed 812 (EMS). The resin was cut with an ultramicrotome, Leica EM UC6 (Leica) and the ultrathin sections were counterstained with uranyl acetate and observed with a Hitachi 7500 transmission electron microscope (Hitachi High Technologies Corporation) equipped with an AMT Hamamatsu digital camera (Hamamatsu Photonics).

GFP@BS-NP incubation for confocal microscopy experiment

The media were removed from glass cover slips and 1 mL of nanoparticles dispersion containing GFP@BS-NP was gently added onto cells (concentration 0.1 mg/mL). Cells were incubated at 37 o C and 5% of CO 2 for 1, 4, and 24 hours and after each of the incubation is finished, the media was removed and the cell layer on glass cover slips was gently washed three times with fresh PBS. Cells were fixed with 4% paraformaldehyde (PFA) solution for 10 minutes. The cells' layer was washed twice with PBS and rinsed inside 0.1% Triton X-100 in PBS for 5 minutes, washed twice with PBS and followed in 1% bovine serum albumin, BSA (Sigma Aldrich), in PBS for 20 minutes. Cells were gently washed with PBS twice. PBS was removed and the cell layer ! on glass cover slip was directly stained with Phalloidin Alexa Fluor ® 647 (Invitrogen), for f-actin staining, for 20 minutes, in the dark at room temperature, and washed again twice with PBS and once with water. The cover slips were mounted onto glass slides for confocal microscopy measurements.

For lysosome staining, after particle incubation stopped, cells were washed three times with PBS solution. Subsequently 75 nM of LysoTracker ® Red DND-99 staining solution in culture media was added, and cells were incubated for 30 minute followed by another washing process. Fresh culture media was added and imaging was performed directly.

Time lapse imaging of kinetic of distribution GFP@BS-NP inside the cells

The media were removed from glass bottom dishes and 1 mL of nanoparticles dispersion containing GFP@BS-NP was gently added onto cells (concentration 0.1 mg/mL). The cells were incubated with the modified particles for 4 hours (concentration 0.2 mg/mL) followed by 10x washing treatment using PBS buffer.

Hoechst 33342 for nucleus staining was added for 30 minutes followed by PBS washing 3x. Cells were left in fresh culture media. Imaging experiments were done directly after incubation, after 1 day, after 2 days, and after 3 days without any further chemical fixation.

Fluorescence confocal microscopy experiment

Fluorescence microscopy images were taken using Zeiss LSM 710 confocal microscope system equipped with 63 times magnification, numerical aperture 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The GFP@BS-NPs were excited by a continuous wave (cw) laser at 488 nm, while the cells previously costained with DAPI or Hoechst 33342 (excitation/emission wavelength: 358 nm/461 nm), LysoTracker ® Red DND-99 (excitation/emission wavelength: 577 nm/590 nm), and Alexa Fluor ® 647 Phalloidin dye (excitation/emission wavelength: 650 nm/668 nm)

were excited independently at 405, 594, and 633 nm, respectively. The emissions of the particles, DAPI, LysoTracker ® Red DND-99, and Alexa Fluor ® 647 Phalloidin were collected using their corresponding emission filter. All image processing was done by ZEN software (Zeiss GmbH). False color images were adjusted to better distinguish the particles and cellular organelles. !

Cytotoxicity study of CyC@BS-NP

Cell viability was measured by an automatic cell counter CASY (Roche Innovatis, Germany). Around 50,000 C6 glioma cells were grown in 2 mL of culture media inside 6 well plates at 37°C, 5% CO 2 environment, for 24 hours. Culture media were removed and replaced with a 0.15 mg/mL dispersion of CyC@BS-NP, followed by cell incubation. After 24 hours, the culture media was transferred to an Eppendorf tube and 0.5 mL of trypsin was added. In order to detach the cell from the surface of the plate, cells were incubated for the next 5 minutes Subsequently, 0.5 mL of new culture media were added in order to neutralize trypsin. The previously removed cell culture media is then remixed with the cell suspension into a 2 mL Eppendorf tube. 100 µL of the cell suspension was dissolved in 10 mL of CASYton solution and measurements were performed. Positive control experiment was carried out in the same manner using cells incubated in free particle media. All experiments were triplicated. The same experiment was repeated to investigate the toxicity of other synthesized materials i.e., CyC@NonBS-NP, TRAIL@BS-NP, Onconase@BS-NP, Onconase@NonBS-NP.

Cytotoxicity study of TRAIL@BS-NP based on trypan blue assay

Culture media were removed from the cell well plates and subsequently replaced with TRAIL@BS-NP dispersion (concentration 0.15 mg/mL). The cells were incubated for the next 24 hours at 37°C and 5% CO 2 condition. After the incubation, the medium was removed and the cells were gently washed with PBS three times to remove the excess of non-uptaken material. Subsequently, 10 mL of 0.4% trypan blue dye (Bio-Rad) were added and cells were incubated for the next 2 minutes. Cells were imaged without performing washing steps, using Olympus BX51M fluorescence microscope coupled to Olympus XC10 digital camera (Olympus Corporation).

Results and discussion

Material preparation and characterization

The design and realization of the hybrid organo silica shell able to encapsulate macro(bio)molecules, i.e. proteins and to prevent them from denaturation, was performed following the reverse nanoemulsion procedure described in the experimental section (see Fig. 1a for a general description). The first attempt on developing such a system was performed using cytochrome C (Fig. 1b) as a model protein. Cytochrome C represents a good example of protein since it has been used since many years as a model ! protein for molecular evolution 30 and it has been identified as an important mediator in apoptotic pathways. 31 The release of mitochondrial cytochrome c into the cytoplasmic region of the cell stimulates apoptosis and it is also commonly used as an indicator of the apoptotic process in the cell. 32 Furthermore, because of its high absorption in the visible range, the latter will favor the immediate visualization of the formation of core/shell particles, hence enabling an easy design of the following release experiments.

The silica network of the formed capsules consists of 30% of organic material made of the bis-propyldisulfide derivatives, which represent the redox sensitive groups. The silica structure will provide very important features including particle homogeneity, chemical stability and resistance as well as biocompatibility; meanwhile the disulfide bridge displays the interesting property of a reversible covalent bond (breakability). ! structure of glutathione. Images of proteins were reprinted with permission from Ref. 33- 36 The objective of employing these disulfide bridges is also dictated by the possibility of exploiting the reductive environment present in living biological cells, hence design of materials able to be destroyed by means of natural reducing agent presence inside the cells can be developed. Two of well-known reducing agents available inside the cells are cysteine and glutathione. Cysteine is a sulfur-containing amino acid and it has been shown favoring the reduction of disulfide bonds in lysosome of the cells 37,38 while glutathione (chemical structure is shown in Fig. 1c) is an abundant natural highly reactive tripeptide found in elevated levels especially in tumor cells and its metabolism is able to play both protective and pathogenic roles. 39,40 Overall, since our system is constructed from proteins, which are encapsulated inside the organosilica containing disulfide bridges, once a reducing agent is added or presence, the reduction of the disulfide to thiol groups will occur and as a consequence, it will lead to the deformation and finally breakdown of the matrices. Following the destruction of the shell, the encapsulated protein can be released. The synthesized material namely CyC@BS-NP was further characterized by means of electron microscope to investigate the morphology and the final size of capsule as well ! as by a zeta potential measurement. Well-defined nanospheres, uniform in size, possessing a diameter around 40-50 nm were obtained, as depicted by the SEM and TEM image (Fig. 2a and2b). The size and the morphology of the obtained nanospheres have been further analyzed by HR-TEM measurements. We observed the presence of a lighter organo-silica shell encapsulating a darker protein core (the dark part is due to cytochrome C hosts an iron-containing heme group) (see Fig. 2c). Zeta potential measurement of CyC@BS-NP conducted in PBS medium (pH 7.0) shows a negative value ca. -17.67 mV, giving a further evidence that protein molecules are encapsulated inside the shells, not just absorbed on the surface of particle.

Breakability and kinetic release of cytochrome C from the shell upon destruction

The breakable property of the particle was investigated by treating the designed core/shell particles (CyC@BS-NP) under reducing environment. Firstly, the material was suspended in a sodium borohydride solution (see the experimental section for details) and CryoTEM imaging was acquired after 1 hour and 3 hours exposure to the reducing agent. Sodium borohydride was used since being an efficient and irreversible reducing agent, not forming residual by-products, which may interfere in the evaluation by CryoTEM. As can be seen in Fig. 2d and2e, post-treated particles didn't resemble the former in term of shape and size (Fig. 2a-2c) and as clearly visualized, after 1 hour and more obvious after 3 hours, the degradation occurred and particles broke down into smaller pieces (less than 10 nm). In an analogous manner we have also prepared and analyzed non-breakable particles lacking the S-S moieties, but containing the same protein (namely CyC@NonBS-NP, see SEM image in Fig. 2f), however, after the same treatment previously performed, no significant different between particle before and after treatment was observed.

Since the final step of the study is to observe the breakability of the system upon the presence of biological reduction agents i.e. cysteine 38 or gamma-interferon-inducible lysosomal thiol reductase 41 (lysosomal reducing agent) or glutathione 39 (cytosolic reducing agent) in vitro, we firstly performed schematic studies of breakability and release property of our system in a water solution containing one of these agents i.e. glutathione. The experiment was conducted by incubating CyC@BS-NP dispersion in the presence of 5 mM glutathione mimicking the real concentration inside the cells. We also compare the behavior of the breakable particle with non-breakable system (CyC@NonBS-NP) under the same situation. By analyzing the absorption spectrum of ! the solution by means of UV-Vis spectroscopy, we observed the presence of strong absorption band of cytochrome C at ca. 410 nm after 24 hours of treatment with glutathione indicating the successful release of the protein from the shell. As expected, from the control experiment, we didn't observe any formation of cytochrome C's absorption band when the non-breakable system was treated with glutathione (Fig. 3a).

Furthermore, we also compared the release respond of CyC@BS-NP in the presence of glutathione, sodium borohydrate or just pure water solution and we noticed from our UV-Vis spectroscopy data that both glutathione and NaBH 4 were able to break the shell and eventually leading to release of protein cargo into the solution. It is worth to note that treatment with NaBH 4 seems to provide a higher release of the protein, which is to ascribe to the stronger reducing effect than the one of the glutathione. Based on this spectroscopy data, we were also able to estimate the number of protein molecules per particle, which was about 32 (see more detail in the experimental section). No significant effect was detected in pure water treatment (Fig. 3b). 

!

In order to evaluate the release kinetics of cytochrome C from the breakable nanocapsules, upon their destruction, we decided to monitor the development of cytochrome C's absorption peak as function of time as indication of protein release in the solution. The results summarized in plot Fig. 3c and3d, show that at time 0 (before adding glutathione) there is no signal of the protein can be detected. Upon addition of glutathione, already after 1 hour, a very small absorption appeared at ca. 410 nm. The signal then increased over time, as the cytochrome C is leaving the broken capsules and dissolve in water. After 24 hours the signal reach a plateau suggesting that the release takes place in one day and almost all the proteins are now in solution. No significant change was observed when the incubation time was extended to 48 hours.

In vitro study of CyC@BS-NP: Cellular uptake study by electron microscope

In order to exploit the use of these carriers in living cells, and therefore their possible application for protein delivery in vitro, we carried out cellular uptakes experiments by incubating CyC@NPs on living C6 glioma cells. Firstly, to visualize the internalization of the materials, scanning electron microscopy experiments on the specimens were performed. The particles (0.1 mg/mL) were incubated for three different time lengths, i.e., 7, 15, and 40 minutes and at the end of each incubation, cells were washed, then fixed, and dehydrated through of series of ethanol and hexamethyldisilizane. Gold was then sputtered on top of the sample and the sample was directly analyzed by means of SEM. As can be visualized in Fig. 4a-b, the cells rapidly internalized small numbers of particles only 7 minutes after starting of the incubation, and the number of particles beneath the cell membranes indicating the uptaken materials increase over the time (Fig. 4c and4d). Since SEM can only visualize what's happening on the cell surface, not deep inside organelles of the cells, we further carried out schematic TEM studies on the cells after being incubated with the particles. The objective of this experiment is also to investigate the influence of the reducing environment present inside the cell toward breakable shell. For this reason, we also compared the different response between the investigated system, CyC@NPs and the non-breakable shells (CyC@NonBS-NP) (see The sample preparation for TEM on the cell sample was performed in slightly modified procedure described for SEM. After incubating the group of C6 glioma cells with the two described systems for 4 and 24 hours, the cells were washed, fixed, dehydrated, and counterstained with osmium tetroxide before cut as very thin slices by ultramicrotome.

One 24 hours sample was not fixed directly. Instead, the fixation was performed one day later (total 48 hours).

TEM images clearly indicate that the nanomaterials are compartmentalized in the lysosome or the fusion of endosome-lysosome organelle as already reported in many type of nanoparticles 42,43 and after 4 hours even the breakable particles (CyC@NPs) are still mostly intact (Fig. 5a). Interestingly, after 24 hours the breaking of the particles occurs and only a multitude of amorphous morphologies are detectable (Fig. 5b). The destruction of the organosilica shell is complete after 48 hours (Fig. 5c), and aggregated debris, that give a diffuse contrast to the lysosome, are observed. Control experiment using CyC@NonBS-NP was also carried out, however, the non-breakable particles do not show any degradation even after 48 hours incubation maintaining the typical round shape (Fig. 5d and5e) as the fresh-synthesized ones (see Fig. 2a-2c). Schematic representation of the nanoparticles internalization and their fate into the cell was depicted in Fig. 5f.

In vitro study of GFP@BS-NP: Cellular uptake study by fluorescence confocal microscope

In order to easily visualize and co-localize the particles as well as to investigate the possible release proteins by means of a fluorescence technique, we have encapsulated in breakable capsules a luminescence protein i.e. green fluorescent protein, GFP. GFP was chosen because of its important biological features leading to widely used application in cell biology and additionally due to its bright luminescence properties. It also aims to prove that encapsulation can be performed with different types of proteins. The preparation of the sample was performed following reported steps for the CyC@NPs.

!

The final material namely GFP@BS-NP was also characterized using SEM. We didn't observe any significant change in term of size and morphology compared to cytochrome C particle (Fig. 6a vs. Fig. 2a). To investigate the presence of GFP inside the capsule, we further analyzed the sample by means of fluorescence confocal microscope and as expected, we could detect a green signal coming from the system (Fig. 6b). In order to confirm if the particles were still stimuli responsive, the same NaBH 4 incubation experiment was conducted. The results of SEM analysis depicted in Fig. 6c clearly shown the formation of debris after the treatment, suggesting that the breakability feature was not influence by the type of the encapsulated proteins. The release of GFP protein post-breaking in the solution was confirmed by fluorescence spectroscopy experiment (Fig. 6d). Fluorescence imaging experiment of the C6 glioma cells post-treated with the GFP@BS-NP, showed the presence of particles inside the cells and their corresponding co-localization into the lysosome (overlap coefficient 0.87; see co-localization experiment with LysoTracker ® Red DND-99 as a lysosome probe depicted in Fig. 7a).

!

The release of GFP into the cytoplasm resulting in a diffuse non-colocalized emission signal to lysosomes was observed indicating the spreading of the fluorescent proteins into the cell (see circle areas in Fig. 7), and the degradation results are in accordance with the breaking behavior observed previously by TEM for the CyC@BS-NP (Fig. 4).

In order to have a better understanding of the kinetics of release of GFP inside the cell, we monitored the evolution of internalized particle at specific time points (up to 2 days after). The experiment was performed by means of live cell imaging of the cells post treated with particles for 2 hours in advance at concentration 0.2 mg/mL. Beforehand, the non-internalized capsules were already washed from the growth media. The cells were cultured in normal condition and live-cell imaging was done directly at 0, 1, 2, 4, 6, 20, 24, and 48 hours growing time. Cell nuclei were stained with Hoechst 33342 in order to have better visualization the cells. could not notice any significant different in terms of distribution and size of aggregate from the latter (Fig. 8b-8e). Remarkably, by increasing the time up to 20 and 24 hours, we started to observe the reduce of size of aggregate of particles (Fig. 8f-8g) and the effect was even more visible when the system was imaged 2 days after (Fig. 8h). These ! evidences clearly suggest that the reduce of the size and the decrease of intensity of the GFP signal are associated to the breaking of nanoparticles and the release of GFP to the cytoplasmic region of the cells as already seen previously. 

In vitro toxicity: Delivery of toxic proteins

Previously described examples have already shown the efficacy of protein delivery using stimuli responsive nanocapsules into living cells. The presence of reductive environment such as the one in the lysosome 38,41,44 was found sufficient to induce the rupture of the silica structure and hence the encapsulated proteins could be simultaneously released. However, one fundamental question might arise is whether the released protein is still maintaining their biological feature or not. In order to demonstrate that the shell is protecting and maintaining the activity of these macro biomolecules, we have then encapsulated toxic proteins such as human TRAIL Apo2 ligand and Onconase ® because of their bioactivity could be easily followed by the reduce of cell viability through apoptosis. The concept is indeed very interesting since the application of the system for delivering toxic molecules can also be used as a ! possible cancer therapy approach. TRAIL Apo2 ligand is a protein that belongs to the tumor necrosis factor (TNF) family of death ligands and can be used to overcome resistance to conventional chemotherapeutic drugs [45][46][47] and it has been shown to selectively target death receptors in cancer cells with low toxicity to normal tissues while Onconase ® is a unique ribonuclease cytotoxic protein able to degrade tRNAs.

Both proteins indeed have been demonstrated able to kill cancer cells, 48-51 however, an efficient cellular uptake and a safe delivery platform still represent a limitation on the real widespread use as chemotherapy tools.

The preparation of the two samples were performed following reported steps for the CyC@NPs and GFP@BS-NP and the final products namely TRAIL@BS-NP and Onconase@BS-NP were characterized in the same manner with two previous materials.

The new synthesized materials posses same morphology i.e. spherical shape and no significant size different was detected (Fig. 9a-9b). In order to investigate whether the released protein still maintains its in vitro activity and further more, to demonstrate the use of toxic protein-encapsulated nanocapsules for ! a potential glioblastoma therapy, TRAIL@BS-NPs were initially tested on a C6 glioma cell line. It is very important to note since the toxicity can be expected only when the protein is delivered into the cytosol in its native folding. To have a schematic study of the toxicity of the materials we have also investigated the same type and number of cells after incubation with the potentially non-toxic CyC@BS-NP and CyC@NonBS-NPs. The overall cell viability was measured as direct indicator of the anticancer effect provided by the hybrid particles. The results are summarized in the plot in Table 1 and Fig. 9c and indicating that CyC@NonBS-NPs did not influence the total cell viability with respect to the control culture, meaning that the core/shell system is absolutely noncytotoxic and biocompatible. In the case of CyC@BS-NPs, a slight reduction of the viability was registered (78.7% vs. 89.5% control), which can be possibly associated to an interference effect in the normal biological metabolism due to an excess of cytochrome C present in the cell after the delivery, inducing apoptosis. 52 A very important result, also displayed in Fig. 9d, is the cell viability percentage obtained when treating the C6 glioma cells with TRAIL@BS-NP (0.15 mg/mL, 24h), which induced a significant reduction of the value up to 45% with respect to the control sample. This indeed points out the effective and important role of the nanosphere system, which leads to the cellular internalization of the protein in the native form and subsequently to its release upon degradation/rupture of the outer structure. The released TRAIL must be in an active conformation to carry on its apoptosis inducing effect, as indicated by the overall cell viability reduction. To confirm this finding, the same TRAIL@BS-NPs were also used to incubate C6 glioma cells under the same conditions, which were eventually analyzed through trypan blue cell mortality test. Trypan blue is a dye that allows to selectively staining dead cells, depending on the ! rupture of the cell membrane that enables its cell penetration, while live healthy cells are completely impermeable and blind to this test (Fig. 9e). The results are reported in Fig. 9f, showing a perfect agreement with the viability test.

The role-played by the breakable disulfide contained shell and its potential as chemotherapeutic tool was confirmed when the cell viability experiments were conducted using Onconase@BS-NP and compared with the non-breakable nanoparticles, Onconase@NonBS-NP (SEM is shown in Fig. 9c). The capsules were synthesized and incubated to the same cell line. The cytotoxicity experiments were then performed as previously described, and once again the cell viability was employed to evaluate the integrity of the protein and its activity as cell inducing apoptosis. It is very important to mark that Onconase@NonBS-NP did not show any effect on the cell viability, as no significant change could be registered with respect to the control sample (Fig. 9d). The excellent biocompatibility feature of the material is also an indicator that the protein cargo cannot leak out or be released when the nanocapsule shell is made entirely of silica and the selected proteins are also not present on the silica surface.

Instead, when the cells were treated with Onconase@BS-NP (0.15 mg/mL, 24 h), a dramatic drop of the viability percentage was obtained (up to 40%). This observation demonstrates that the delivery of Onconase ® occurs upon degradation of the breakable shell. The data strongly suggest that the toxic protein was thus released in its functional conformation, able to carry on its related anti-tumor effect.

Conclusion

We have already demonstrated a general method for the encapsulation of macro biomolecules, i.e. proteins within a stimulus-responsive breakable hybrid organo-silica shell forming a core shell like structure. The introduction of organic molecules such as disulfide moieties in the silica matrix of the constructed shell allowed for triggering the breakdown of the shell and the consequent release of the protein cargo under reductive environment. Four different types of proteins namely cytochrome C, GFP, human TRAIL Apo2 ligand and Onconase ® were employed as model system and full investigations on the breakability features and more importantly their cellular interaction as well as toxicity features to C6 glioma cell line were successfully performed. This general method can open important venues to be used in medical field in particular for the treatment of several diseases caused by the lack or low expression of enzymes, proteins, and other biomolecules.

! CHAPTER 6

Biodegradable silica-coated silver nanoparticles:

An innovative platform for plasmonic biosensing !

Plasmonic biosensing

Electronic and optical properties, biocompatibility, and feasibility of surface modification chemistry with different conjugation molecules are some important features leading the choice of metallic nanoparticles (MNPs) i.e., gold and silver nanoparticles (AuNPs and AgNPs) as an excellent biosensing template. [1][2][3] This specific application generally takes advantage of the high absorption, intense light scattering, and electromagnetic field enhancement resulting from localized surface plasmon resonance (LSPR).

The use of plasmonic metal nanoparticles as sensing probes has been reported in numerous disciplines through different sensing mechanisms (see e.g., publications and reviews 1,[3][4][5][6][7][8][9][10][11] ). One well-known mechanism is based on colorimetric sensing, due to its aggregation induced color change properties. This phenomenon provides a useful strategy for absorption-based colorimetric detection of target analyte(s) that triggers the aggregation of particles through direct or indirect pathways. Some specific applications have been successfully demonstrated, especially for detection of metal ions, (i.e., alkali, alkaline earth metal ions, 12 and heavy metal ions 13,14 ), anions, 15 small organic molecules, 16,17 oligonucleotides, [18][19][20] and proteins. 21 Another interesting mechanism related to the described strategy is based on the change in LSPR absorption of the plasmonic metal nanoparticles due to the alteration of the local dielectric property (i.e.

refractive index) caused by analyte adsorption. Many examples have been reported in the literature, since the early works done by Englebienne in which he observed that the absorption maxima of LSPR was red-shifted when AuNPs functionalized with monoclonal antibodies interacted with protein antigens 22 and the SPR shift was found to be proportional to the amount of ligands. 23 Haes and Van Duyne on the other hand demonstrated the use of biotin functionalized AgNPs for detection of streptavidin where they observed ca. 27 nm red-shift of LSPR upon binding. 24 A recent work by Stevens and co-workers has also demonstrated the growth of silver metal on gold nanostars is influenced by the presence of the enzyme glucose oxidase (GOx). In this respect, by monitoring the blue shift of the LSPR absorbance band, the concentration of GOx was successfully calculated. 25 Attachment of specific functional groups on or surface modification of the Au or Ag NPs' surface is a very good strategy not only to help recognition of the analytes but also to protect the probes from unwanted aggregation that could alter the SPR band and to improve their chemical stability, especially from degradation. 26 Silica 27,28 is one of ! leading choices, due to the ease of silica coating and functionalization that has been studied over decades. Furthermore, silica-coated gold or silver NPs have been transformed into well-known functional materials with wide applications ranging from life sciences including bioimaging, 29,30 drug delivery 31 to photonics, such as plasmonicenhanced fluorescence 32 and random lasing. 33 Recently, a modified silica structure, namely biodegradable silica has been developed

and synthesized through bis(3-triethoxysilylpropyl) disulfide bridge cocondensation 34,35 (see also recent work on Chapter 5). As previously illustrated, this type of structure is proven to be a very promising platform in controlled drug delivery systems since the degradation of the materials inside living systems, such as cancer cells, can only happen due to the presence of specific triggering units e.g. reducing agents.

In the following chapter, we demonstrate an interesting approach that can be applied to the field of plamonic biosensing. We successfully fabricated the plasmonic sensor using silver nanoparticles coated with a breakable silica layer forming a well-defined core shell structure. Silver NPs were chosen over gold NPs due to their interesting spectroscopic features i.e., higher extinction coefficients, sharper extinction bands, and a higher ratio of scattering to absorption.!A possible application for the hybrid material to detect reducing agents such as glutathione and sodium borohydrate in solution is reported. Finally, the possible and future uses of the system as nanocarriers and cellular probe with great interest in the field of biomedicine is envisaged. ! 6.2. Methods

Synthesis and characterization of silica-coated silver nanoparticles

All the reagents and solvents were purchased from Sigma-Aldrich and used without mM for 1, 4, 6, and 24 hours, respectively. At the end of each incubation period, the solution was sonicated for 10 seconds to redisperse the particles and UV-visible spectroscopy experiments were conducted.

Instruments

Scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), and Energy-dispersive X-ray spectroscopy (EDX) measurement were acquired using a FEI Quanta FEG 250 instrument (FEI, USA). Transmission electron microscopy study was performed using a Philips CM120 transmission electron microscope (Phillips, Netherland) coupled to a Pelletier-cooled CCD camera (Model 794, Gatan, USA).

Dynamic light scattering (DLS) and zeta potential measurements were performed on a Delsa Nano C Particle Analyzer (Beckman Coulter, USA). Extinction spectra were collected on a Shimadzu UV-3600 spectrophotometer double-beam UV-VIS spectrometer (Shimadzu Corporation, Japan) and baseline corrected.

Simulation of the extinction spectra of hybrid particles

The simulation of the extinction spectra of silica-coated silver nanoparticles was performed using an Online 3 and the detail explanation in Chapter 1), the shift of the LSPR band to lower energy while increasing the thickness of silica up to a certain level can be explained.

! !"# = ! !"! ! ! ! ! ! ! ! ! ! ! ! ! !!! ! ! !! ! ! (Eq. 1.3)
Our proposed probe is somewhat related to this concept. As can be seen in Fig. 1.b, the decrease in the thickness of the shell due to the destruction of the silica coating layer shifts the LSPR band to higher energies (blue shift). Different kinetic rates of degradation due to time and analyte's concentration dependence will induce distinctive response; consequently through monitoring the shift in the plasmonic band, information about the analyte concentration can be calculated. To achieve the destroyable silica system we have used a strategy based on what has been described in Chapter 5 for breakable silica. We also performed a simulation to model the optical properties of the breakable silicacoated silver nanoparticles using the Online Mie Theory Simulator (OMTS) developed by Nanocomposix, 37 and we obtained similar results for both extinction spectra: experimental (blue line) and simulation (black line) (Fig. 4). The slight difference between these two results can be due to the size homogeneity of the final particles, since upon the simulation, only considers single size value, i.e., 60 nm for silver particles and ! 80 nm for the thickness of silica (the simulation was based on a single particle approach).

Furthermore, to confirm the presence of and to study the spatial distribution of the elements composing the mentioned core shell structure, energy-dispersive X-ray spectroscopy (EDX) was performed. The EDX maps of the particles, obtained during the scanning electron microscopy measurements, can be seen in Upon the reaction between citrate-stabilized silver colloids with 100 µL of 4.3 mM APTES and 25 µL of 0.3% NH 4 OH, formation of silver-core silica-shell particles was observed. We detected the presence of a 14 nm thick silica shell and it is considered as the first coating constructing the non-biodegradable part (Fig. 6a). Addition of a breakable unit i.e. bis(triethoxysilylpropyl) disulfide in the system (100 µL of 10.8 mM) yields formation of the second layer which is responsible for the biodegradable part.

Our electron microscopy data show a noticeable increase in the shell thickness (ca. Scale bar is 50 nm.

Detection of the reducing agent

To demonstrate the application of the system as a probe, we first tested the response of the synthesized materials in the presence of a 5 mM sodium borohydrate in ethanol solution. We chose particles with a 80 nm thick silica shell as the sensing material.

After one day of incubation, we observed distinct signals from the UV-vis absorption data and the particle before (black line) and after (red line) incubation with sodium borohydrate gave different spectroscopic signatures. As depicted in Fig. 7a, about a 10 nm blue shift of LSPR band (from black to red line) was detected. Moreover, the same samples were analyzed by TEM and we noticed that ca. 60 nm of the silica layer was successfully removed upon contact with the reducing agent (Fig. 7c and7d). By using the final size obtained from TEM measurement, we further quantified the LSPR-shift by simulation and we obtained 12 nm shifts by reducing the thickness of the silica shell from 80 nm to 20 nm (Fig. 7b).

Since we would like to further investigate the designed system as a possible intracellular sensor for detection of a natural reducing agent, we first decided to carry out a preliminary study to evaluate the response in the presence of glutathione solution mimicking a situation similar to that inside living biological cells. Glutathione is a wellknown reducing agent located inside the cells and previous reports in the literature have ! estimated its concentration ca. 5 mM. 38 Noteworthy, our last results reported in Chapter 5 showed that gluthathione is able to reduce/degrade the breakable silica structure. The experiments were performed by incubating the particles in glutathione solutions.

Four different concentrations (500 µM, 1 mM, 5 mM, and 10 mM) in water solution were chosen and the particles were kept in each solution for 1, 4, 6, and 24 hours, respectively. At the end of each incubation period, the solutions were sonicated for 10 s and UV-visible spectroscopy experiments were conducted. As can be seen from Fig. 8, we noted that there are no significant changes in the LSPR bands of the core-shell NPs for up to 6 hours incubation with the reducing agent in all selected concentrations.

However, the most striking results were observed when the incubation time was increased to 24 hours. Instead of having a blue shift in the plasmonic band as seen with the sodium borohydrate experiment, a red shift (up to ca. 10 nm) and broadening of the ! spectra was detected. The amplitude of the red shift observed is also linearly proportional to the concentration of glutathione (see UV-Vis data of the system after 24h incubation in Fig. 8a-8d). The typical red shift and broad full width at half maximum (fwhm) might be due to the formation of aggregates. To confirm this hypothesis, we further analyzed a sample (we selected the one incubated with 5 mM GSH) by STEM technique. As can be seen from Fig. 9, mere and early fusion of particles started to be detected after 6 hours and which was more obvious after 24 hours of incubation. Interestingly, some of the material shapes no longer resembled the perfect single core shell structure as reported in the previous measurement (Fig. 3). It is important to note that the edges of the silica particles melted, which resulted in the connection of one particle to its neighbor to form a giant network (aggregate). Reduction in the thickness of the shell was also observed after 24 hours of contact with the analyte (see yellow arrows sign in Fig. 9b).

! Although a full understanding of the phenomena requires a more detailed study, which is in progress, this preliminary data demonstrates that it is possible to detect a specific natural reducing agent, i.e. GSH. We believe that this proof-of-principle, even though in its infancy still represents a very important step toward the use of stimuli responsive (rigid) materials as a surface coating of plasmonic nanomaterials. The direction of this research aims towards smart nanocarriers, which are able to carry and protect important molecules (i.e. drugs), release the molecules upon interaction with the target analyte and ! at the same time, the release can be directly monitored from the change in its LSPR property (See Fig. 10 for the description).

Conclusion

We have demonstrated a straightforward synthesis, full materials characterization, and application of novel core-shell plasmonic sensors based on silver nanoparticles coated with a breakable silica layer. The sensing experiments using this hybrid nanostructures for detection of glutathione and sodium borohydrate in solution were performed through direct analysis in the shift of localized surface plasmon resonance (LSPR) upon interaction with the analytes. A 60 nm silica layer (correspond to 10 nm blue LSPR shift) was successfully removed upon 24 hours of contact with 5 mM sodium borohydrate and we observed a red shift in the LSPR due to formation of aggregates upon interaction with glutathione. While the presented system still needs major improvements, especially in detecting a specific natural reducing agent such as GSH, our preliminary results suggest that the smart material has great potential for future nanomedicine application, in particular for simultaneous drug delivery and biosensing.

UV-Visible spectroscopy

UV-Visible spectroscopy is an optical technique which is commonly used to quantify the light that is absorbed and scattered by a sample. Generally, when the photons travel through a medium, the light is absorbed and the absorbance (A s ) of a medium at the given wavelength (λ) is defined by Eq. 7.1.

A s (λ) =log(I s /I 0 ) (Eq. 7.1)

where I s is the light intensity passing through the sample, I 0 is the intensity of incident light before passing through the sample and the ratio between two are defined as transmittance. The absorbance (without considering the scattering and the aggregation of samples) can be written in the following the Beer-Lambert law (Eq. 7.2)

A ! λ = ! -!"# ! ! ! ! = !!! ! • ! • ! (Eq. 7.2)
where ε defines the molar absorption coefficient (in L mol -1 cm -1 ), l is the path length of the light through the medium (in cm), and c is the concentration (in mol L -1 ). TAC is time-to-amplitude converter; MCA is multichannel analyzer. Image is reprinted from Ref. 2 with permission from Elsevier.

Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of electron microscope that produces images of a specimen by scanning it with a focused beam of electrons. The SEM uses a focused beam of high-energy electrons to generate a range of signals (in particular the sample's surface topography and composition) at the surface of solid samples.

As can be seen from Fig. 4, there are some elements needed for constructing a SEM: (1) incident electrons (from an electron gun) typically with the energy from 1 to 40 keV.

These incident electrons can be from tungsten hairpin filament (thermionic-based emission) which is heated to 2500 o C temperatures where the energy of the weakest bounded electrons exceeds the work function of the material, thus allowing for the electron emission or another thermionic emission source such as lanthanum hexaboride or field-emission-sources that use high electric fields between a cathode and an anode, in a way that if the applied electric field is big enough, the work function of the cathode ! dramatically decreases and electron emission is possible even at room temperature. (2) Two or three electromagnetic condenser lenses demagnify the electron beam into a fine probe which is scanned along a selected area of the sample surface in a raster by scan coils. The electrons penetrate the specimen in a teardrop-shaped volume whose overall dimensions are determined by the energy of the electron beam, the atomic masses of elements in the specimen and the angle at which the electron beam hits the specimen.

The interaction between the electron beam and the specimen produces secondary, backscattered and Auger electrons, x-rays and perhaps light, collected by various (3) detectors in the specimen chamber. The volume in which secondary electrons are produced is relatively small, which leads to a high axial resolution (a few nm). The final image is thus a map formation of the secondary electron density depending on the properties of the sample. Furthermore, Xray signal generated when the excited electrons of specific orbitals return to lower energy states, will produce electromagnetic signal that are of a fixed frequency related ! to the difference in electronic energy levels for a given element. Thus, characteristic Xrays are produced for each element, allowing for a chemical composition mapping of the sample surface (also called Energy-dispersive X-ray spectroscopy or simply EDX). Living cell/intact cell have intact cell membranes and they can be considered as electric isolators and the increase of resistance level is recorded over the measuring pore. The increase is related to the dimension (volume) of the cells. In other hand, dead cells, which the membranes cannot behave as an electrical barrier, are detected mainly by the size of the cell's nucleus. The population of debris, dead cells and viable cells finally is determined by size analysis since the size of entire cells is always bigger than the size of the nucleus (Fig. 9). The final objective of this thesis entitled "Optical imaging and drug delivery using soft-and hard-nanomaterials" is to develop novel soft-and hard-materials as well as to study their interaction with living cells for an ultimate application in the field of theranostics covering imaging, sensing, gene and cancer therapy. This thesis is divided into 7 main chapters presenting different aspects of the research fields developed throughout the thesis.

Chapter 1 gives a general overview about nanomedicine fields and in particular the introduction on the main topics of the thesis including the use of functional molecules and "soft" materials for bioimaging, followed by an explanation of a new methodology in cell imaging, which is based on stimulated emission. We also described the application of porous "hard" materials namely zeolites and mesoporous silica nanoparticles as multifunctional nanosystems for theranostic applications as well as a plasmonic material for biosensing application.

Chapter 2 investigates the application of metal complex in particular self-assembled phosphorescent platinum(II) complexes as a cellular labeling probes. The synthesis and photophysical characterization of two complexes containing terdentate ligands with different hydrophobicity and electron density are highlighted and their cellular interaction is described. We presented the formation of supramolecular aggregates of complexes inside cell with different localization that could be seen from different emission color. Variations of moieties at ancillary ligands posses different uptake behavior thus giving us slightly understanding of controlling uptake behavior as well as the structural compartmentalization.

Chapter 3 presents the first generation of stimulated emission (laser), without conventional cavity, coming from stained biological cells. We reported on a directional mirrorless laser, in which the amplification medium is purely based on the dynamic scattering pattern (random laser phenomenon) originated by rhodamine 6G-stained biological cells, namely HeLa, C6 glioma, A549, MDCK, and Astrocyte cells, without any resonator. The application of this novel technique in cell imaging and distinction study is demonstrated.

!

Chapter 4 shows our determinations to develop multifunctional nanocarriers based on porous hard materials namely zeolites-L and mesoporous silica nanoparticles for drug and oligonucleotide delivery in vitro in hope for possible gene therapy. Zeolites-L nanoparticles were functionalized by electrostatically linked DNA strands or by covalently attaching the PNA probes onto the surface, while the channel system was filled a desired guest molecule, e.g. DAPI, a nuclear staining probe. Furthermore, we demonstrated that the combination of porous materials i.e., MSNPs, PNA oligonucleotide and a real drug (temozolomide) can be applied for the possible treatment of glioblastoma. Their interaction with living system was deeply investigated and the release kinetics of the guest molecules entrapped in the pore channels inducing biological effect was studied.

Chapter 5 describes the realization of stimuli responsive hybrid organosilica based materials able to encapsulate proteins in their native form and to deliver macromolecules into living glioma cells as well as to be potentially eliminated by the body. The synthesized particles were shown to be broken upon a presence of chemical stimulus i.e. reducing agent in solution and even more appealing in vitro. The destroyable nanocapsules were tested for the intracellular delivery of different proteins: luminescent or cytotoxic proteins namely cytochrome C, GFP, TRAIL Apo2 Ligand, and Onconase ® into C6 Glioma cells. We presented that the shell is broken upon cell internalization and the released proteins are active for effective therapeutic effects towards glioblastoma disease. The toxicity study of the system suggested the possibility to be used as an anti glioblastoma agent.

Chapter 6 demonstrates the synthesis and the use of plasmonic nanoparticles for detection of reducing agent. We successfully combined the concept of the plasmonic biosensing using silver nanoparticles coated with breakable silica layer constructing a well-defined core shell structure. The practical application of the hybrid material for detection of glutathione and sodium borohydrate in solution was performed through analysis of the shift of localized surface plasmon resonance (LSPR) upon interaction with the analytes. Ca. 60 nm silica layer (correspond to 10 nm blue LSPR shift) was successfully removed upon 24h in contact with 5 mM sodium borohydrate while we observed red shift of LSPR due to formation of aggregate upon interaction with glutathione. Our preliminary result suggests that the system has a great potential to be ! expanded for future nanomedicine application, in particular for simultaneous drug delivery and biosensing. To Youssef Atoini and Ricardo "Flidor" Totovao, thanks for the friendship and always helping me with all of this French bureaucracy. I am really happy to know both of you and to have very interesting "chat" with both of you.
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Résumé

Le travail décrit dans cette thèse se concentre sur le développement de matériaux « durs et mous » ainsi que leur interaction avec les cellules biologiques pour une application finale dans le domaine de la théranostique couvrant l'imagerie, la détection, la thérapie génique et la thérapie du cancer. Dans ce contexte, nous avons tout d'abord étudié l'utilisation de complexes (II) de platine phosphorescents auto-assemblés comme sonde cellulaire. Nous avons étendu l'idée de bioimagerie en introduisant un concept d'imagerie basée sur l'émission stimulée où nous étions en mesure de générer un laser provenant d'une cellule biologique unique sans utiliser de cavité optique conventionnelle. En outre, des nano-transporteurs multifonctionnels à base de matières poreuses dures à savoir des zéolithes L et des nanoparticules de silice mésoporeuse pour de la « drug delivery » (relargage de médicaments et d'oligonucléotides) in vitro ide ont été développés avec succès et testés pour le traitement du glioblastome. Un autre nano-vecteur, qui est construit à partir de silice biodégradable, a également été synthétisé et sa capacité d'encapsuler des protéines et de les libérer dans les cellules vivantes lors de la dégradation de la structure dans un environnement réducteur a été démontrée. Enfin, l'utilisation de nouveaux matériaux plasmonique sur la base de nanoparticules d'argent enrobées de silice cassable pour la détection d'agents réducteurs a été mise en valeur.

Résumé en anglais

The work described in this thesis focuses on the development of soft-and hard-materials as well as their interaction with biological cells for applications in the field of theranostics covering imaging, sensing, and gene, and cancer therapy. In this context, we first investigated the use of phosphorescent self-assembled platinum(II) complexes as cellular probes. We extended the concept stimulated emission-based bioimaging by generating a laser-like emission coming from a single biological cell without using any conventional optical cavity. In addition, we successfully developed multifunctional nanocarriers based on porous hard materials, namely zeolites-L and mesoporous silica nanoparticles for drug and oligonucleotide delivery in vitro and they were tested to treat glioblastoma. Another nanovector, which is constructed from biodegradable silica, was also synthesized and its ability to encapsulate proteins and release them in living cells upon degradation of the structure in reductive environment was demonstrated. Finally, the use of novel plasmonic structures based on breakable silica-coated silver nanoparticles for detection of reducing agents was successfully investigated.

Fig. 1 .

 1 Fig. 1. Structures chimiques de deux complexes neutres de platine, a. CF 3 -Pt-4OHpy et d. Tol-Pt-4OHpy. Images de microscopie confocale à luminescence montrant la distribution de b. CF 3 -Pt-4OHpy et e. Tol-Pt-4OHpy à l'intérieur des cellules HeLa. Profil d'émission enregistré dans une solution mixte DMSO:H 2 O (trait plein noir) et provenant de l'agrégat lumineux à l'intérieur c. de la région nucléaire (trait en

Chapitre 2 .

 2 Fig. 2. a. Structure chimique du colorant rhodamine 6G. Micrographe au confocal à fluorescence de HeLa colorée à la R6G et image au champ clair correspondant. c. Vue

le 4 ' 21 Fig. 3 .

 4213 Fig. 3. a. Structure matériaux du zéolithe-L. Micrographe au microscope confocal à fluorescence montrant la prise de nanocristaux de zéolithes fonctionnalisées à l'ANP et la cinétique de libération de molécules de DAPI au noyau de la cellule correspondant après un temps d'incubation de b. 1 et c. 4 heures. d. Expérience de colocalisation montrant la présence d'ADN marqué au Cy5 dans les mitochondries. Les mitochondries ont été marquées à l'aide de MitoTracker ® Orange CMTMRos (Invitrogen). Les fluorophores DAPI, MitoTracker ® Orange CMTMRos, et Cy5 ont été excités à λ exc 405, 543, et 633 nm respectivement. OL=overlay. e. Test de viabilité de cellules HeLa face au traitement aux nanozéolithes modifiées à l'ADN ou l'ANP pour 24 heures à une concentration de 0,1 mg/mL. Contrôle positif : cellules non traitées, contrôle négatif : éthanol 50 %: milieu de culture 50 %.
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 3 afin de prouver la « drug delivery » multiple du système. Les expériences de colocalisation montrent que le DAPI atteint le noyau de la cellule et l'ADN migre vers les mitochondries en un temps relativement court. Des expériences de viabilité ont démontré que les systèmes sont biocompatibles et ne montrent pas de toxicité sur les cellules vivantes HeLa. Cette approche peut donc être considérée comme un prototype intéressant pour le développement de nouvelles nanoparticules pour la « drug delivery » et la thérapie génique. De plus, nous avons démontré une preuve de concept de nanovecteurs fonctionnalisés pour des applications en « drug delivery » et en thérapie génique. Dans ce sous chapitre, notre effort pour démontrer qu'une combinaison entre l'oligonucléotide et le médicament peut être appliquée pour le traitement du glioblastome est souligné. Pour cette raison, nous avons utilisé les cellules gliome C6 en tant que modèle cellulaire.

Fig. 4 .

 4 Fig. 4. a. Une procédure schématique pour la fonctionnalisation de « MSNPs ». Après la synthèse des « MSNPs » utilisant du surfactant comme modèle, des groupements amine sont d'abord introduits sur la surface de la particule par silanisation, suivie de l'extraction du CTAB. Ensuite, les groupements amine sont convertis en groupements carboxyliques par réaction avec de l'anhydride succinique, s'ensuit une imprégnation de témozolomide dans les pores. En dernier lieu, le R8-PNA221 cationique est adsorbé sur la surface externe de la particule. b. Image au MEB des MSNPs obtenus et c. Image au MET à haute résolution des MSNPs après extraction du CTAB montrant le motif en nanocannaux (en bas). d. Micrographes au confocal à « Z-stack » de cellules gliome C6 incubées avec une dispersion de 0,05 mg/mL de notre nanosystème après 1h d'incubation. Les points rouges représentent le colorant Cy5 émissif contenu dans les particules (λ exc = 633 nm), tandis que les filaments d'actine F sont visualisés en jaune après coloration à la Phalloidine Alexa Fluor® 568 (λ exc = 543 nm). e. Etude de toxicité basée sur test d'exclusion à l'Annexine V sur des gliomes T98G après 48h de traitements avec différents systèmes.

Fig. 5 .

 5 Fig. 5. a. Procédure schématique pour la construction des capsules de silice cassables. Photos au MET-HR de CytC@BS-NPs intact b. avant et c. après traitement avec une solution de NaBH 4 pendant 3 heures respectivement. Micrographes au MET de particules internalisées à l'intérieur de cellules gliome C6 d. 4h et e. 24h après l'incubation des particules à une concentration de 0.1 mg/mL. f. Récapitulation de la viabilité de cellule après 24h d'incubation de particules à une concentration de 0,15 mg/mL. Contrôle : cellules non traitées.

Fig. 6 .

 6 Fig. 6. a. Micrographe électronique à transmission d'argent recouvert de silice cassable. b. Spectres UV-visible d'argent recouvert de citrate (trait rouge) et d'argent recouvert de silice cassable (trait noir). c. Spectres UV-visible d'argent recouvert de silice cassable avant (trait noir) et 24 heures après addition de tetrahydroborate de sodium à 5 mM (trait rouge). d. Micrographe électronique à transmission d'argent recouvert de silice cassable après rinçage avec une solution de tetrahydroborate de sodium. e. Spectres d'absorption UV-visible de solutions de particules en coeur-coquille après l'addition d'une solution de GSH à 5 mM. f. Micrographe électronique à balayage et à transmission d'argent recouvert de silice cassable après 24 heures en contact avec une solution de glutathion (5 mM). Barre d'échelle : 100 nm
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 11 Soft materials based on self-assembly of platinum complexes as a functional system for bioimagingFluorescence-based molecules, i.e., organic fluorophores and naturally occurring luminescent proteins, e.g., green fluorescent protein (GFP) and their derivatives have transformed the way we understand molecular and cell biology since their potential application in staining the cells and tissues 9 followed by advanced development in fluorescence microscope 10 has been widely demonstrated. They display some great advantages such as very high absorption in visible wavelength, high photoluminescence

!

  Fig. 1. a. Schematic illustration of the deactivation of a platinum complex by the environment (top) and the rigidochromic and shielding effect imparted by the aggregation, resulting in the emission enhancement (bottom). b. (Left) Simplified molecular orbital (MO) diagram for a generic transition metal complex and relative spectroscopic excitation transitions. (Right) Simplified MO diagram of two interacting square-planar platinum(II) complexes, showing the intermolecular d z 2 orbital overlap in the ground-state and its influence on the energy of the MO levels. c.

  photochemistry scenario compared to common organic fluorophores. In the case of TMCs, the presence of filled molecular orbitals with strong metal d character as well as of low-lying, empty, anti-bonding π* orbitals located on the ligands, yields a more fascinating and energetic photophysical property. The reason behind this is associated to the energetic proximity of different electronic states and their different nature as well as to sizeable spin orbit coupling (SOC) effect exerted by the heavy atom. Differently with well-known fluorescent organic molecules, the existence of heavy atoms in TMCs allows the mixing of the singlet and triplet manifolds due to SOC effects, which in a first approximation scales with the fourth power of the atomic number Z (SOC Z 4 ), yielding competitively fast intersystem crossing (ISC) processes between different

Fig. 2 .

 2 Fig. 2. Chemical structure of reported Pt(II) complexes used in bioimaging. Adapted from Ref. 64 with permission from The Royal Society of Chemistry.

Fig. 3 .

 3 Fig. 3. Fluorescence micrograph of complexes a. 4, b. 5, c. 6 and d. 8 inside HeLa cells after incubation with 10 µM of complexes 4-7 in DMSO/PBS for 30 minutes at 37 o C. Images were recorded upon excitation at 405 nm. Scale bar = 20 µm. Adapted from Ref. 64 with permission from The Royal Society of Chemistry.

Fig. 4 .

 4 Fig. 4. Simplified Jablonski diagram for a. spontaneous emission involving fluorescence or phosphorescence and b. stimulated emission. S stands for singlet, T for triplet. ISC stands for intersystem crossing.

Fig. 5 .

 5 Fig. 5. a. A cartoon illustrating the single cell laser. A living eGFP-expressing 293ETN cell is positioned inside a high-Q resonator consisting of two DBRs (d = 20 µm). b. Normalized output spectra of the same laser for different pump energies: 0.9 and 5 nJ, respectively. The arrow denotes the expected wavelength spacing of consecutive longitudinal modes. c. Configuration of the microbead cell laser and corresponding confocal image of a polystyrene bead embedded in a HeLa cell. d. Laser emission from a BaTiO 3 bead embedded in a cell. The cell cytoplasm was stained with CMFDA dye. Images a and b are reproduced from Ref. 104 with permission from Nature Publishing Group. Images c and d are reprinted from Ref. 107 with permission from OSA publishing.

Fig. 6 .

 6 Fig. 6. Comparison of a. conventional optical cavity laser and b. random laser (RL) based multiple scattering systems. c. Schematic of formation of closed loop paths in the RL with coherent feedback. Copyright William Guerrin.

Fig. 7 .

 7 Fig. 7. a. Macroscopic view of lasing experiment. b. Fluorescence and lasing spectra from pyrromethene dye-doped nematic liquid crystals. Discrete sharp peaks emerge from the residual spontaneous emission for pump energy of about 1.2 µJ/pulse. The inset shows the dependence of the lasing intensity on the angle θ between the linearly polarized light and the local nematic director orientation. Reprinted from Ref. 112 with

Fig. 8 .

 8 Fig. 8. A cartoon illustrates the formation of mirrorless laser from fluorescence-stained single biological cell through multiple intracellular scattering of the light.

Fig. 9 .

 9 Fig. 9. a. Projection of zeolite-L along the c-axis. b. Side view and c. Dimension of the main channel. Reproduced from Ref. 176 with permission from Wiley-VCH.

Fig. 10 .

 10 Fig. 10. a and b. Schematic representations showing the zeolites incorporating radioisotope agent ( 111 In 3+ ) and the channel entrances were closed using a specifically designed molecular stopcock (red capped). In vivo image showing distribution of the zeolite system inside Wistar rats. Reprinted with permission from Ref. 180 . Copyright 2010 American Chemical Society.

Fig. 11 .

 11 Fig. 11. A cartoon illustrates the preparation scheme of MCM-41. Adapted from Ref. 191 with permission from Wiley-VCH.

Fig. 12 .

 12 Fig. 12. Summary of cellular uptake through energy-dependent mechanism. The fate of internalized particles and localization to subcellular compartments are also depicted. ER: endoplasmic reticulum, NLS: nuclear localization signal, NPC: nuclear pore complex, TPP: triphenylphosphonium cation. Adapted from Ref. 226 with permission from Elsevier.

Fig. 13 .

 13 Fig. 13. Confocal micrograph showing the cellular uptake behavior of a. Atto-647-MSN-hydrazone-Dox (MSN: red fluorescence of Atto-647; nuclei: blue fluorescence of Hoechst 33342 staining). b. Hep-G2 cells were labeled with lysotracker to stain

  Fig. 14. a. A cartoon illustrating localized surface plasmon resonance (LSPR) where the free conduction electrons in the metal nanoparticle are driven into oscillation due to strong coupling with incident light. b. Extinction spectra of different size gold nanoparticles. Image a is reprinted with permission from Ref. 255 Image b is reprinted with permission from Ref. 256 . Copyright 1999 American Chemical Society.

Fig. 15 .

 15 Fig. 15. a. A cartoon illustrating a single gold nanoparticle capped with trisodium citrate b. Transmission electron micrographs of silica-coated gold particles. c,d. Experimental and calculated value of absorbance on the UV-visible spectra of ethanolic gold nanocolloids coated with different thickness of silica. Image a is reprinted with permission from Ref. 259 . Image b, c, d are reprinted with permission from Ref. 260 .

Fig. 16 .

 16 Fig. 16. Schematic representations of the sandwich ELISA used by Stevens and coworkers 263 and two possible signal generation mechanisms. a. In conventional colorimetric ELISA, enzymatic biocatalysis generates a colored compound while b, in

  Fig. 17. a. Cartoon showing the hybridization of two complementary DNA-Ag NPs. b. UV-Vis spectra of unmodified Ag NPs (black line), unhybridized DNA-Ag NPs (blue line), and hybridized DNA-Ag NPs (red line). After hybridization, the band of DNA-Ag NPs broadens and red shifts significantly from 410 to 560 nm. c. A photograph showing colorimetric change responsible for the assembly process of DNA-Ag NPs. The intense yellow color of the unhybridized Ag NPs (1) turns to pale red (2) indicating the particle aggregation. Reprinted with permission from Ref. 265 . Copyright 2007 American Chemical Society.

  Haes and Van Duyne for example demonstrated the use of biotin-funtionalized triangular AgNPs for detection of streptavidin where they observed ca. 27 nm red-shift of LSPR upon binding. After validation, they further explored it to detection of anti-biotin with limits of detection of 1 pM for streptavidin and 100 pM for anti-biotin.270 Yonzon et al. succesfully extended the use of self assembled monolayer consist of triangular silver nanoparticles modified with mannose for detection of concanavalin A.271 A unique nanosensor constructed from hybrid triangular Au-Ag nanoparticles was developed byZhu et al. 272 The hybrid nanoparticles arrays were able to prevent oxidation of silver nanoparticles because the gold protective layer was deposited on top of the Ag nanoparticles capable to isolate the Ag particles from the atmosphere. Using this system, they succeed to detect Staphylococcus aureus enterotoxin B (SEB), a small protein toxin at nanogram per milliliter level. Finally, to demonstrate the potential of LSPR sensors as clinical diagnostic devices especially for disease detection, Haes et al.273 detected an oligomeric form of amyloid beta, known as amyloid-beta derived diffusible ligands (ADDLs), which is well-known as the Alzheimer's disease biomarker at concentrations down to 100 fM. The binding of synthetic ADDLs to an antibody-functionalized silver nanoprism array was detected by redshifts in the nanoprism λ max , the magnitude of which depended on ADDL concentration.Most of this LPSR shift-based sensor however, has been performed with large ensembles (arrays) of nanoparticles on the substrate. Limited examples have used single particles approach even though each of nanoparticle in the ensemble indeed could serve as an independent sensor. Actually the use of single particle sensing-method can give several advantages such as (i) improving absolute detection limits (related to total number of molecules detected), (ii) enabling higher spatial resolution in multiplexed assays, (iii) providing better signal to noise ratio, and (iv) single nanoparticles have promising applications for measurements in solution, or in vitro and tissues where fixed arrays are unable to penetrate.274 Van Duyne and co-workers275 for example demonstrated the use of single silver nanoparticles as real-time optical sensors with zeptomole sensitivity. By using a resonant Rayleigh scattering spectroscopy coupled to ! high-magnification dark field microscopy, they were able to demonstrate the LSPR λ max response of individual Ag nanoparticles to the formation of a monolayer of smallmolecule adsorbates. In solution, Englebienne 276 observed the absorption maxima of LSPR was red-shifted when AuNPs functionalized with monoclonal antibodies interacted with analyte while Stevens and co-workers 277 were able to monitor blue shift of the LSPR absorbance band of gold nanostars upon the presence of glucose oxidase (GOx). At low concentrations of GOx the nucleation rate is rather slow, which favors the growth of a conformal silver coating that induces a large blue-shift in the LSPR of the nanosensors; (ii) when GOx concentration is high, the fast crystal growth conditions

  photophysical studies were reported. Cellular uptake experiments on HeLa cells were performed under normal biological conditions (37°C, 5% CO 2 ). All of the materials have been characterized with high cell permeability, organelle selectivity, fast internalization, and low cytotoxicity with a possibility to excite the materials in the visible region (up to 543 nm). The example of formation of self assembly of Pt(II) complexes inside the cells were emphasized and their application for preparation of novel new type of dynamic probes were successfully demonstrated.

  supramolecular architectures, due to their square planar geometry will provide additional features such as: (a) the emitter is protected from the environment and in particular from di-oxygen that could quench the emission; (b) the rigidity, due to the packing of molecules in determined structures, decreases non-radiative processes (increasing PLQY); (c) the reactivity or toxicity of the complexes is diminished by the difficult accessibility of the metal center; (d) alterations in the excited state nature and properties lead to a bathochromic shift of excitation and emission through establishment of MMLCT band towards more biologically interesting spectral windows (namely optical therapeutic window).

PtCl 2 (

 2 DMSO) 2 ,20 and 2,6-bis(3-(p-tolyl)-1H-1,2,4-triazol-5-yl)pyridine (py-Tol-trzH 2 )21 were prepared in accordance to reported synthetic procedures. All the synthesis as well as full characterization of the ligands and the complexes are described below. Column chromatography was performed on silica gel 60 (particle size 63-200 µm, 230-400 mesh, Merck). High-resolution electron spray ionization mass spectrometry (HR-ESI-MS) was performed on a Bruker Daltonics (Bremen, Germany) MicroToF with loop injection. Proton ( 1 H) and fluorine ( 19 F) NMR analyses were carried out on a Bruker AMX 400 Avance.

26 Chart 1 .

 261 Scheme 1. The reaction was performed using one-pot synthesis employing either py-Tol-trzH 2 or py-CF 3 -trzH 2 , as the tridentate ligand, PtCl 2 (DMSO) 2 (DMSO = dimethylsulfoxide) as the Pt(II) precursor, triethylamine as the base and 4hydroxypyridine as the ancillary ligand in a 3:1 mixture of 2-methoxyethanol and water as the solvent. The reaction mixture was heated overnight at 83°C resulting in the formation of a highly emitting plentiful precipitate. The complexes were obtained by

Fig. 1 .

 1 Fig. 1. Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram of complex CF 3 -Pt-4OHpy•2DMSO with thermal ellipsoids shown at 30% probability level with corresponding atom labelling. The two DMSO solvent molecules are omitted for sake of clarity. Selected bond lengths (Å) and angles (º): N(1)-Pt = 1.995(16), N(2)-Pt = 2.014, N(5)-Pt = 2.024(10), N(8)-Pt = 2.029(16), N(1)-Pt-N(2) = 81.1(6), N(1)-Pt-N(5) = 79.3(6), N(2)-Pt-N(8) = 101.0(6), N(5)-Pt-N(8) 98.5(6).

  ) Å for N(1)-Pt and N(8)-Pt, and the N(trz)-Pt [where trz is triazolate] distances are 2.014(10) and 2.024(10) Å for N(2)-Pt and N(5)-Pt, respectively. Also, the N(py)-Pt-N(trz) bond angles, namely N(1)-Pt-N(2) and N(1)-Pt-N(5), are 81.1(6)º and 79.3(6)º, respectively.

Fig. 2 .

 2 Fig. 2. Electronic absorption spectra for complex Tol-Pt-4OHpy in DMSO (black trace) and DMSO:H 2 O 1:99 v / v (blue trace) and for complex CF 3 -Pt-4OHpy in DMSO (red trace) and DMSO:H 2 O 1:99 v / v (magenta trace). For both complexes, the high scattering at longer wavelengths confirms the formation of aggregates upon addition of H 2 O.

  exponential kinetics and for Tol-Pt-4OHpy, they become longer going from pure DMSO to DMSO/H 2 O condition. This behaviour are most likely due to the presence of ! aggregates as well as that both emissive monomers and assemblies of different size. We believe that the longest component, being 1772 ns (19%) and 365 ns (14%) for Tol-Pt-4OHpy and CF 3 -Pt-4OHpy, respectively, is always associated to the most packed aggregates which prevent dioxygen diffusion reducing emission quenching.Noteworthy, the emission quantum yield for CF 3 -Pt-4OHpy reaches a value as high as 36% in the aggregate form in air-equilibrated DMSO:H 2 O (1:99 v/v) condition.

Fig. 3 .

 3 Fig. 3. Emission (solid traces) and excitation (-• -) spectra for complexes Tol-Pt-4OHpy and CF 3 -Pt-4OHpy in different conditions. Emission and excitation for Tol-Pt-4OHpy in pure DMSO (green traces) and in DMSO:H 2 O (1:99 v / v ) (orange trace); CF 3 -Pt-4OHpy at 77 K in 2-MeTHF glassy matrix (black trace) and in DMSO:H 2 O

Fig. 4 .

 4 Fig. 4. a. Luminescence confocal microscopy images showing the distribution of complex Tol-Pt-4OHpy inside HeLa cells; (b) Emission spectra recorded for DMSO:H 2 O condition (solid black trace) and collected from the cytoplasmic region of the cells (dashed red trace). The samples were excited at λ exc = 330 and 405 nm for solvents and cell experiments, respectively.

Fig. 5 .

 5 Fig. 5. a. Luminescence confocal micrographs showing the distribution of CF 3 -Pt-4OHpy inside HeLa cells; (b) Emission spectra recorded in DMSO:H 2 O solution (black solid trace) and from the bright aggregate inside the nuclear region (dashed red trace). The samples were excited at λ exc = 330 and 405 nm for solvents and cell experiments, respectively.

Fig. 6 .

 6 Photophysical properties).In order to confirm the distribution and effective internalization of the platinum complexes inside the cells, co-localization and z-stack experiments by means of confocal microscopy were carried out on cells stained with commercially available fluorophores i.e., 4',6-diamidino-2-phenylindole-6-carboxamidine (DAPI) (nucleus staining agent), SYTO ® RNASelect™ Green Fluorescent Cell Stain (nucleoli stain), and Phalloidin Alexa Fluor ® 568, as the f-actin label. The obtained results, including the orthogonal views, are shown in Fig.6for complex CF 3 -Pt-4OHpy, and undoubtedly confirm that cellular uptake of the novel platinum derivatives took place.As depicted in Fig.6a and 6b, CF 3 -Pt-4OHpy compound is able to localize into cytoplasm and interestingly also inside the nucleus as confirmed by overlapping between the DAPI and complex signal (overlap coefficient, OC 0.83, with maximum OC possible 1). Moreover, perfect overlap of the emission (OC 0.91) of the complex and the SYTO ® RNASelect™ green fluorescent dye indicating the assemblies are also present in the nucleoli of the cells (Fig.6b). The orthogonal views as a result of the zstack experiments as depicted in Fig.6cindeed confirm the presence of CF 3 -Pt-4OHpy compound inside the cytoplasmic and nuclear region of the cell, respectively.

Fig. 7 .

 7 Fig. 7. Confocal images of the kinetics experiments of HeLa cells incubated with CF 3 -Pt-4OHpy at a concentration 50 µM solution with less than 1% content in DMSO at different incubation times: a. 0, b. 10, c. 20, d. 30, d. 40, and f. 50 minutes, demonstrating fast internalization of the compound. The samples were excited at λ exc = 405 nm.

Fig. 8 .

 8 Fig. 8. Confocal micrographs showing the distribution of CF 3 -Pt-4OHpy after 2 hours of incubation at 4 o C followed subsequently after additional 5, 15, and 20 minutes of incubation at room temperature (ca. 25 o C). The samples were excited at λ exc = 405 nm.

Fig. 9 .

 9 Fig. 9. Fluorescence confocal micrographs of CF 3 -Pt-4OHpy internalized by HeLa cells after 4 hours incubation in PBS. The samples were excited at different wavelengths: a. 355 nm, b. 405 nm, c. 458 nm, d. 488 nm, e. 514 nm, and f. 543 nm.

Fig. 10 .

 10 Fig. 10. Fluorescence confocal microscopy images showing the photostability of CF 3 -Pt-4OHpy towards photobleaching relative to DAPI. Panels (c-e) show that DAPI (blue) has been already photobleached meanwhile CF 3 -Pt-4OHpy (yellow) still maintains its emission even after 20 minutes of continuous UV irradiation at 405 nm.

Fig. 11 .

 11 Fig. 11. Fluorescence confocal microscopy images revealing no uptake of CF 3 -Pt-4OHpy in HeLa cells even after (a) 4 and (b) 24 hours incubation time in culture media.

Fig. 12 .

 12 Fig. 12. The complex CF 3 -Pt-4OHpy is found to aggregate inside the nucleus after 20 min incubation in PBS and replacement of the PBS with cell culture media causes its externalization in few minutes: (a) 0 minute, (b) 10 minutes, and (c) 30 minutes. (d) Emission spectrum recorded from the small aggregates in the white circle region, showing a maximum centred at 550 nm.

Fig. 13 .

 13 Fig. 13. Time-lapse micrographs showing the internalization of CF 3 -Pt-4OHpy in culture media after different irradiation times: a. 0 minute, b. 30 minutes, and c. 60 minutes. d. Zoom-out view; e. Zoom-in view showing the unexcited region and the area exposed to the 405 nm laser irradiation. Cells were excited at 405 nm (1.2 mW)

Fig. 14 .Fig. 15 .Fig. 16 .

 141516 Fig. 14. Confocal micrographs showing the control experiment of CF 3 -Pt-4OHpy in culture media after 2 hours continuously being irradiated using different excitation wavelengths, e.g., 458 nm and 488 nm (1.2 mW), respectively.

Dulbecco' s ! 3 . 2 . 2 .

 s322 Modified Eagle Medium, 10% Fetal Bovine Serum (FBS), 1% Penicillin-Streptomycin and 1% L-Glutamine 200 mM (materials for cell culture were purchased from Gibco) under 37 o C and 5% of CO 2 condition for 48 hours until reaching 90-95% cell confluency (concentration 13x10 6 cells/ml) of T-75 culture flask's surface (Corning). Adenocarcinomic human alveolar basal epithelial cells (A549) were cultured in the same manner inside mixture of 88% RPMI 1640 (GE Healthcare), 10 % FBS, 1% Penicillin-Streptomycin and 1% L-Glutamine 200 mM while Madin-Darby canine ! kidney (MDCK) were cultivated inside 88% Medium 199 Earle's (Biochrom AG), 10% FBS, 1% Penicillin-Streptomycin and 1% L-Glutamine 200 mM. Subsequently, all cellswere washed with Phosphate Buffer Solution, PBS (Gibco) twice followed by cell detachment by Trypsin-EDTA solution (Invitrogen). After cells were isolated from the surface, they were collected in Eppendorf tube and centrifuged (1,000 rpm) for 3 minutes. Supernatant was removed and cellular fixation was performed by immersing the cell pallet inside 1 ml 4% paraformaldehyde in PBS for 10 minutes. After the fixation, the cells solution was centrifuged for 3 minutes and the supernatant was removed subsequently. 500 µL rhodamine 6G staining solution (0.9 mM in DMSO (Sigma)) was added, mixed and the incubation time was done for 30 minutes. Cells were gently remixed and approximately 10 µL of the cell-dye solution was removed to cell counting slides (Bio-Rad) and 30 µL in glass microcylinder capillary Pasteur pipette. Fluorescence confocal microscopy All of the fluorescence images were acquired by means of a Zeiss LSM 710 confocal microscope system with 10× magnification, numerical aperture, NA, 0.3 of Zeiss EC Plan-NEOFLUAR and 63x magnification, NA 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were excited by continuous wave (cw) laser at 514 nm and the emission of the dye was collected in the range 520 nm to 735 nm.

Fig. 2 .

 2 Fig. 2. a,b. Schematic representation of the optical set-up used in the experiment. The measurement optical line consists in a tunable pump laser, optical diaphragm (D), optical density filters (F), polarizers (P), mirror (M), a spherical lens (L), dichroic mirror (DM), beam splitter (BS), CCD camera and optical fiber connect to multichannel spectrometer for analyzing the emission signal from the sample.

Fig. 4 .

 4 Fig. 4. a. Fluorescence confocal micrograph of R6G-stained HeLa cells shows accumulation of the dye inside the cells. b. Profile of emission intensity along the red line in panel a, shows that R6G intensity per unit volume inside the cell is approximately four times higher than outside. The image is acquired using lambda

Fig. 5 .

 5 Fig. 5. a. Typical fluorescence signals were detected below the lasing threshold. b. Emission spectra collected for 16 individual pump pulses reveal the typical dynamic behavior of random lasing. The spectra were acquired in above threshold condition (5 µJ per pulse). c. Far field emission intensity profiles for random lasing for 9 individual input pulses under the same pumping conditions. d. Angular distribution of output

Fig. 6 . 3 . 3 . 3 .

 6333 Fig. 6. Analysis of time dependent intensity and shape of pump, transmitted and random laser beams. a-c. Average beam shapes over 10,000 shots. d-f. Intensity fluctuation

Fig. 7 .

 7 Fig. 7. Microscopy images and spectra analysis showing evolution of sample from a,d. Fluorescence to b-f. lasing. Panel b,e show formation of a single mode lasing while

Fig. 8 .

 8 Fig. 8. a. Mirrorless cellular random lasers obtained from R6G-stained Rattus norvegicus brain glioma, C6 glioma cells. Active media is confined in a glass capillary (cylindrical geometry, ca. 600 micron inner diameter) and optically pumped at 520 nm. b. Narrow banded laser emission spectra (at 1 µJ threshold, red lines) observed from the stained cells.

Fig. 9 .

 9 Fig. 9. Principal component analysis (PCA) of random laser data originated from different stained cells. a. PC scores plot shows diverse distribution of RL emission spectra from A549 (yellow), C6 glioma (magenta), HeLa (cyan), Astrocyte (red), and MDCK cells (green color). Spectral plot of b. PC 1, c. PC 2, and d. PC3 loadings displaying different emission feature coming from each cells. Variance of PC1 and PC2 scores are 62.45% and 12.8%, respectively.

  describe three examples of nanomaterials using zeolite-L crystals and mesoporous silica nanoparticles as multifunctional platforms to simultaneously deliver different oligonucleotides such as deoxyribonucleic acid (DNA) or peptide nucleic acid (PNA) together with organic fluorophores as a model drug or a real anticancer drug, temozolomide into living cancerous cells. The detail investigation of interaction of nanosystems with three different cell lines namely HeLa, C6 glioma, and T98G was successfully performed and the results reveal the potency of the designed systems as a suitable prototype for the development of novel nanoparticles for drug delivery and gene therapy purposes. H. Luelf, A. Bertucci, D. Septiadi, R. Corradini, L. De Cola, "Multifunctional inorganic nanocontainers for DNA and drug delivery into living cells", Chem. Eur. J. 2014, 20, 10900 -10904 (also selected as cover picture) A. Bertucci, H. Luelf, D. Septiadi, A. Manicardi, R. Corradini, L. De Cola, "Intracellular delivery of Peptide Nucleic Acid and organic molecules using zeolite-L nanocrystals", Adv. Healthcare Mater., 2014, 3 (11), 1812-1817 A. Bertucci, E. A. Prasetyanto, D. Septiadi, A. Manicardi, E. Brognara, R. Gambari, R. Corradini, L. De Cola, "Combined delivery of temozolomide and anti-miR221 PNA using mesoporous silica nanoparticles induces apoptosis in resistant glioma cells", Small, doi: 10.1002/smll.201500540 !

with

  Dr. Henning Lülf and Dr. Eko Adi Prasetyanto from the group of Prof. Luisa De Cola together with Dr. Alessandro Bertucci and Dr. Alex Manicardi (for the synthesis of PNA) from the group of Prof. Roberto Corradini at University of Parma, Italy.

  purification. Potassium hydroxide (KOH), Aluminium hydroxide Al(OH) 3 , Dimethyl sulfoxide (DMSO), Ludox HS-40 collodial silica, toluene, acetonitrile, sodium hydrogen carbonate, hydrochloric acid 37%, (3-aminopropyl)triethoxysilane (aminopropyl)triethoxysilane (APTES), tris(hydroxymethyl)aminomethane (Tris), 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI), Phosphate buffered saline tablets, poly-L-lysine hydrobromide (PLL), temozolomide were all purchased from Sigma-Aldrich (France). Cetyl trimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), 3-Aminopropyl-dimethyl-ethoxy silane (APDMS) were purchased by Acros Organics. Oxazine 170 perchlorate was provided by Acros Organics. Cyanine 5 NHS-ester was supplied by Lumiprobe. Single stranded Cy5-and Cy3-labeled DNA oligonucleotides were provided by Thermo Fisher Scientific (Germany). Ethanol was purchased by Carlo Erba (Italy). Ethanolamine was purchased by Fisher Scientific (France). Fmoc-C(Bhoc)-OH, Fmoc-G(Bhoc)-OH, Fmoc-T-OH, Fmoc-AEEA-OH used for PNA synthesis were all purchased from ASM (Germany).

  3 mM aqueous solution of DAPI and stirred overnight at 50°C. The zeolites were recovered by centrifugation and washed with water until the supernatant did not show any fluorescence. Thermogravimetric analysis (TGA) was performed to determine a loading value and it showed the loading value of around 0.97 mg DAPI/ 100 mg zeolites. Oxazine 170 loading. Zeolite-L nanocrystals (200 mg) were dispersed in a 0.01 mmol solution of oxazine 170 perchlorate in H 2 O and stirred overnight at reflux. The fluorescent dye-labeled zeolites were then recovered by centrifugation. Subsequently, ! the solid residue was washed with water until the supernatant resulted completely transparent. After TGA, a value of about 2 mg of oxazine per 100 mg of zeolites was found.

2 mmol) 1 M 7 (

 217 was added to the suspension in presence of a catalytic amount of TEA and the mixture was stirred at room temperature overnight. The zeolites were then washed with ethanol (3 x 15 mL) and dried in vacuum.Preparation of DNA-functionalized zeolites. 1 mg of NH 2 -functionalized zeolites were dispersed in a solution of 15 nmol Cy3-or Cy5-labeled DNA (5'-GCAACAGTGAAGGAAAGCC-3') in 0.5 mL PBS buffer. Incubation was done for 30 min at 37 °C and the zeolites were removed by centrifugation(30 min, 14000 rpm) using an Eppendorf centrifuge.Synthesis of PNA Oligomer. The solid-phase synthesis of PNA sequence H-(AEEA)2-CTTTCCTTCACTGTT-NH 2 was performed in accordance to the reported literature68 and labeled PNA sequence H-TAMRA-(D-Lys)-GTAGATGA-NH 2 was carried out as reported elsewhere.69 Preparation of PNA-functionalized zeolites. The preparation step was started by introducing carboxylic acid groups on the surface of zeolites. 70 mg of the former amino-modified zeolites were dispersed in a succinic anhydride solution in DMSO (0.in 10 mL). Subsequently after 30 minutes of sonication to get a good dispersion, the mixture was stirred overnight at room temperature. The particles were then centrifuged and washed three times with DMSO. Next, succinimidyl-functionalized nanozeolites were obtained by reaction of the former material (50 mg) with a solution of DIC and NHS (both 0.25 M) in dry DMSO. The nanoparticles were redispersed in 10 mL of the reactant solution and stirred overnight at room temperature under nitrogen inert atmosphere. The product was again recovered by centrifugation washing with DMSO.PNA attachment was subsequently carried out by dispersing 5 mg of the activatedesters-modified-zeolites in 500 µL of a PNA solution 30 µM in a 100 mM carbonate ! buffer, H 2 O:Acetonitrile 9:1, pH = 9. The dispersion was stirred overnight at room temperature followed by centrifugation and washing three times with water. The final quenching step was performed by stirring overnight at room temperature the PNAzeolites with a 100 mM solution of ethanolamine in Tris buffer (100 mM, pH = 9). The final material was recovered by centrifugation and washing three times with water.Poly-L-lysine coating. Poly-L-lysine coating was carried out by dispersing 1 mg of DNA-modified zeolites in a 1% w/v solution of poly-L-lysine hydrobromide in water and stirring the mixture at room temperature for 1 hour. The final product was recovered by centrifugation and washing with water. The same procedure was repeated for PNA-modified zeolites.4.2.5. Preparation of temozolomide-loaded PNA-modified mesoporous silica nanoparticlesSynthesis of cationic anti-miR-211 PNA (8R-PNA221). The synthesis of cationic anti-miR-221 PNA H-RRRRRRRR-GCAGACAATGTAGCT-Gly-NH 2 (where R is an arginine residue) was carried out based on standard manual Boc-based chemistry using commercially available PNA monomers, with HBTU/DIPEA coupling as described elsewhere.70 The synthesis was performed in a 10 µmol scale using MBHA resin loaded with Fmoc-Gly as a first monomer. The R8 cationic arginine tail was introduced using the same coupling procedures employing Boc-D-Arg(Tos)-OH residues. Subsequently, PNA purification was performed by RP-HPLC with UV detection at 260 nm using a semi-prep column C18 (10 µm, 7.8x300 mm, Xterra Waters), eluting with water containing 0.1% TFA (eluent A) and acetonitrile containing 0.1% TFA (eluent B); elution gradient: from 100% A to 50% B in 30 min, flow: 4 mL/min. The final product of pure PNA oligomer was further characterized by ESI-MS, giving positive ions consistent with the final products: m/z found (calcd) 1084.5 (1084.5) [M+5H] 5+ , 903.Synthesis of Cy5-labeled MSNPs. 0.5 mg of cetyl trimethylammonium bromide (CTAB) was dissolved in 240 mL of water containing 1.75 mL of NaOH (2M). The solution was heated up to 80°C and stirred vigorously. Meanwhile, 2.5 mL of TEOS was dissolved in absolute 3 mL of ethanol, adding 50 µL of APTES and 0.1 mg of Cyanine 5-NHS ester ! dye (NHS-Cy5). This second solution was then added to the former CTAB flask and the final mixture was stirred overnight at 80°C. The obtained particles were then recovered by centrifugation and washed several times with water.Amino-functionalization of MSNPs. 150 µL of (3-Aminopropyl) dimethylmethoxysilane (APDMS) was mixed to a dispersion of 400 mg of MSNPs in ethanol, in presence of a catalytic amount of triethylamine (TEA). The mixture was then stirred overnight at room temperature. The functionalized particles were recovered by centrifugation and washed several times with ethanol.

x10 23 )

 23 /3.8x1012 = 1362 DNA:PNA-zeolites hybridization test. PNA-modified zeolite-L, were mixed at RT for 1 hour respectively with 500 µL of 2 µM solutions of a Cy3-labeled full-match DNA-ON sequence, a single mismatch sequence and a three-mismatch sequence (1 mg of material per each sample). After the incubation, the material was subsequently recovered by centrifugation and washed 5 times with water (30 min, 6000 rpm). Every sample was then dissolved in 200 µL of HF and diluted to a final volume of 2.2 mL in water.UV/Vis spectrum was finally recorded for each sample, to check the intensity of the Cy3 signal coming from the hybridized DNA-ON sequence. All of used DNA sequences are reported below. analysis, DAPI-PNA-modified zeolite-L was used to verify the co-localization of the Cy3 signal on the DAPI-zeolite spots. The control sample refers to non-surface functionalized zeolite-L crystals filled with DAPI.

For

  mitochondria and lysosome staining purpose, MitoTracker ® Orange CMTMRos and LysoTracker ® Green DND-26 dye (Invitrogen) was added exactly after the DNA modified-particles incubation to living HeLa cells, followed by PBS washing. Fresh culture media was added and live cell imaging was performed.Kinetic experiment of DAPI release from DAPI-DNA modified zeolites. DAPI-DNAmodified zeolites and PLL-DAPI-DNA-modified zeolites (concentration 0.1 mg/mL and 0.01 mg/mL) were independently incubated in living HeLa cell for 1 hour. After the incubation stopped, the cells were washed with PBS several times to remove the access of non-uptaken particles. Fresh culture media was added and live cell imaging was performed for about 1 hour of acquisition time for a total duration of 48 hours.Quantitative analyses of miRNAs. Reverse transcriptase (RT) reactions were carried out using the TaqMan ® MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA); real-time PCR was performed according to the manufacturer's protocols. Twenty ng per sample were used for the assays. All RT reactions, including no-template controls and RT-minus controls, were performed in duplicate using the CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad Laboratories, Milan,

  Annexin V and Dead Cell assay on T98G cell line, untreated and treated for 48 h with different concentrations of temozolomide, R8-PNA-a221 and MSNPs, were performed with "Muse" TM (Millipore Corporation, Billerica, MA, USA) method, according to the instructions provided by the manufacturer. This procedure employs Annexin V to detect PS (Phosphatidyl Serine) on the external membrane of apoptotic cells. A dead cell marker is also used as an indicator of cell membrane structural integrity. It is excluded from live, healthy cells, as well as early apoptotic cells. Four different populations of cells can be distinguished in this assay. Cells were washed with sterile PBS 1X, trypsinized, suspended and diluted (1:2) with the one step addition of the Muse TM Annexin V & Dead Cell reagent. After 20 minutes of incubation at room temperature in the dark, samples were subsequently ! analyzed. Data from prepared samples are obtained and recorded utilizing the Annexin V and Dead Cell Software Module (Millipore). Cellular uptake of functionalized MSNPs by FACS analysis. T98G cells were incubated with MSNPs at 0.1 and 0.5 mg/mL concentrations for 24 hours. After incubation, to determine the cellular fluorescence intensity, a FACScan instrument (Becton Dickinson) was used. Cells were harvested and washed, and then 20000 cells were analyzed using the Fl2 channel to detect red fluorescence and the Cell Quest Pro software to analyze the data. The results were expressed as median fold, the ratio between the median of fluorescence intensity values obtained by cells in the presence and in the absence of treatment, respectively; also the MPF% (Median Peak Fluorescence %), expressing the increase % of the fluorescence value caused by the inducer molecule, was used. A graphic representation of data was finally obtained both by histograms, showing the number of cells versus the fluorescence intensity expressed (Fl2), and cytograms, presenting the sideward light scatter (SSC) versus either the forward light scatter (FSC) or the fluorescence intensity (Fl2).

4. 2

 2 .9. Instrument Scanning electron microscopy (SEM) images were acquired using a FEI Quanta FEG 250 instrument. Dynamic light scattering (DLS) and zeta-potential analysis were performed on a Delsa Nano C Particle Analyzer (Beckman Coulter, Brea, CA, USA);

  Fig. 1. a. Scanning electron micrograph and b. Transmission electron microscopy image of zeolite-L nanocrystals.

Fig. 2 .

 2 Fig. 2. Chemical structures of fluorescent dyes and drug inserted in the pores of investigated materials

Fig. 3 .

 3 Fig.3. Preparation and characterization of the PNA-and DNA-modified particles. a. Preparation scheme: (1) empty zeolites, (2) pores filled with fluorescent dyes, (3) NH 2 functionalization, (4) DNA functionalization, (5) PLL coating, (6) carboxylic acid functionalization, (7) PNA grafting, and (8) PLL coating. b. Zeta potential and size distribution by DLS for each step.

Fig. 4 .

 4 Fig. 4. Confocal micrographs showing a. Confirmation of DNA binding by signal overlap (OL) of DXP and Cy5 in aggregated DXP-DNA-functionalized system b. Aggregated forms of PNA-functionalized zeolites hybridized with full complementary Cy3-labeled DNA Oligonucleotide and c. control samples. DAPI signal is shown in blue (left panel), Cy3 signal in green (middle panel), and the overlay of DAPI and Cy3 is shown in right panel. The images are recorded by using the same parameters Excitation wavelengths for DAPI and Cy3 are 405 and 543 nm, respectively.

Fig. 5 .

 5 Fig. 5. UV-Vis spectrograph of dissolved zeolite-L/PNA particles after hybridization with 3 different DNA strands. Full-match DNA strand (black line), single mismatch DNA strand (red line), and 3-mismatch DNA strand (blue line).

Fig. 6 .Fig. 7 .

 67 Fig. 6. a. Scanning electron micrograph and b. Transmission electron microscopy image of functionalized MSNPs. c. Emission spectrum of the particle dispersion in ethanol (λ exc = 600 nm). d. Confocal micrographs showing aggregated form of Cy5-MSNPs.The particles were excited using λ exc 633 nm.

Fig. 8 .

 8 Fig. 8. Fluorescence confocal images showing the cellular internalization of DXP-DNA-modified zeolites a. After 1 hour incubation; b. After 4 hours incubation; c. After 24 hour incubation. Cell nuclei were stained with Hoechst 33342. OL is overlay of three panels: Hoechst, DXP, and Cy5 signals. Excitation wavelength for Hoechst 33342, DXP, and Cy5 are 405, 543, and 633 nm, respectively. Scale bar is 20 µm.

Fig. 9 .

 9 Fig. 9. Confocal micrographs showing the uptake and intracellular behavior of DAPI-DNA-modified nanozeolite-L in HeLa cells. a. After 1 hour of incubation, b. After 4 hours of incubation, c. After 24 hours of incubation. d. Orthogonal view showing the presence of particles after 4 hours of incubation. A 568 represents the signal of Alexa Fluor ® 568 Phalloidin staining the f-actins of the cells, Cy5 resembles the Cy5-labeled single stranded DNA's signal and OL shows overlay of panel DAPI, A 568, and Cy5, respectively. The samples are excited using λ exc 405, 543, and 633 nm. Scale bar is 20 µm.

(

  negative charged particles tend to attract positive charge amino acid to form dual layer on the particles' surface, named corona). Indeed, a lower number of particles prevent an accurate study of the kinetics because in the experiments described the increasing concentrations of DAPI in the nucleus and DNA in the cytoplasm are affected by two independent mechanisms. On the one side the DAPI and DNA are continuously released from the zeolites, leading to increasing concentration of those in the nucleus and cytoplasm. But on the other side, the intracellular particle concentration also increases due to the different incubation times, most probably linearly, 78 leading to increase of concentrations of DNA and DAPI in the cells.

Fig. 10 .

 10 Fig. 10. Confocal micrograph showing the kinetics of DAPI and DNA release from PLL covered nanozeolites-L in living HeLa cells. The cells were incubated with particles for ca. 1 hour (0.01 mg/mL) and imaging was performed subsequently a. After incubation; b. After 2 hours; c. After 4 hours; d. After 6 hours; e. After 24 hours; f. After 48 hours. Left panel: DAPI fluorescence; middle panel: Cy5 emission; right panel: Overlay. λ exc are 405 and 633 nm for DAPI and Cy5 respectively. Emissions were recorded with a DAPI emission filter and a Cy5 emission filter, respectively. Scale bar is 20 µm.

Fig. 11 .

 11 Fig. 11. Fluorescence confocal images showing the kinetics of DAPI and DNA release from the nanozeolites-L (no PLL coating) in living HeLa cells. The cells were incubated with particles (0.1 mg/mL) for ca. 1 hour and imaging was performed subsequently a. After incubation; b. After 2 hours; c. After 4 hours; d. After 6 hours; e. After 24 hours; f. After 48 hours. Left panel: DAPI fluorescence; middle panel: Cy5 emission; right panel: Overlay. λ exc are 405 and 633 nm for DAPI and Cy5 respectively. Emissions were recorded with a DAPI emission filter and a Cy5 emission filter, respectively. Scale bar is 20 µm.

Fig. 12 .

 12 Fig. 12. Orthogonal views of fluorescence confocal micrographs showing the presence of a. PLL-DAPI-DNA-modified zeolites and b. DAPI-DNA-modified zeolites inside HeLa cells. Yellow color represents f-actin, blue shows DAPI entrapped in zeolites' channels and red denotes Cy5-labeled DNA. Samples were excited using λ exc 405, 543,

Fig. 13 .

 13 Fig. 13. 72 hours confocal micrographs showing the localization of the particles in the a. lysosomes and b. the released DNA in the mitochondria of HeLa cells. Blue color represents DAPI, green color shows Lysotracker ® Green DND-26 staining lysosomes, orange color shows MitoTracker ® Orange CMTMRos signal presence in mitochondria and red color denotes Cy5-labeled DNA. Samples were excited using λ exc 405, 488, 543, and 633 nm and the emission was recorded using their corresponding emission filters. Scale bar is 20 µm.

Fig. 14 .

 14 Fig. 14. Fluorescence confocal micrograph depicting the cellular internalization of DXP-PNA-modified zeolites a. After 1 hour incubation; b. Orthogonal view of z-stack experiment after 1 hour incubation. c. After 4 hours of incubation; d. After 24 hours of incubation. Cell nuclei were stained with Hoechst 33342. Excitation wavelength for

Fig. 15 .

 15 Fig. 15. Confocal micrographs of HeLa Cells treated with TAMRA-labeled PNA-Oxazine-modified zeolites (0.01 mg/mL) after 24 hours of incubation. a. Hoechst 33342 stains nuclei; b TAMRA-labeled PNA, showing the position of the labeled PNA probes; c. Oxazine 170 in the channels of zeolites; d. Overlay of the three panels: a, b, and c.

Fig. 16 .

 16 Fig. 16. Confocal micrographs showing the uptake and intracellular behavior of DAPI-PNA-modified nanozeolite-L in HeLa cells. a. After 1 hour of incubation, b. After 4 hours of incubation, and c. After 24 hours of incubation. Scale bar is 20 µm.

Fig. 17 .

 17 Fig. 17. Viability of HeLa cells upon treatment with DNA-and PNA-modified nanozeolites. Positive control: untreated cells, negative control: 50% EtOH.

Fig. 18 .

 18 Fig. 18. Fluorescence confocal micrograph showing the cellular uptake of PNAmodified MSNPs (red color) by C6 gliomas. a. After 1 hour of incubation; b. Orthogonal view of z-stack experiment after 1 hour of incubation. c. After 4 hours of incubation; d. After 24 hours of incubation. F-actins were stained with Alexa Fluor ® 568 Phalloidin. Excitation wavelength for Alexa Fluor ® 568 Phalloidin and Cy5 are 543

Fig. 19 .

 19 Fig. 19. Viability of C6 glioma cells upon 24 hours of treatment with different formulation of MSNPs. Control: untreated cells.

Fig. 20 .

 20 Fig. 20. FACS analysis on T98G cells exposed with different MSNP-based formulations. T98G cells were cultured for 24 hours in the absence of particle (black lines), with a. 0.1 and b. 0.5 mg/mL: MSNPs (green lines), TMZ-modified MSNPs (blue lines), PNA-modified MSNPs (orange lines) or TMZ-PNA-modified MSNPs (purple lines).

Fig. 21 .

 21 Fig. 21. miR-221 levels in T98G cells upon treatment with PNA-MSNPs. T98G cells were cultured for 2 days in the presence of 0.25 mg/mL MSNP, 0.25 mg/mL PNAmodified MSNP or 2 µM R8-PNA221. The RNA was extracted and qRT-PCR miR221 detection was conducted and compared to control untreated cells. Vertical bars represent standard deviations. Asterisks indicate significant differences (p<0.05).

  in the presence of individual TMZ, PNA, and MSNPs as well as monofunctionalized MSNPs i.e. TMZ-modified or PNA-modified MSNPs was performed as

Fig. 22 .

 22 Fig. 22. The analysis of apoptosis on T98G cells based on Annexin V and Dead Cell assay in a. absence of particle, and in the presence of b. 12.5 µl DMSO, c. 400 µM TMZ, d. 2 µM R8-PNA221, e. 0.1 mg/mL MSNPs, f. 0.5 of mg/mL naked MSNPs, g. 0.1 mg/mL of TMZ-modified MSNPs, h. 0.5 mg/mL of TMZ-modified MSNPs, i. 0.1

  E. A. Prasetyanto, A. Bertucci, D. Septiadi, R. Corradini, P. Castro-Hartmann, L. De Cola, "Breakable hybrid organo-silica nanocapsules for protein delivery ", Angew. Chem., under review L. De Cola, E. A. Prasetyanto, A. Bertucci, D. Septiadi, "Disintegratable core/shell silica particles for encapsulating and releasing bioactive macromolecules", EP 14305905.3-1460 (filed) !

  Absorption value (A) = 0.04091 at λ = 410 nm. We measured the absorption signal of cytochrome C at different concentration and we obtained the calibration curve of cytochrome C in water: y = 0.0909x (concentration in mM). Concentration, C = A/x= 0.04091/0.0909 = 0.4500 µM Molecular weight of cytochrome C (MW cytc ) = 12359.3526 g/mol n = CV total = 0.45x10 -6 x 0.01 = 4.5x10 -9 = 4.5 nanomoles ( V total = 10 mL)

Fig. 1 .

 1 Fig. 1. a. Preparation step of the construction of the breakable silica capsules. The protein cargo is encapsulated within a biodegradable hybrid shell, whose structure contains disulfide bridges embedded in a silica network. The nanocapsules are optimized to release the protein content upon wrecking of the shell in the presence of a triggering reducing agent. b. Chemical structure of investigated proteins: cytochrome C, green fluorescent protein (GFP), Onconase ® , and TRAIL Apo2 ligand. c. Chemical

Fig. 2 .

 2 Fig. 2. Characterization of the materials by means of electron microscopy techniques. a. SEM, b. TEM, and c. HR-TEM image of synthesized CyC@BS-NPs. CryoTEM of CyC@BS-NPs d. 1 hour post-treated with NaBH 4. Yellow arrows indicate intact particles while red arrows point broken particles. e. HR-TEM of particles 3 hours posttreated with NaBH 4 . f. SEM image of CyC@NonBS-NPs

Fig. 3 .

 3 Fig. 3. UV-Vis spectra of the supernatants recovered after treating a. CyC@BS-NPs and CyC@NonBS-NPs with glutathione in water solution, b, CyC@BS-NPs with glutathione, NaBH 4 and pure water. b. Release kinetics monitored by UV-Vis spectroscopy for CyC@BS-NPs treated with glutathione as function of time. The signal monitored is due to the main electronic transition of the released cytochrome C. d. Release profile over time at fixed wavelength ( = 410 nm).

FigFig. 4 .

 4 Fig.5afor a pictorial description).

Fig. 5 .

 5 Fig. 5. Transmission electron micrographs of internalized particles inside the cells. C6 glioma cells were incubated for 4 and 24 hours with 0.1 mg/mL particle dispersion

Fig. 6 .

 6 Fig. 6. a. Scanning electron micrographs and b. fluorescence confocal image (at λ exc = 488 nm) of GFP@BS-NP. c. SEM image of the particle after NaBH4 treatment. d. Fluorescence emission spectrum recorded for the supernatant upon the breaking of the nanocapsule. Scale bar is 200 nm, otherwise mentioned.

Fig. 7 .

 7 Fig. 7. Confocal micrographs taken after 24h incubation with the particles (concentration 0.05 mg/mL) showing the localization of the particles in C6 glioma cells. Co-localization experiment with LysoTracker® Red DND-99 revealed the sub localization of particles in lysosome area (overlap coefficient 0.87). Green color is indicating signal from GFP, red corresponds to lysosome, yellow circle pointing the non co-localized area of released GFP with lysosome. Excitation wavelengths are 488 and 594 for GFP and LysoTracker® Red DND-99 respectively. Scale bars = 10 mm.

Fig. 8a shows

  Fig.8ashows direct visualization of the internalized capsules directly after 2 hours of incubation (0 hour) where very large aggregation of particles in lysosomes can be detected. When the living cells containing intra-particles were grown further in fresh culture media and imaged at specific time, i.e., 1, 2, 4 and 6 hours post-incubation, we

Fig. 8 .

 8 Fig. 8. Confocal micrographs depicting the kinetics of biodegradation and distribution of GFP@BS-NPs in living C6 glioma cells. The cells were incubated with the particles for 2 hours (0.2 mg/mL) and time lapse imaging experiments were performed a. directly after incubation, and subsequently after b. 1, c. 2, d. 4, e. 6, f. 20, g. 24, and h. 48 h. Blue color corresponds to the signal from Hoechst 33342 staining cell nuclei, while green indicates GFP signal. Excitation wavelengths for Hoechst 33342 and GFP are 405 and 488 nm, respectively. Scale bars = 5 µm.

Fig. 9 .

 9 Fig. 9. Scanning electron micrographs of a. TRAIL@BS-NPs, b. Onconase@BS-NP. c. Onconase@NonBS-NP. d. Viability studies of all synthesized materials in C6 glioma cells after 24 hours of incubation at concentration 0.15 mg/mL. Trypan blue cell mortality test performed after 24 hours of incubation for C6 glioma cells. e. Control sample (pure cell culture), which shows the dye does not stain healthy cells and f. sample treated with 0.15 mg/mL TRAIL@BS-NP. Dead cells are visualized by brightfield microscopy technique in blue after interaction with trypan blue. Scale bar is 200 nm.

Fig. 1 .

 1 Fig. 1.a depicts a schematic representation summarizing the concept of LSPR shift upon coating with different thicknesses of silica. By solving Mie's solution to Maxwell's equation (see Eq. 1.3 and the detail explanation in Chapter 1), the shift of the LSPR

Fig. 1 .

 1 Fig. 1. a. A cartoon depicting the plasmonic shift from metallic nanoparticles coated with different thicknesses of silica shells that can be followed by UV-Visible spectroscopy measurement. b. A proposed plasmonic sensing method based on analysis

Fig. 2 .

 2 Fig. 2. Synthetic route of breakable silica-coated silver.

Fig. 4 .

 4 Fig. 4. Absorbance spectrograph of the synthesized core-shell particles obtained from experimental (blue line) and simulation result (black line).

Fig. 5 .

 5 Fig. 5. a. Electron micrograph of biodegradable silica-coated silver nanoparticles. b. Corresponding energy-dispersive X-ray spectroscopy (EDX) map showing the distribution of silver (cyan), nitrogen (green), oxygen (blue) and sulfur (magenta) constituting the particles.

  Fig. 6. STEM micrographs of silver-coated breakable silica particles prepared at different concentrations of starting reagents. a. In the presence of only APTES and NH 4 OH. b. In the presence of APTES, bis(triethoxysilylpropyl) disulfide, and NH 4 OH.

Fig. 7 .

 7 Fig. 7. a. UV-visible spectra of breakable silica-coated silver before (black line) and 24 hour after addition of 5mM sodium borohydrate (red line). b. Simulation results of LSPR-shift before (blue line) and after addition the analyte (green line). A 12 nm shift was estimated. Transmission electron micrograph of silver coated with breakable silica c. before and d. after treatment with sodium borohydrate solution. Scale bar 100 nm.

Fig. 8 .

 8 Fig. 8. UV-Vis absorption spectra of the core-shell particle solutions after the addition of a series of different concentrations of GSH solution.

Fig. 9 .

 9 Fig. 9. Scanning transmission electron micrograph of breakable silica-coated silver a. after 6 hours and b. after 24 hours in contact with glutathione solution (5mM). Yellow arrows correspond to particles where the shell layer is successfully reduced. Scale bar 250 nm.

Fig. 1 .! 7 . 2 .

 172 Fig. 1. A schematic representation of UV-Vis absorption measurement.

Fig. 2 . 1 ! 7 . 3 .

 2173 Fig. 2. A schematic representation of (steady state) fluorescence spectroscopy setup.Copyright Sheffield Hallam University.1 

Fig. 5 .

 5 Fig. 5. Schematic representation of SEM set up. Copyright Encyclopedia Britannica.3

7. 5 .Fig 5 . 4 ! 7 . 6 .Fig. 6 .

 554766 Fig 5. Schematic representation of TEM and STEM set up. Copyright NorthwesternUniversity.4 

Fig. 7 . 7 . 8 .

 778 Fig. 7. Schematic of the electrical double later at the surface of solution-phase nanoparticles. Copyright Nanocomposix. 6

Fig. 8 . 7 7. 9 .

 879 Fig. 8. Schematic picture showing the principle of confocal microscopy. Copyright Olympus. 7

  Fig. 9. a. CASY instrument. Viability determination of b. Viable and c. Dead animal cell based on Electrical Current Exclusion methods. Copyright Roche.

Chapter 7

 7 reviews the principle of instrumental techniques widely employed in this thesis. Firstly, the information about UV-Vis spectroscopy, fluorescence spectroscopy and time-resolved fluorescence spectroscopy are provided. Secondly, principle of scanning electron microscopy, transmission electron microscopy and scanning transmission electron microscopy technique are highlighted. Thirdly, basic principle of dynamic light scattering and zeta potential are additionally supplemented. Next, the working principle of fluorescence confocal microscopy is added. Lastly, the viability study by means of CASY Cell counter and Analyzer is explained. ! activities. Our ski time is always one of the best moments of my life. We have conquered Lac-Blanc, Feldberg, Schnepfenried, Le Grand Ballon, and Oberstdorf together, certainly next time we have to go to Alps to try something new.
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  Adapted fromRef.64 with permission from The Royal Society of Chemistry.

	Platinum complexes as one of the available choices, displays many advantages as
	possessed by other TMC. More interesting, square planar Pt(II) compounds with
	protruding filled d z	2 orbitals have a very unique property that both octahedral d 6 and
	tetrahedral d 10 don't posses, which is the tendency to make high stacking leading to
	formation of assemblies (see an illustration in Fig. 1a). Indeed, this effect becomes
	possible thanks to metallophilic interactions (i.e. short closed-shell metal-metal
	interactions) governed by square planar geometry. To cite some examples, it has been

Formation of self-! assembling process of non-biological within cellular compartments. already reported that luminescent Pt(II) complexes are capable to form homo-69 and hetero-metallic 70-72 supramolecular architectures i.e., nanowires, 73 nanosheets, nanotubes, 74 liquid crystals, 75 and metallogels

76,77 

in either organic or aqueous media, with very interesting and unique (electro)optical, 78,79 sensing,

80,81 

and semiconducting

  The use of Pt(II) complex for bio-related applications has been demonstrated decades ago with the discovery of cisplatin. Its anticancer activity, 90 and significant clinical success has brought a bright future for development of research in platinum-based drugs and molecules. Major investigations of platinum complexes as luminescent probes in particular, are mostly dominated by monomeric species (with bidentate and tridentate ligand) rather than aggregate form.Lai et al. 91 as the first example, reported a bidentate

	Pt(II) complex [Pt(thpy)(Hthpy)pyridine] + , 1, where thpy is 2-(2'-thienyl)pyridine (see
	structure depicted in Fig.

The diagrams of the molecular orbital closer to the frontier region for monomeric and two axial interacting platinum complexes are depicted in Fig. 1b (right). As shown here, typical luminescent platinum compounds bearing strong field cyclometalating ligands as well as good πaccepting moieties, possess highest occupied and lowest unoccupied molecular orbitals, namely HOMO and LUMO, with dπ and π* character, respectively. ! 1.1.2. Platinum(II) complexes for bioimaging application

indeed inspired the development of new materials that have strong properties in manipulation of the light. 146,147

  

	Thanks to its unique and fascinating optical and physical property, RL can open
	possibility of new research frontiers aimed at creating innovative photonic devices with
	unparalleled characteristics. To this point, however, the generation of random laser is
	mainly achieved from non-natural disordered nano(based-)materials. Several examples
	in the literatures have demonstrated the generation of coherent random laser especially
	from liquid crystal, 112 varieties of nanocolloids such as ZnO, 111,134 TiO 2 , 135 silica
	nanoparticles, 136 gold, 137 silver, 138 among others.
	Nature by itself has already created ordered and disordered materials from bigger scale,
	e.g., planetary atmosphere, space, galaxy, etc. to smaller scale such as nanostructure
	through self-assembly 139 or other processes. Biological systems possessing nano-
	architecture can be found in many living organisms such as the eyes of insects, 140,141
	wings of butterflies, 142 skin of chameleons, 143 bones of human and animals, 144 shells of
	diatoms, 145 and many others. In the field of optics, these natural nanostructures have

Zhang an coworkers 155 followed by Chen and co-workers 156 reported random nanostructures on the wing of the Pomponia imperatoria cicada and quasi-periodic structures of Pieris canidia butterfly wing have great potentials to serve as resonance cavities.

  

	The amplification by stimulated emission of electromagnetic wave by nature-made
	disorder media were already well-studied back to the early 1960s when Weaver et al.
	firstly reported amplification of microwave (later named MASER) by the presence of
	OH molecules in the space. 148 A decade after, Lethokov relatedly discovered the same
	phenomenon where he observed laser action happening in stellar atmosphere. 149
	To date, however, there are very limited examples of generation of random laser from
	biological matters. The first report indeed appeared in 1995 where Alfano and co-
	workers 150 showed the mirrorless laser action from optically pumped dye-treated animal
	tissues, however, 9 nm fwhm of the detected emission signal was too broad to be
	classified as a laser line width, 151 and the phenomenon is more likely due to a non-
	coherent random laser or amplification of spontaneous emission (ASE) phenomenon
	rather than a coherent random laser. The clear formation of RL's fingerprint using
	biological tissue finally was demonstrated by Polson and Vardeny almost a decade
	after. They also found that malignant human tissues show more laser modes compared
	to healthy tissues taken from the same organ. 152 Few other examples showed light
	amplification phenomena in biological samples, including cortical bone of bovine
	femurs infused with rhodamine 800 dye 153 and nanofibers of bacterial cellulose
	impregnated with nanoparticles and R6G dye. 154 Natural bionanostructures could also
	provide effective scattering feedbacks for random lasing system.

  It has proved efficient in fulfilling many of the requirements as an ideal particle such as biocompatible and non-cytotoxic, 187 effective cellular uptake, 188 drug loading, 189 and controllable drug release.190 The versatile preparation methodology for MSNPs allows fine-tuning of the size of the mesoporous framework, making this structures suitable hosts for diverse types of guest molecules. In addition, their external surface can be easily functionalized by simple silicate chemistry, adding to the MSNPs new targeting or functional appendages.

	1.3.2. Mesoporous silica nanoparticles (MSNP) in nanomedicine Since its first discovery by Mobil group in 1992 (the materials later was named MCM-41), 186 porous silica based materials have attracted a lot of interest not only in the fields like (photo)catalysis and energy related applications but also in biomedical areas such as for drug delivery and imaging. Mesoporous silica nanoparticles (MSNPs), one of very limited examples of nanomaterials that have been officially approved by the ! American Food and Drug Administration (FDA), offer many advantages especially for innovative nanomedical systems.

  Incubation of the cells at low temperature (4 o C) can inhibit the endocytosis due to sensitivity of proteins and enzymes at this temperature.227 Several buffers have

	also been successfully used for inhibition the cellular uptake. Pre-incubation by PBS
	buffer containing NaN 3 and glucose can be used for ATP depletion (influencing in the
	inhibition of energy dependence mechanism), methyl-cyclodextrin for cholesterol
	depletion (inhibition of lipid raft formation) and potassium buffer containing HEPES,
	NaCl and MgCl 2 for potassium depletion (inhibition clathrin mediated mechanism), 228
	dynasore for inhibition of clathrin-and caveolin-mediated endocytosis, 229
	chlorpromazine to inhibit the formation of clathrin-coated pits at the plasma
	membrane, 230 and amiloride, which can be used to block the activity of
	macropinocytosis for bigger agglomerates. 231 By using these inhibitors, De Cola and co-
	workers 232 were able to describe multiple pathways of different surface-functionalized
	nanoparticles. For example, carboxy-modified zeolites-L was uptaken via caveolae and
	the clathrin-mediated pathway, while poly allylamine-coated zeolites-L was internalized
	neither through dynamin-dependent nor via macropinocytosis.

  Triton X-100 in PBS for 10 minutes and afterwards in 1% bovine serum albumin, BSA (Sigma Aldrich), in PBS for 20 min. The cell layer on glass cover slip was stained with Phalloidin Alexa Fluor

® 568 (Invitrogen), for f-actin staining, for 20 min at room temperature, and washed twice with PBS. For nucleoli staining purpose, 500 nM of SYTO ® RNASelect™ Green Fluorescent Cell Stain (Invitrogen) solution were added on the top of cells for 20 minutes followed by PBS washing. To visualize nuclear region, cells were counter stained with 400 nM of 4',6diamidino-2-phenylindole carboxamidine in H 2 O (DAPI, Invitrogen) and washed twice with PBS. The cover slips were mounted onto glass slides for microscopy measurements.

Table 2 . Photophysical data for complexes Tol-Pt-4OHpy and CF 3 -Pt-4OHpy measured

 2 in DMSO and DMSO:H 2 O (1:99 v / v ) conditions.

	DMSO:H 2 O 1:99
	Compound

a measured in DMSO at room temperature; b measured at 77 K in 2Me-THF glassy matrix.

  MSNPs (0.05 mg/mL) were added gently to the cells (All example for zeolite works were performed using HeLa cells, meanwhile C6 glioma and T98G cells were used in all MSNP experiments). After specific incubation times, i.e., 1, 4 and 24 hours, the media containing particles were removed and cells were washed with PBS twice. To have better visualization of the cells, their cell nuclei were co-stained with

	Quantification of temozolomide loading inside a single MSNP. This value was
	estimated by means of UV-Vis spectroscopy, following residual temozolomide
	absorption in the UV region after the loading procedure. The washing solutions were Hoechst 33342 (Invitrogen). Cells were fixed with 4% paraformaldehyde (PFA) for 15
	collected and the residual drug content was calculated by UV-Vis measurements at the minutes and cells were washed once with PBS and then with water. Cells were removed
	wavelength λ = 328 nm. A calibration curve by standard solutions of temozolomide in from the well and mounted onto the rectangular glass cover for microscopy
	methanol was built up to allow for quantification. Equation obtained is ! = 56.343!! . experiments.
	This linear model has been validated by Mendel test.
	Organelle staining. After incubation and fixation, the cells' layer was washed two times
	with PBS and rinsed in 0.1% Triton X-100 in PBS for 5 minutes and afterwards in 1%
	bovine serum albumin, BSA (Sigma Aldrich) in PBS for another 20 min. The cells'
	layer on glass cover slip were stained with Phalloidin Alexa Fluor ® 568 (Invitrogen), for
	The extinction molar coefficient for PNA at 260 nm is reported elsewhere. 68
	4.2.7. Cell culture experiments
	HeLa cells and Rattus norvegicus brain glioma (C6 glioma) were grown inside media
	containing 88% Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine
	Serum, 1% Penicillin-Streptomycin and 1% L-Glutamine 200 mM (all material was
	purchased from Gibco) while Human glioblastoma multiforme T98G cell line was
	cultured in RPMI 1640 medium (Life Technologies, Monza, Italy) supplemented with
	10% fetal bovine serum (FBS, Celbio, Milan, Italy), 100 units/mL penicillin and 100
	mg/mL streptomycin under 37 o C and 5% of CO 2 condition for 48 hours until reaching
	80 to 90% cell confluency. Next, the cells were washed twice with Phosphate Buffer
	Solution (PBS, Gibco), trypsinated and approximately 50,000 cells were reseeded on
	the monolayer glass cover slip inside 6 and 24 well plate culture dish and glass bottom
	dish (MatTek). New culture media (2 mL) were added gently and the cells were grown
	overnight.

Quantification of PNA molecules on the MSNP's surface. Number of PNA adsorbed was evaluated by UV-Vis spectroscopy monitoring the absorption peak at 260 nm before and after incubation with the negatively charged particles, and was found to be 3.6 nanomoles per mg of material (which, in weight, means 15 µg PNA/mg MSNP).

4.2.8. Cellular uptake experiments

Particle incubation. Working solutions of culture medium containing either PNAmodified zeolites or DNA-modified zeolites in 0.01 mg/mL concentration or TMZ-! 123 PNA-modified f-actin for 20 min at room temperature, and washed twice with PBS. Next, the cover slips were mounted onto glass slides for microscopy measurements.

  Phalloidin (λ exc /λ em : 578 nm/600 nm), Oxazine 170 (λ exc /λ em : 624 nm/640 nm), and Cy5-labeled MSNP as well as Cy5-labeled DNA (λ exc /λ em : 649 nm/666 nm) were excited independently at 405, 488, 543, 598, and 633 nm, respectively. All image processing was performed by using ZEN software (Zeiss GmbH, Germany) and FigureJ

	. All of the imaging experiments were carried out using Zeiss LSM 710 confocal microscope with 63× magnification and numerical aperture (NA) 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH, Germany). The samples were excited by continuous wave (cw) and the emission of the dye-inserted zeolites was collected in their corresponding emission spectra. The samples priorly labeled or co-stained with different dyes, DAPI/Hoechst 33342 (λ exc /λ em : 358 nm/461 nm), LysoTracker ® Green images were adjusted to distinguish better between organelle, DNA, PNA and particle DND-26 (λ exc /λ plugin (IBMP, Université de Strasbourg, France) of imageJ (NIH, US). False color signal.

em : 504 nm/511 nm), Cy3-labeled DNA (λ exc /λ em : 554 nm/568 nm), MitoTracker ® Orange CMTMRos (λ exc /λ em : 554 nm/576 nm), and Alexa Fluor ® 568 !

Table 1 . Summary of cell viability test

 1 

	24 h

  formation (thickness) of the shell layer, we further varied the amount of APTES and bis(triethoxysilylpropyl) disulfide during the synthesis step. First, we carried out a reaction using only citrate-stabilized silver colloids, 100 µL of 4.3 mM APTES, and 25 µL of 0.3% NH 4 OH and second, using citrate-stabilized silver colloids, 100 µL of 4.3

	mM APTES, 100 µL of 10.8 mM bis(triethoxysilylpropyl) disulfide, and 25 µL of 0.3%
	NH 4 OH. The final products were characterized by means of dynamic light scattering,
	UV-visible spectroscopy, zeta potential measurement, scanning electron microscopy
	(SEM), scanning transmission electron microscopy (STEM), energy-dispersive X-ray
	spectroscopy (EDX), and transmission electron microscopy (TEM).
	further purification, unless specifically noted. Citrate stabilized 60 nm silver
	nanoparticles (1 mL) were dispersed into 6 mL of absolute EtOH and sonicated for 15
	min. 200 µL of 4.3 mM (3-Aminopropyl)triethoxysilane (APTES) was added and
	stirred for 3 hours. Then 400 µL of 10.8 mM bis(triethoxysilylpropyl) disulfide and 25
	µL of 0.3% NH 4 OH were added. The mixture was stirred overnight and centrifuged to
	get a black precipitate. Subsequently, it was washed with absolute EtOH three times to

remove all the excess reagents. The final particles were redispersed in 1 mL EtOH. In addition, to investigate the influence of the concentration of the starting materials on the ! 6.2.2. Sensing activity: detection of sodium borohydrate and glutathione 300 µL of the synthesized biodegradable silica-coated silver nanoparticles were dispersed either in 5 mM of sodium borohydrate:EtOH solution or in water solutions containing different concentrations of glutathione i.e., 500 µM, 1 mM, 5 mM, and 10

  properties of a single gold or silver nanosphere, as well as other spherical nanomaterials based on the calculation using Mie theory.36 The simulation was performed by taking into account the particle's size and shell thickness obtained from electron microscopy data.

	!
	6.3. Results and discussion
	6.3.1. Synthesis and materials characterization

Mie Theory Simulator (OMTS) developed by Nanocomposix (http://nanocomposix.com/support/tools). It is used to model the optical !

mg/mL of PNA-modified MSNPs, j. 0.5 mg/mL of TMZ-modified MSNPs, k. 0.1 mg/mL of TMZ-PNA-modified MSNPs and l. 0.1 mg/mL of TMZ-PNA-modified MSNPs.
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biomolecules in culture medium can inhibit the internalization or even sequester the platinum complexes forcing them to be the externalized from cells. Irradiation of the cells with 405 nm laser light causes fast uptake of the compounds due to cell damage.

Abstract

Lasers are powerful light sources that, due to utmost appreciated features such as collimation and monochromaticity, have been adopted in simple optical devices as well as in the most advanced ones. The possibility of obtaining lasing from disordered materials with no need of resonators has fostered the research for new materials in support of random lasing. The following chapter reports on a directional mirrorless random laser, in which the amplification medium is purely based on the dynamic scattering pattern originated by stained biological cells, namely HeLa, C6 glioma, A549, MDCK, and Astrocyte cells, without any resonator. Such cells, incubated with a common and inexpensive dye, rhodamine 6G, yield efficient, collimated and monochromatic lasing with low lasing threshold. Furthermore, by performing a computational analysis, i.e. Principal Component Analysis (PCA) on the lasing spectra, we successfully demonstrate the application of light-amplification from biological samples in cell distinction study. D. Septiadi, V. Barna, D. Genovese, L. De Cola, "Stained biological cells for mirrorless random lasing: From concept of laser generation to cell distinction study", manuscript in preparation !

Abstract

In this chapter, a facile and straightforward synthesis and use of hybrid plasmonic nanomaterials for detection of reducing agent is presented. In this respect, we successfully demonstrated plasmonic biosensing using silver nanoparticles coated with a breakable silica layer that has been deeply investigated in previous chapter constructing a final well-defined core shell structure. A preliminary experiment to determine the sensing application using the hybrid nanostructures for detection of sodium borohydrate and glutathione in solution was performed through direct analysis of the shift of localized surface plasmon resonance (LSPR) upon interaction with the analytes. Our preliminary result suggests that the system has great potential to be expanded for future nanomedicine application, in particular for simultaneous drug 
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