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Résumé de Thèse

La sensibilité et la fiabilité sont des conditions fondamentales pour les capteurs biologiques et médicaux. De nombreuses techniques analytiques, ainsi que des méthodes de détection sont basées sur l'utilisation de la fluorescence en raison de la sensibilité et de la technologie relativement peu coûteuse.

La Chimio-Luminescence Electro-générée (ECL) est un phénomène qui connaît un grand succès dans les applications utilisant des biocapteurs. L'ECL est le procédé par lequel les espèces générées au niveau des électrodes, avec l'aide d'un agent réducteur ou oxydant, subissent des réactions de haute énergie de transfert d'électrons pour former des états excités qui émettent de la lumière. 1 Étant donné que l'intensité lumineuse est en général proportionnelle à la concentration des espèces d'émission, l'ECL, en tant qu'outil analytique puissant, a trouvé une très large application dans le diagnostic. 2,3 Elle offre une détection très sensible, jusqu'à des concentrations en dessous du picomolaire avec une gamme dynamique extrêmement large (plus de six ordres de grandeur). Etant donné qu'aucune source de lumière n'est nécessaire, le système est simple et il peut être facilement combiné avec d'autres technologies telles que la technologie microfluidique et l'électrophorèse capillaire. 2 Tous les essais requièrent la présence d'un luminophore. Ce dernier attestera de la présence de l'analyte, dans le cas des immuno-essais, et est couplé à une espèce redox, un co-réactif.

Le marqueur le plus courant pour des études en ECL est un dérivé de ruthenium(II) tris(2,2'-bipyridyl) (Ru(bpy) 3 2+ ) en raison de son émission lumineuse, de son excellente stabilité, de ses propriétés redox idéales, et de la possibilité d'utiliser une variété de coréactifs en combinaison avec une tension positive ou négative appliquée à l'électrode.

Récemment, toutefois, la nécessité d'un marqueur plus sensible et la recherche d'émetteurs multicolores pour les essais communément appelés « multiplex », a conduit à l'étude de différents complexes métalliques, tels que les complexes d'Iridium (III) [4][5][6] ou des dendrimères et petits polymères qui possèdent plus d'un marqueur. 7 En ce qui concerne le co-réactif, la Tri-(n)-propylamine (TPrA) est la molécule la plus utilisée, fournissant le signal ECL optimal lorsqu'elle est utilisée en combinaison avec Ru(bpy) 3 2+ . 8 Même dans ce cas, il est souhaitable de remplacer la TPrA, qui est toxique, corrosive, volatile et doit être utilisée à des concentrations élevées (habituellement jusqu'à 100 mM) pour obtenir une bonne sensibilité. 9 Cette thèse de doctorat vise à développer de nouveaux matériaux hybrides pour les applications ECL. En particulier, l'étude commence avec les propriétés ECL des nouvelles formes agrégées de complexes métalliques, basés sur le platine (II) et l'iridium (III), et une nouvelle classe de co-réactifs à base de "nanopoints" ("nanodots") de carbone fonctionnalisés par les groupements de type amino, pour aboutir au développement de nouveaux matériaux hybrides nés de la combinaison de nanoparticules et de complexes métalliques. Enfin, une approche pour la réalisation de plateformes d'immunodosage dans un but de détection de biomarqueurs cardiaques sera présentée.

Dans le premier chapitre de cette thèse, les principes généraux de l'ECL sont présentés. En général, les voies d'excitation ECL sont étroitement liées à leurs voies d'excitation photoluminescentes correspondantes. 10 L'état excité d'une molecule peut être produit par la réaction de radicaux générés à partir cette même molécule (émetteur), dans le mécanisme dit d'annihilation d'ions, ou à partir de deux précurseurs différents (émetteur et co-réactif), via le co-réactif ECL (Figure 1). 1,11 Ceci représente la colonne vertebrale du travail expérimental présenté dans les autres chapitres. Comme l'utilisation du co-réactif ECL présente plus d'applications, les luminophores ECL et co-réactifs les plus utilisés sont également présentés avec un aperçu critique dans les récentes utilisations des nanomatériaux dans ce domaine. Dans la dernière partie de ce chapitre, les principales applications de l'ECL sont brièvement décrites.

Figure 1. Diagramme schématique décrivant les réactions de transfert d'électrons responsables de l'émission pendant l'annihilation ECL (à gauche) et co-réactif ECL (à droite).

Le deuxième chapitre est consacré à l'étude d'une nouvelle classe de complexes métalliques pour des applications en ECL, basée sur l'auto-assemblage supramoléculaire de complexes de Pt (II), à géométrie plane carrée. Ces complexes sont capables de former différents assemblages supramoléculaires en fonction de la concentration, du solvant et de la température. 12,13 En raison de leur configuration électronique d 8 , les complexes de platine (II) ont une géométrie carrée plane, leur permettant de s'auto-assembler par des interactions non covalentes telles que le π-π stacking (entre les ligands) ou les interactions métal -métal (par recouvrement des orbitales 5d z² ). 14,15 Dans ce dernier cas, de nouvelles transitions électroniques peuvent survenir, par exemple, par photo-excitation, par la formation de nouvelles orbitales moléculaires. Comme cela est représenté sur la figure 2, les transitions électroniques entre l'HOMO localisée sur les métaux et la LUMO impliquant que les ligands peuvent se produire. Ces transitions sont donc des transferts de charge métal-métal à ligand (MMLCT) (figure 2). Les nouveaux états excités correspondants sont, en raison de la présence de l'atome lourd, de type triplet par nature et peuvent ainsi conduire à des changements spectaculaires dans les propriétés de luminescence des agrégats formés par rapport au monomère.

Figure 2. Diagramme simplifié d'orbitales moléculaires montrant l'effet des interactions et du recouvrement orbitalaire (haut). Représentation schématique de l'agrégation des complexes de Pt(II) (bas).

Malgré le grand intérêt dans les propriétés photophysiques des complexes de Pt (II) luminescents et leurs assemblages, il n'y a que peu de publications concernant leurs propriétés ECL. [16][17][18] Inspiré par le phénomène dit d'émission induite par agrégation (AIE), typique pour de tels auto-assemblages, 13,19,20 nous avons classifié l'émission ECL de ces agrégats comme ECL induite par agrégation (AIECL), ce phénomène ne présentant à ce jour aucune publication.

Les complexes de platine étudiés, nommés ici par leur fonctionalisation chimique Pt-Amide, Pt-PEG et Pt-2PEG (Figure 3a Grâce à sa double nature hydrophile/ hydrophobe, nous supposons que le complexe tente de minimiser les interactions entre le ligand chélaté hydrophobe et l'environnement aqueux, formant ainsi une structure micellaire avec les chaînes PEG dirigées extérieurement vers l'eau. Une telle agrégation se forme à travers des interactions métallophiles, donnant lieu à une nouvelle transition appelée MMLCT (metal-metal to ligand charge transfer), responsable du déplacement bathochromique de l'émission.

Dans la recherche de nouveaux complexes pouvant être utilizes à ce profit, le chapitre trois traite de complexes d'Ir (III) pour la fabrication de plateformes ECL à l'état solide. [Ir (pphent) 2 (dMebpy)] (pphent = phenyl-phénantridine; dMebpy = 4,4 'vinyl methyl bipyridine) contiennent un ligand qui peut polymériser en raison du groupe vinyl attaché à la bipyridine. Les procédures d'électrodéposition ainsi que les propriétés photophysiques, électrochimiques et ECL sont présentées (figure 5). Elles montrent une forte émission pendant différents cycles voltammétriques, bien que d'autres améliorations soient encore en cours pour rendre le film électrodéposé stable au cours des cycles. 2+ /mNCNDs obtenu lors d'un balayage potentiel continu entre + 1.1 V et -0.9 V (20 cycles sous vitesse de balayage 0.05 V/s). Potentiel rapporté Ag/AgCl (KCl sat.) à température ambiante. Fil de platine comme contre-électrode; d) ajustement linéaire de I 0 /I par rapport à la concentration d'épinéphrine (EP) lorsque des mNCND sont utilisés comme co-réactif dans la concentration de 0,1 mg/mL. Les barres d'erreur sont de la même taille que le symbole carré.

Leur synthèse facile et peu coûteuse, une bonne solubilité dans l'eau et la biocompatibilité, font de nos NCNDs une alternative conviviale prometteuse à la TPrA toxique. Nous démontrons que, des amines primaires aux amines tertiaires, leur capacité à générer l'état excité émissif de Ru(bpy) 3 2+ s'améliore. En particulier, les émissions de Ru(bpy) 3 2+ augmentent de 10 fois avec les NCNDs tertiaires (mNCNDs) par rapport aux NCNDs, ce qui montre que le TPrA toxique peut être remplacé jusqu'à une concentration de 20 mM (Figure 6b). Fait intéressant, la réponse ECL constante (à moins de 10%) a été obtenue pendant plus de 20 cycles, en utilisant mNCNDs comme co-réactif (Figure 6c).

De surcroît, dans le but d'évaluer l'utilisation possible de ce nouveau système ECL NCNDs/Ru(bpy) 3 2+ comme plateforme de biocapteur, la détection de la L-épinéphrine, neurotransmetteur important étudié pour le diagnostic de troubles neurologiques, est discutée. En utilisant les mNCNDs, la limite de détection (LOD) et la quantification (LOQ) ont diminué d'un facteur 10 par rapport aux NCNDs, respectivement 30 nM et 110 nM (ratio signal / bruit = 3). Ce résultat est dix fois plus élevé que celui rapporté pour différents CNDs 21,22 et il atteint la même limite que celle obtenue avec d'autres types de techniques (figure 6d). [23][24][25][26][27] Le cinquième chapitre est construit sur le domaine de la recherche active des systèmes ECL fonctionnalisés avec des nanomatériaux. Des variétés de nanomatériaux, et en particulier des nanoparticules, comme des nanoparticules (NPs) d'or ou de silicium, ont été étudiée dans le cadre d'un système hybride ECL avec des complexes de métaux de transition comme émetteurs. [28][29][30][31] Cependant, le système ECL hybride à base de nanodots de carbone n'a pas encore été exploré.

En effet, dans le contexte de l'utilisation de nanoparticules visant à obtenir l'amélioration du signal ECL, qui représente la ligne de recherche la plus intéressante pour le développement de la technique ECL, nous étudions l'utilisation des nanodots de carbone comme support pour les étiquettes ECL. En effet, nos NCNDs présentent des avantages exceptionnels par rapport aux autres nanoparticules courantes. Leur surface facilement fonctionnalisable sans la nécessité de traitements supplémentaires après la synthèse et leur petite taille, conjointement avec toutes les caractéristiques attrayantes mentionnées cidessus, font des NCNDs un support particulièrement intéressant pour les espèces actives d'ECL.

Nous présentons des nanohybrides à base de NCNDs portant plusieurs complexes de ruthénium ou d'iridium comme des marqueurs ECL (figure 7a). Une étude approfondie montre leurs propriétés rédox et photophysiques (Figure 7b-c) afin d'évaluer l'effet des NCNDs sur les unités actives de l'ECL. La principale préoccupation concernant les systèmes hybrides à base de nanomatériaux est associée à la proximité des centres d'oxydoréduction à la surface de l'électrode, à leur aptitude à diffuser et à l'apparition de phénomènes d'extinction de luminescence, affectant leurs propriétés optiques et électrochimiques.

Les nouveaux systèmes présentés se révèlent être une plateforme d'auto-amplification ECL, qui est un modèle de réaction ECL prometteur avec une efficacité lumineuse améliorée (figure 7d). De plus, l'immobilisation de ces hybrides sur la surface de l'électrode prouve l'intensification de l'intensité du signal due à la présence d'un grand nombre d'unités génératrices de signal sur chaque NCND (Figure 7e). pour réaliser un dispositif de biocapteur en ECL pour la détection de cTnI avec des propriétés améliorées. L'innovation dans ce projet consiste à utiliser une technique qui, par rapport à celles utilisées pour la détection des biomarqueurs cardiaques, est plus sensible, avec un complexe métallique plus émissif qui peut remplacer le Ru(bpy) 3 2+ , en permettant une détection de très faibles quantités de l'antigène dans des échantillons de sang avec une méthode peu onéreuse, rapide et sans risques pour l'environnement.

Les anticorps marqués avec le complexe Ir (III) (Ir-MAb) ont étés étudiés par spectroscopie et microscopie confocale. La configuration d'immunodosage est représentée dans la figure 8a, et pour chaque concentration, des méthodes électrochimiques cTnI ainsi que des micrographes confocales peuvent être utiles pour calculer la couverture de surface de l'électrode (figure 8d-e). L'EIS est utilisée comme technique analytique dans la gamme de concentration 1 ag/mL-1 ng/mL de cTnI. Des changements dans les spectres EIS peuvent montrer l'évolution de la résistance et de la capacité de l'interface, fournissant ainsi un aperçu de l'effet de la modification de surface (figure 8b-c). En appliquant cette technique, la limite de détection a donné 10 ag/mL (voir figure 8c), qui a été en outre améliorée en utilisant l'ECL. Grace à cette technique, le LOD a été calculé à 0,42 ag/mL, ce qui correspond à 1.76x10 -20 M (ratio signal/bruit = 4), donnant ainsi le résultat le plus bas jusqu'à maintenant rapporté pour les biocapteurs basés sur l'ECL (voir figure 8f-g). [32][33][34][35] Cet excellent résultat provient de l'amélioration du marqueur employé, plus facilement détectable que le Ru(bpy) 3 2+ classique, en termes d'efficacité. De plus, la gamme étudiée par l'ECL est 1 ng/mL-1 mg/mL de cTnI. La figure 8g montre la dépendance de l'intensité ECL en fonction de log [CnTI] sur toute la gamme. A partir de cette courbe, K D (constante de dissociation) peut être obtenue et elle est d'environ 10 -8 M, plutôt en accord avec celle en solution calculée pour le même anticorps (10 -9 M) 36 

Chapter 1 Introduction

Electrogenerated ChemiLuminescence is the emission of light from the relaxation of excited states produced by reacting intermediates generated at the surface of an electrode. [1][2][3][4] 

Abstract

This chapter introduces the general principles of electrogenerated chemiluminescence (also called electrochemiluminescence -in short, ECL). After a brief historical overview, the current state of the art in ECL will be detailed, with special attention to two main techniques, namely the ion annihilation and the co-reactants approaches, which constitute the backbone of the experimental work presented in later chapters. The most frequently used luminophores and co-reactants will also be described and the recent advances in the use of nanomaterials will be critically assayed. In the last part of this chapter, the principal applications of ECL are briefly described, focusing mostly on diagnostics.

HISTORICAL OVERVIEW

The first reports of luminescence arising from electrochemical reactions date back to the 1920s 5,6 and were developed into fully-fledged ECL studies starting in 1960s. Aromatic hydrocarbons were the first molecules to be studied in this regard under alternating potentials, 7,8 to develop early models on electron transfers in ECL. A milestone experimental observation followed in 1972, studying the emission of Tris(2,2'bipyridyl)dichlororuthenium(II) by cycling the potential on a platinum electrode: the energy at which this complex emits after electrochemical stimulus is exactly the same as the maximum observed upon photoexcitation. 9 This means that it is possible to generate the same excited state by an electrical initiation. A breakthrough towards the practical application of ECL was the use of co-reactants, first proposed in 1977. This approach steamed from the observation of characteristic emissions during the simultaneous oxidation of oxalate and a fluorophore, the latter being either an hydrocarbon (like rubrene or 9,10diphenylanthracene) or a metal complex (such as bipyridyl chelates of bivalent ruthenium and osmium). 10 Ten years later, aliphatic amines, especially tri-n-propylamine, were established as the standard ECL co-reactants thanks to their efficiency and low cost. 11,12 ECL-based bioassays started to be marketed in the early 1990s and found widespread use thanks to their high sensitivity and good selectivity. To date, ECL systems are commercialised, e.g., by Roche Diagnostics Corp. and by MesoScale Diagnostic for a variety of assays, with a particular emphasis on immunoassay for the detection of many important biological molecules and macromolecules. 2,3,13 

LUMINESCENCE: HOW TO GENERATE AN EXCITED STATE?

Luminescence is the process occurring when a molecule releases a radiation through relaxation from an excited state to the ground state. The process involves the transition of an electron from an orbital to one with lower energy and the energy difference ∆" is released as a photon with wavelength # = ℎ Δ", where ℎ is the Plank's constant. Various energy states available to a molecule can be presented by an energy level diagram, called Jablonsky diagram, as reported in Figure 1.1.

Upon a proper excitation stimulus, a molecule can be quickly (10 -15 s) promoted from ground state (singlet S 0 ) to an excited electronic state. Due to spin selection rules, the excited state has the same spin multiplicity as the initial state. The electron cloud can quickly rearrange upon external perturbation, whereas the heavier nuclei can be considered stationary (Born-Oppenheimer approximation) and the electronic transition vertical (Frank-Condon principle). After the absorption of a photon, the population undergoes a fast (typically with 10 -14 -10 -11 s) vibrational relaxation to the lowest vibrational state followed by internal conversion (IC) to the lowest singlet state (S 1 ). Due to the time scale, the most relevant photophysical and photochemical processes occur from lowest excited singlet state (Kasha's rule). The generation of an excited state can be obtained in different ways, therefore according to them different types of luminescence can be classified. Examples can be found in photoluminescence, in which the stimulus is a light external source, and chemiluminescence, process in which the excited state is generated from an electrontransfer reaction between two reacting species. Also, it is worth mentioning the electroluminescence, originated upon applying an electric field and the triboluminescence, achievable by mechanical stress of the material.

In ECL, the excited state responsible for the emission of the photon, is generated from the reaction of intermediates generated electrochemically. Indeed, ECL shares features with both chemiluminescence and electroluminescence, since light emission is ultimately initiated and controlled by application of a potential at an electrode.

In a basic ECL experiment, a potential scan from anodic to cathodic part is performed to a solution of Tris(2,2'-bipyridyl)dichlororuthenium(II). A red luminescence develops at the working electrode at the oxidation and reduction potentials of the complex. The same red emission can be obtained when in solution is added an amine. Upon anodic scan, it is possible to collect light right in front of the electrode surface.

The two cases outlined represent the two main approaches used in the development of ECL applications, dubbed the ion annihilation and the co-reactant approaches, that will be described in detail in the next two paragraphs.

Ion annihilation

Historically, the ion annihilation approach to the generation of excited states was the first one explored due to the relative simplicity of the system involved. Its mechanism is outlined in Figure 1.2a and equations 1.1-1.4.

One single species, A, is both reduced and oxidised (to A •+ and A •-, respectively) at an electrode, by alternate pulsing of the electrode potential, according to equations (1.1) and

(1.2). 2,3 These species react in the Nernst diffusion layer over the electrode according to (1.3), to yield an excited state A* along with a molecule in its ground state A, as shown in A→ A •+ + e -(oxidation at electrode) (

A + e -→ A •-(reduction at electrode) (1.2)

A •+ + A •-→ A* + A (excited-state formation) (1.3) A* → A + hν (light emission) (1.4)
The annihilation step (eq 1.3) may also occur in "mixed systems", where the radical cation and radical anion are from different molecules. The system possesses an energy directly connected to the redox potentials for the reactions 1.1 and 1.2. This energy is an enthalpy of annihilation and it can be calculated by eq 1.5:

3 -∆( )** = ∆+ + -∆. = " / 0 0 •1 -" / 0 0 •2 -0.16 (1.5)
Where -ΔH ann (in eV) is the enthalpy for ion annihilation, E p is the peak potential for electrochemical oxidation or reduction. The value 0.16 is the entropy approximation term (TΔS) estimated to be ~0.1 eV with an addition of 0.059 eV resulting from the difference between two reversible peak potentials of the redox reaction. Depending on the energy available in the annihilation reaction, the produced A* can be either in the lowest excited singlet state 1 A* or in the triplet state 3 A*. When it generates 1 A*, the system is called energy-sufficient system and the reaction follows the (S)-route (eq 1.6):

A •+ + A •-→ 1 A* + A (exited singlet formation) (1.6)
If -ΔH ann is smaller than the energy of singlet excited state but larger than the energy of triplet excited state, a triplet excited state 3 A* is formed (eq 1.7). 3 A* can be transformed to 1 A* by triplet-triplet annihilation (TTA) (eq 1.8). This system is called energy-deficient system and the reaction is said to follow the (T)-route:

A •+ + A •-→ 3 A* + A (excited triplet formation) (1.7) 3 A* + 3 A* → 1 A* + A (triplet-triplet annihilation) (1.8)
In order to have a successful ion annihilation ECL, both radical anion and cation need to be generated at the electrode surface, and within a potential range that is accessible in the employed solvent. Once the radical ions are formed, they must be sufficiently long-lived to diffuse, encounter each other, and undergo electron transfer. These electrochemical properties can be evaluated by cyclic voltammetry. Photoluminescence efficiencies and high photoluminescence lifetime is required which often can be evaluated from the fluorescent experiment. Finally, sufficient energy in the reaction of annihilation is required to form one of the excited states mentioned above. This energy is equal to:

" = ℎ7 = ℎ8/# (1.9)
Where h is the Plank constant (6.626*10 -34 J•s), ν is frequency (Hz), c is speed of light (2.99*10 8 m/s) and λ is wavelength of emission (m). As the energy for visible range emission (~400-700 nm) covers from 3.1 to 1.8 eV (eq 1.9) the potential window of an electrochemical system should be wide enough (from ~3.3 to 2 V). Thus, ion annihilation ECL is mainly performed in rigorously purified and deoxygenated non-aqueous media, because the available potential range in water is too narrow to generate the required energetic precursors. For this intent, acetonitrile, dimethyl-sulfoxide or methylene-chloride are the most employed, with tetra-n-butylammonium perchlorate or tetraethylammonium perchlorate as supporting electrolyte. Water and oxygen are harmful to these experiments because they can quench ECL. Thus, cells and electrodes have to be constructed to allow transfer of solvent and degassing on high-vacuum line or in inert atmosphere (gloveboxes). Considering one potential step generation, co-reactant ECL shows several advantages over annihilation ECL. First, there is no need for wide potential window so other solvents with a narrow potential window and aqueous solution can be also used. Further, there is no need of rigorously purified and deoxygenated solvents because oxygen and water quenching is less efficient. Thus, reaction can be carried out in air. Finally, the use of co-reactant makes ECL possible even for some fluorophores that have only a reversible electrochemical oxidation or reduction while annihilation ECL in general requires both of them.

A model ECL system: Ru(bpy) 3 2+ /TPrA system

Ru(bpy) 3 2+ or its derivats with tripropylamine (TPrA) as co-reactant exhibits the highest ECL efficiency and represent the most common luminophore/co-reactant couple which forms the basis of commercial immunoassays and DNA analyses, 3,13 and it can be considered as an ECL standard. In 1990 Leland 12 first reported the use of TPrA with Ru(bpy) 3 2+ to produce highly intense ECL. The experiment was carried out on a gold electrode in a buffer solution of TPrA and Ru(bpy) 3 2+ .

They proposed a mechanism represented by the following reactions (see Figure 1.3 for general mechanism): 12,15,16 Acid-base equilibrium: Ru(bpy) 3 2+ * " Ru(bpy) 3 2+ + hν (1.18) During the anodic scan, both Ru(bpy) 3 2+ and TPrA are oxidised (eqs 1.11-1.13). The oxidation of TPrA shows a broad wave due to preceding acid-base equilibrium (eq 1.10) (pK a of ~ 10.4). 16 TPrA can be oxidised both by directly oxidation on the electrode surface (eq 1.12) and via catalytic homogeneous oxidation by Ru(bpy) 3 3+ (eq 1.13). The relative contribution of the two routes depends on a variety of factors, such as the relative concentrations of Ru(bpy) 3 2+ and TPrA. 15 When the Ru(bpy) 3 2+ concentration is higher than the co-reactant, the oxidation of this last one mainly proceeds via the catalytic pathway.

TPrA + H D TPrA + H + (1.
Instead, direct oxidation plays an important role in the ECL process, particularly in dilute Ru(bpy) 3 2+ solutions (less than approximately micromolar) and concentrated TPrA. 15 The oxidation of TPrA gives a short-lived intermediate radical cation which undergo fast deprotonation forming strong reducing free radical (eq 1.14) which can reduce Ru(bpy) 3

3+

to form the excited state Ru(bpy) 3 2+ * (eq 1.15), that finally emits light (eq 1.18). When the concentration of TPrA is high and the concentration of Ru(bpy) 3 2+ is low, the ECL profile shows two peaks. 15,17,18 The second peak appears at the potential which correspond to the oxidation of Ru(bpy) This mechanism explains how the ECL emission shows a pre-peak at less positive potential than the oxidation of ruthenium centers. Moreover, the emission and the formation of the pre-peak show a strong dependence on the electrode material. The oxidation is more efficient onto glassy carbon electrode than on gold or platinum where it is blocked by formation of surface oxides. 15 The electrode hydrophobicity has also an effect on direct TPrA oxidation and ECL intensity. It was found that addition of some non-ionic surfactants such as Triton X-100 significantly increases ECL intensity on Pt and Au electrodes. [19][20][21] To summarise, the excited state of Ru(bpy) 3 2+ may be produced via three different routes:

1) Ru(bpy) 3 3+ reduction by TPrA;

2) Ru(bpy) 3 3+ and Ru(bpy) 3 + annihilation reaction;

3) Ru(bpy) 3 + oxidation by TPrA •+ radical cation.

The ECL intensity of the first and second waves are proportional to the concentration of both Ru(bpy) 3 2+ and TPrA in a very large dynamic range, 12,[15][16][17] with detection limits of 0.5 pM for Ru(bpy) 3 2+ , 22 and 10 nM for TPrA. 23 

ECL LUMINOPHORES

Most recent studies mainly utilised inorganic systems such as metal complexes, organic systems and nanomaterials as ECL luminophores.

Transition metal complexes

Transition metal complexes with high photoluminescence quantum yields (PLQYs) are usually expected to exhibit intense ECL. For example, Ru(bpy) 3 2+ with an ECL efficiency of Φ ECL =0.05 produces an emitting charge-transfer triplet with an efficiency that approaches unity and is comparable with photoluminescence data of Φ PL =~0.05. 24

Ruthenium(II) complexes

The first report of ECL from a luminescent metal complex was made in 1972 by Tokel and

Bard. 9 This study explored the annihilation ECL of Ru(bpy) 3 2+ . The number of electrochemiluminescent ruthenium complexes was expanded in subsequent reports. 25 Ru(bpy) 3 2+ is the first inorganic complex ECL luminophore and is the most successful luminophore with very broad applications. The great chemical, electrochemical and ECL properties of ruthenium complexes lead to an extensive study of new ruthenium complex ECL systems to improve color tunability, light-emitting efficiency and applicability.

Ru 2+ is a d 6 system with electron configuration [Kr]4d 6 . In Ru(bpy) 3 2+ , the metal is surrounded by three bidentate polypyridine ligands that are usually colorless molecules possessing s-donor orbitals localised on the nitrogen atoms and p-donor and p*-acceptor orbitals more or less delocalised on aromatic rings. 26 Most of the ruthenium complexes have a maximum wavelength between 600 and 650 nm.

It is very hard to tune the color of ruthenium complexes due to the limited ligand-field spitting energies of central metal ions.

A new series of acrylate-containing Ru(bpy) 3 2+ complexes (Figure 1.4) with photoluminescence emission maxima ranging from 640 to 700 nm have been reported. 27 The ECL emission of these compounds are in the range of 688 to 722 nm. It is the lowestenergy emission reported so far in light-emitting electrochemical cells (LECs) based on tris-chelated ruthenium complexes.

Other important goals are to find new luminophores with higher ECL efficiencies and to synthetise functional moieties of the emitter suitable for labeling biomolecules. To increase the sensitivity of the system which is especially important for ECL sensing application, multimetalic ruthenium complexes have been reported. [28][29][30] This strategy has the advantage of providing multiple redox centers, thereby increasing the number of charge recombination events (Figure 1 (27).

It was found that the ECL signal is proportional to the number of ruthenium units.

Multimetallic system with several ruthenium centers, however, could undergo nonspecific bonding to antibodies, increasing the background ECL intensity and lowering the sensitivity of immunoassay.

Many attemps have been made in designing or modifying the ligands of Ruthenium complexes to improve molecular recognition ability. Ru(bpy) 2 (dppz) 2+ (dppz = dipyrido[3, 2-a:2', 3'-c] phenazine) has been found to intercalate into DNA with high affinity (K a = ~10 -6 M -1 ) due to its extended aromatic structure. 31 It is a popular ''light switch'' molecule because it shows no photoluminescence in aqueous solutions, but displays intense photoluminescence in the presence of DNA. Its ECL properties have recently been investigated as well. 32 Ru(bpy) 2 (dppz) 2+ ECL increased ~1000 times in the presence of DNA (Figure 1.6). Ru(bpy) 2 (dppz) 2+ shows no photoluminescence in aqueous solution, because its triplet metal-to-ligand charge transfer (MLCT) excited state is effectively quenched by hydrogen bonding between water and the phenazine nitrogen of the ligand.

When it binds to DNA, the interaction between the ligand and the base pairs of duplex nucleic acid protects the phenazine nitrogen from water, leading to intense emission. Dend](PF 6 ) 16 reported in reference (28).

The remarkable increase in ECL intensity in the presence of DNA not only allows easier investigation of DNA interaction, but also provides a sensitive method for the determination of analytes that compete for intercalation into double-stranded DNA segments.

To conclude, it is noteworthy that since the initial work by Bard in 1972, 9 there have been over 3700 papers published concerning the ECL of ruthenium complexes, a considerable share of the field representing at least 70% of all ECL papers.

Iridium(III) complexes

Iridium complexes are a good and promising alternative to ruthenium with high quantum efficiencies for color tuning due to higher ligand-field splitting energies of the trivalent iridium ion. Over 90% of known luminescent iridium(III) complexes have been reported since 2000 33 and an important driver was their use as emitter in emergent light emitting devices. Among the first studies on Ir(ppy) 3 , [34][35][36][37] Kapturkiewicz realised that by careful selection of ligands to fine tune the energy levels of the complex, it was possible, in principle, to obtain an ECL system that was 100% efficient. [37][38][39] An important breakthrough was made by Kim et al who reported superior ECL intensities for the bis-cyclometallated complexes Ir(ppy) 2 (bpy) + and Ir(ppy) 2 (phen) + as well as a series of phenylquinoline-based iridium complexes (Figure 1.7). 40,41 Those complexes exhibit high intense ECL efficiency in three measured ways: annihilation, TPrA co-reactant and S 2 O 8 2-co-reactant methods. As a result, Ir(pq) 2 (acac) displays ECL efficiency 77-fold higher than Ru(bpy) 3 2+ standard in TPrA method, but only 3-fold higher than standard in annihilation method. That is due to the unstable anion species of Ir(pq) 2 (acac) which shows irreversible reduction process. The annihilation method requires combination of two oxidative and reductive species, and the unstable cation (or anion) can reduce the ECL efficiency. In contrast, Ir(pq) 2 (pico) complex shows reversible redox process, resulting high efficient ECL in all three methods.

Schmittel's group published a study on the study of azacrown appended iridium complexes, as shown in figure 1.8, for the ECL detection of metal cations. 42 The iridium based sensors displayed large intensity changes on binding, outperforming the analogous ruthenium systems for the detection of certain metal cations, in particular Ba 2+ and Ag + . The iridium complex displayed a red shift in emission upon cation binding, as shown in figure 1.8. This was due to the metal cation binding event stabilising the ancillary ligand-based LUMO of the iridium complex, leaving the HOMO energy relatively untouched. Adapted from reference (42).

The most important prospective area of application for electrochemiluminescent iridium complexes is as biological labelling reagents, where the complex is used, following bioconjugations, to detect associations of proteins (e.g., immunoassays) or DNA (e.g., DNA hybridisation assays). Notwithstanding the success of ECL-based bioassays based on ruthenium polypyridyl systems, new emitters too are needed with higher ECL efficiencies, to deliver higher sensitivity, and a greater variety of emission colours, to enable multiplexed analysis. In literature, some few reports show interesting and promising approaches for assays and sensing applications. 43,44 For instance, Schmittel's group have reported a series of "lab-on-a-molecule" type sensors that exploit a multi-channel mode of operation. [45][46][47][48] The first example was a two-channel approach (see figure 1.9): the precursor dimer Ir(pq) 2 Cl 2 , which is almost completely non-emissive, was cleaved upon the addition of cyanide anions to produce Ir(pq) 2 (CN) 2 -. Though not electrochemiluminescent, due to oxidation of the cyano groups at relatively low potentials, intense PL emission is observed at 579 nm on optical excitation. In the ECL channel for this system, acetate anions produced a significant increase in the ECL emission in the presence of the dimer. The authors postulated that a Kolbe type reaction occurred to form a methyl radical from electrochemical oxidation of the acetate anion. This radical produced the new luminophores upon reaction with the oxidised dimer. Notably, since cyanide ions had no effect in the ECL, the two channels did not interfere with one another. 45 It should be noted that the vast majority of studies relating to the photophysical and/or electrochemical properties of iridium complexes have been carried out with the luminophore dissolved in organic media. However, most of the applications envisaged for these compounds in the area of sensing and biosensing demand a degree of aqueous solubility that has been difficult to obtain for iridium-based luminophores. The method for enhancing aqueous solubility generally rely upon modifying the ligand architecture by introducing polar groups. Unfortunately, both PLQY and the electrochemical reversibility are typical somewhat adversely affected by the change of the solvent. 49 For example, Zanarini et al. 50 reported intense ECL for Ir(ppy) 2 (pytl-Me) + and similar complexes in PBS with DBAE as co-reactant. Unfavourable electrochemical characteristics for the oxidation process in this medium resulted in rapid electrode passivation, necessitating continual electrochemical cleaning of the surface. The addition of polar substituents such as sulfonate groups 49,51 on the ancillary ligand has also been shown to improve water solubility and enable aqueous ECL of iridium complexes. However, many iridium complexes display high efficient ECL only in nonaqueous solutions. In order to use iridium complexes in biological assays, water solubility is necessary to consider. So far, only few examples in aqueous media or aqueous/organic media have been reported, 43,50,52,53 and the conditions described for the measurements are very different from those applied in commercial immunoassays analysis. 46 Recently, Fernandez-Hernandez et al. reported a family of red neutral bis-cyclometalated iridium complexes used as label under immunoassay conditions. 54 Among them, the complex based on phenylphenanthridine (pphent) as the C^N ligand, exhibits such great performance that it can be chosen as substitute of the commercially available Ru-based label in diagnostics (Figure 1.10).

As already said, Iridium complexes have become attractive because of the easy color tunability. Recently, Paolucci et al. reported near IR ECL emitters based on cyclometalated iridium complexes. 55 ECL emissions were recorded in acetonitrile with maxima in the range of 700-720. The species showed a strong increase in ECL intensity upon employing benzoyl peroxide (BPO) as a co-reactant with respect to the annihilation. Such evidence, even though the efficiencies drop comparing to the standard Ru(bpy) 3 2+ , make them promising candidates for development of iridium-based labels in diagnostics where near-IR emission is advantageous.

Nowadays, a great challenge is the synthesis of blue-emitting complexes. Efficient blueshifted ECL emission can be accomplished by stabilizing the highest occupied molecular orbital (HOMO) with electron-withdrawing substituents on the cyclometalated ligands, while only moderately stabilizing (or destabilizing) the LUMO via introducing electrondonating substituents on the neutral ancillary ligands, which will enlarge the HOMO-LUMO gap ensuring favorable thermodynamics and kinetics for ECL reaction. and Ru(bpy) 3 2+ under 1s potetiostatic impulse at + 1.4 V vs Ag/AgCl, reported in reference (54).

Very recently, a number of blue-emitting iridium(III) complexes was explored. 52 Among these, Ir(df-ppy) 2 (ptb) + (Figure 1.11a) was the most potent complex showing a considerable hypsochromic shift (ca. 60 nm) and over 16-fold greater co-reactant ECL intensities than the similar Ir(ppy) 3 complex. To obtain green-emitting ECL complexes, a methylsulfone electron-withdrawing substituent was introduced into the cyclometalated phenylpyrazole ligand to stabilise the HOMO (Figure 1.11b). 56 In addition, the emission colors of ECL systems can also be tuned by changing the coreactant molecule, 57 pH of the solution, 58 frequency of the applied current 59 or energy transfer processes. 60 Recently, a new strategy for color tunable ECL was developed by adjusting potential to tune the color of the ECL emission from a binary mixture of a red light-emitting luminophore Ru(bpy) 2 (L) 2+ and a green light-emitting luminophore Ir(dfppy) 2 (BPS) -. 61 This approach opens new avenues for multianalyte ECL detection and also for the characterisation of the photophysical properties and energy transfer mechanisms of luminescent metal complexes. Moreover, the ability to tune the emission ratio of multiple electrochemiluminophores with distinct spectral distributions creates new possibilities for colour selection in light-emitting devices.

Platinum(II) complexes

Platinum (II) complexes are not well known for their ECL properties. Few reports in literature show that this kind of complexes do not improve the performances of ruthenium polypyridil systems, 62-65 making them not appealing like the iridium (III) complexes.

The use of square-planar platinum (II) complexes for ECL was investigated using different pathways. Platinum (II) schiff base complexes were studied via ion annihilation mechanism and using TPrA as co-reactant. 63 Even though the ECL intensities do not exceed that of Ru(bpy) 3 2+ , the ability to tune the colour of emission from yellow to near-infrared remains unsurpassed in ECL systems.

Chen and co-workers reported the first example of ECL generation using S 2 O 8 2-as coreactant of an alkynylplatinum (II) terpyridil complex. 65 The system can generate an intense orange emission at more positive potentials when compared to that of Ru(bpy) 3 2+ , making it more suitable for specific biological activities in water.

Nanomaterials

Since the ECL phenomenon of silicon nanocrystals was first reported in 2002, 66 a series of miscellaneous nanomaterials with various compositions, sizes and shapes, such us nanoparticles and nanotubes prepared from metals, semiconductor, carbon or polymeric species have also been used as ECL emitters in the recent years. Among them, semiconductor quantum dots (QDs) are particularly attractive and various ECL investigations have been reported. 79-81 A common feature of ECL behaviour obtained from QDs is their red-shifted ECL maxima compare to their photoluminescence, suggesting that the emitting states are different. 3 This was explained by the fact that photoluminescence responses appears from electron transfer mainly from the interior of particles while ECL occurs at the surface where the surface chemistry has greater influence (Figure 1.12). 82 However, apart from some examples, low solubility and low stability of the oxidised and reduced species usually limit their applications. ECL of water soluble CdTe QDs has been recently reported. Stable and intense ECL was obtained from mercaptopropionic acid-capped CdTe QDs at about 1.2 V vs. Ag/AgCl in phosphate buffer (pH 9.3). The ECL emission involved the generation of superoxide ions at the ITO electrode surface, which then injected an electron into CdTe QDs to form a CdTe anion species. Then, the collisions between the CdTe anion species and the oxidation products led to the formation of species in an excited state that emitted light at around 580nm (figure 1.13). 83 Despite that many nanomaterials-based luminophores have been developed, they generally have certain disadvantages, such as uneven size distribution, easy influence by the structure, and great changes of luminescent properties after interaction with other substances. The combination of traditional light-emitting reagents with nanoparticles is a very promising way to develop new efficient luminophores. 84 Nanomaterials hold great promise as ECL labels carriers and great efforts have been made

to produce a strong ECL signal, improving the sensitivity through the use of multiple ECL labels loaded on metal nanoparticles, 85 carbon nanotubes, 86 microsized polystyrene microspheres 87 and silica nanoparticles. 18,55,60,69,[88][89][90][91][92][93][94] In particular this last group was largely use to encapsulate metal complexes not soluble in aqueous media. However, most studies Reprinted from reference (72). 72 report on the use of nanomaterials with size between 100 and 7 nm for the development of hybrid systems with typically low diffusion coefficients. 18 Obtaining an observable ECL signal from such NPs is not a trivial task, in fact, the redox centres (chromophores) must be in very close contact with the electrode surface, they must be able to diffuse to it, or there must be another component that carries electrochemical energy from the electrode surface to the redox centres (co-reactants).

Stimuli-responsive hydrogel nanoparticles (or microgels) are a kind of particularly fascinating nanomaterials, because their properties can be modulated by an external stimulus. The combination of ECL-active metal complexes with stimuli-responsive microgels to design novel nanomaterials is attractive, because the ECL signal of the chromophores can be caused not only by the electrode potential but also by an external stimulus. Recently, the ECL of thermoresponsive redox microgels, synthesised by incorporation of the ruthenium complex derivative into the thermo-responsive monomer with a cross-linker agent, was investigated by Sojic's group (Figure 1.14). 72 Interestingly, ECL intensities change reversibly by reversibly changing temperatures, and an amplification of the ECL intensity up to 2 orders of magnitude in 100 nm thermoresponsive microgels is achieved. This behaviour is related to the microgel shrinking, which decreases the average distance between adjacent redox sites. The decrease of this distance favours both charge diffusion by electron-hopping in the microgels and also the ECL ion annihilation mechanism, giving as result the ECL enhancement.

ECL CO-REACTANTS

A co-reactant is a species that, upon electrochemical oxidation or reduction, immediately undergoes chemical decomposition to form a strong reducing or oxidizing intermediate that can react with an oxidised or reduced ECL luminophore to generate excited states. 1 The development of the so-called co-reactant approach was a crucial point for the implementation of ECL as analytical technique since it permits to exploit the technique in environmentally-benign and user-friendly aqueous solutions. Common co-reactants for oxidative reduction ECL are oxalate and tertiary amines. Upon oxidation, the oxalate ion loses CO 2 , producing CO 2 •-, 10,95,96 a strongly reducing agent, whereas tertiary amines deprotonate to yield strongly reducing radical species. 12 A typical example of co-reactants used for reductive oxidation ECL is peroxydisulfate, which, upon reduction, forms SO 4

•-, a strong oxidant. 97,98 Due to its excellent ECL response, Ru(bpy) 3 2+ / TPrA system is the ECL pair that is the most used in different analytical and commercial applications. Amino acids such as proline, valine and leucine can be successfully detected in CE-ECL system with detection limit in the µM -nM concentration range. 105 The group of E. recycled on the electrode surface during the ECL reaction. For example, a simple method based on reverse-phase HPLC with Ru(bpy) 3 2+ modified single Pt wire ECL detector for the determination of metoclopramide, itopride and sulpiride was developed. 110 The method allowed for the simultaneous detection of these antiemetic drugs in human serum and offered short analysis times. Under optimal conditions, the resulting analytical performances were good. This system is a two-electrode system, there is no post-column reagent addition, so it is very simple with good stability, lower baseline and background noise levels.

ECL Assays for diagnostics

One of the most important applications of ECL is its use in diagnostic assays. 4,111,112 ECL assays are usually either solution phase or solid phase. Solid phase is used for biomolecules which have very poor or no co-reactant ability, which are linked with the ECL labels and they are immobilised onto a solid substrate (like screen printed electrode, microsized polystyrene beads or magnetic beads etc.). The ECL signal is proportional to the concentration of the analyte in the presence of added ECL co-reactant. Conventional antigen-antibody reactions have also been combined with ECL generation with the help of streptavidin coated magnetic particles. 113 The sample is combined with a reagent containing the biotinylated capture antibody and a ruthenium labelled secondary antibody. During incubation, the antibodies capture the target molecules, the microparticles are then added and during a second incubation period the biotinylated antibody attaches to the streptavidin coated particles. The samples are then drawn into the ECL measuring cell along with a buffer containing TPrA. A magnet located under the electrode captures the microparticles at the electrode surface and all unbound reagent is washed from the cell. The magnet is then removed and a potential is applied to the electrode, initiating ECL. The technology has since been purchased by Roche Diagnostics which markets the electrogenerated chemiluminescence immunoassay. 
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Chapter 2

Aggregation-Induced ECL of

Platinum(II) Complexes Abstract

This chapter describes a series of square-planar Pt(II) complexes which are capable of emitting electrochemiluminescence when they form supramolecular aggregated nanostructures, naming the phenomenon as Aggregation-Induced ECL. The different complexes have been characterised in terms of their photophysical, electrochemical and ECL properties in order to shed light on the mechanism that produces the excited state.

Significantly, the emission from this self-assembled system is the first example of ECL of Pt(II) complexes in aqueous solution having higher efficiency than Ru(bpy) 3

2+ . There is great potential for applications of such systems in ECL-based assays.

INTRODUCTION

Supramolecular nanostructures based on organometallic systems constitutes today a research area of great interest due to the possibility of developing new functional materials with more complex properties than the corresponding singular molecular entities. In show absorption and luminescence that are substantially bathochromically shifted compared to the parental non-interacting platinum complexes. Moreover, it is important to note that the energy of such CT transitions is strongly dependent on the metal-metal distance, since the electronic interaction occurs only at distances below 3.0 -3.5 Å.

Supramolecular architectures of square planar Pt(II) complexes

The use of self-assembly in chemistry is a very powerful tool for the bottom-up preparation of systems and architectures that can create nano-organised materials with superior properties than the single components or the bulk materials, with controlled spatial disposition and molecular organisation. [4][5][6] The concept of self-assembly is closely connected with biology and in particular with biological structures such as membranes, proteins, enzymes, and DNA, just to name a few. They have attracted considerable attention as a result of their interesting biological activities, such as antitumor cytotoxicity, 7 DNA intercalation, 8 and protein binding behavior. 9 In light of the electronic description provided for square planar d8 complexes, supramolecular chemistry has the potential to tune the photophysical properties of such systems, by precisely controlling their interactions with the surrounding environment. Selfassembled functional architectures have indeed been proposed for applications in optoelectronic devices such as organic light emitting diodes (OLEDs), 10,11 field effect transistors (FETs), 12,13 and organic light-emitting FETs (OLEFETs). 14 Despite the large number of studies on their photophysics, there are few reports of the ECL properties of platinum (II) complexes, [15][16][17][18][19][20][21] since the most efficient ECL systems found to date are all based on Ru(II) and Ir(III) species. [22][23][24][25] In particular, there are no previous reports relating to the ECL of assemblies/aggregates of this kind.

In this chapter, we focus the attention on the study of a series of square-planar Pt(II) complexes, which show electrochemiluminescence properties through a phenomenon that can be named Aggregation-Induced ECL (AIECL) similar to Aggregation-Induced Emission (AIE), 26 opening up a new class of yet unexplored ECL luminophore (see Figure 2.3).

We will describe the photophysical properties and self-assembly of platinum complexes and we will relate them to the electrochemiluminescent features observed in solid state and in solution. These systems display the very interesting ability to emit ECL light only upon aggregation, which can be triggered either by external stimuli, (e.g. electrical or mechanical), or by spontaneous aggregation. complexes due to their interesting photophysical properties. 27 The supramolecular assemblies of Pt-Amide and Pt-PEG (figure 2.4a-b) have been extensively studied in some publications by our group. 28,29 Pt-2PEG was synthetised by a former member of the group in order to obtain a complex soluble in water that forms stable aggregates with an emission typical of MMLCT transition, then bathochromically shifted. To obtain Pt-2PEG two hydrophilic triethylene glycol chains were attached to the 4-amino pyridine moiety. This is useful to increase the amphiphilic character of the molecule and play an important role in the self-assembly (details of the synthesis in section 2.6).

PHOTOPHYSICAL PROPERTIES

In order to explore the self-assembly of the selected complexes, a photophysical study was undertaken in different solvents suitable for each complex and for the formation of different types of aggregates.

Pt-Amide photophysical properties were studied in both THF because of good solubility, 28 and in acetone because this solvent is suitable for drop-casting techniques, which in turn allows facile electrode modification (see section 2.4.1). Results are summarised in table 2.1. The compound displays characteristic absorption bands in the UV region (270-350 nm), related to LC transitions, whereas at lower energy (350-430 nm), MLCT transitions are observed (Figure 2.5). It shows structured emission spectra (464-567 nm) assigned to ligand-centered states 10 with relatively short excited-state lifetimes of a few nanoseconds in solution, which are typical for molecularly dissolved monomeric Pt (II) complexes with CF 3 -tzH 2 as the cyclometalating ligand (see Table 2.1). On the other hand, in a 10 -3 M acetone solution, Pt•••Pt interactions lead to aggregation of the complex and orange phosphorescence with longer lifetime (see Table 2.1). 30 As shown in Figure 2.5 (red solid trace), spectral features associated with the monomeric form can still be seen at shorter wavelengths under these conditions. When the concentration is fixed at 10 -4 M the spectrum is dominated by monomer emission. Pt-PEG has been extensively studied in a recent work of the group in Nature Chemistry. 29 We report in brief the characterisation done in air-equilibrated 1,4-dioxane and after flashinjection in water (figure 2.6), 29 since the monomer is well solubilised by 1,4-dioxane and it forms kinetically-trapped metastable and thermodynamic aggregates once it is flashinjected in water (figure 2.5 A-B). × 10 -3 M) into water, that is a solvent in which the complex is not solubilised, we noticed a bathochromic shift in the emission due to the formation of an emissive species namely assembly A. 29 The final H 2 O:dioxane ratio was 95:5 and the resulting platinum complex concentration was 10 -4 M. Pt The sample spontaneously interconverted into a thermodynamically stable isoform (assembly B figure 2.6) over three weeks at room temperature. 29 It possesses the same emission energy and profile as the monomeric species (Figure 2.6), but with much higher PLQY and longer lifetime (see table 2.2). The fact that the energy and profile of the emission spectra for the monomer and for C are identical suggests an absence of any Pt•••Pt and π-π interactions. The higher PLQY is therefore due to an increased rigidity and to the shielding from oxygen quenching accomplished by packing into fiber structures. states. At lower energies, the complex absorbs until 440 nm. This band is ascribed to the admixture of spin-allowed metal-to-ligand charge transfer ( 1 MLCT) and intra-ligand ( 1 IL) transitions corresponding to the HOMO-LUMO excitation process. These assignments are further corroborated by similarity with already reported Pt(II) complexes. 27,[33][34][35][36] Upon photoexcitation, a structured blue luminescence signal is observed, peaking at 464, 492 and 525 nm, with a vibronic progression of 1236-1504 cm -1 attributable to the tridentate intra-ligand vibrational modes. Such low (PLQY = 1%) luminescence is characterised by a very fast radiative decay, that can be attributed to the T 1 -S 0 transition with mainly metal-perturbed 3 LC character. 31 When the same complex is dissolved in water, the resulting solution shows a strong orange emission under UV irradiation. Pt between neighbour molecules of Pt-2PEG. 10,[30][31][32][37][38][39] In Procell a similar behaviour is observed, with an emission centered at 600 nm coming from the excited state 1 MMLCT (figure 2.7 orange traces and table 2.3), even though the PLQY decreases notably from 72 % (water) to 51 %. This can be rationalised considering the presence of surfactants in Procell, which may intercalate between two platinum complexes weakening (or even breaking) the Pt•••Pt interactions.
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ELECTROCHEMISTRY AND AIECL BEHAVIOUR

Pt-Amide

The investigation of electrochemical properties of Pt-Amide started with the characterisation of the compound in acetonitrile at 1.0 and 0. to Pt 4+ . Despite that, we would expect the HOMO of the aggregate to be more significantly destabilised, therefore with an oxidation at lower potentials. Ion annihilation ECL experiments were first attempted. Pulsing in CH 3 CN solution between the oxidation potential and either the first or second reduction potential resulted in little emission. ECL was also attempted using tripropylamine as co-reactant. As shown in figure 2.8b-c, this did not show an encouraging result either, with only very low intensity emission produced. ECL spectra could not be recorded via either the annihilation or coreactant pathway due to the low emission intensities. This is perhaps not surprising given the low photoluminescence quantum yield (which sets the upper limit for the ECL efficiency); combined with the relative instability of the oxidised and reduced forms of the complex. Moreover, though the ECL reactions are energy sufficient in both cases, they may be only marginally so, as the blue-emitting excited state is relatively difficult to populate.

ECL was found to be notably more intense upon immobilisation of the complex onto screen-printed electrode (SPE) surface using as co-reactant TPrA in low concentration (1-10 mM). Two ways were tested for the immobilisation of the complex: physical transfer (solid particles contacted with the surface) and drop casting from acetone solution. In both cases, the emission peaks at +1.6 V vs Ag/AgCl, quite after the oxidation potential of both co-reactant and Pt-Amide, suggesting that an additional energy is necessary to the system to give ECL emission. In the drop casting test, the complex dried on the surface of the SPE, yielding aggregates that displayed orange photoluminescence (figure 2.5, assembly A).

It is clear from Figure 2.9b (red traces) that the ECL spectrum of Pt-Amide/TPrA system is almost identical with its PL one, indicating that the excited state obtained on photoexcitation is also generated in the ECL experiment.

When TPrA is employed as co-reactant, its strong reducing power in the radical form TPrA • (E TPrA• = -1.7 V) allows to give electron transfer on the LUMO of the aggregated form for the generation of the excited state that emits the 600 nm light. By physical transfer, the complex powder on the electrode surface emits upon photoexcitation in the blue region showing the typical profile observed in solution when it is in monomeric form (figure 2.5). However, the electrochemical excitation gives an emission centered at 600 nm (see figure 2.9b blue traces) identical to the one seen for the drop casting, demonstrating that TPrA • can reduce by electron-transfer the oxidised Pt-Amide only where it forms aggregates that produce the MMLCT excited state. To gain further information on the possible mechanism, the emission changes on the electrode surface was monitored by cycling the applied potential several times. The results show that orange emission arises upon oxidation (Figure 2.10). On first approximation, the co-reactant (TPrA) is oxidised in the same potential range as the Pt 2+ species, the oxidised TPrA then generates a radical product TPrA • that reacts with Pt 4+ to generate the excited state, which subsequently produces light. This simple mechanism is based on reported ECL experiments on Pt complexes, 17,40 however in this case it results a bit more complex because the formation of the aggregate appears during a potential scan. In fact, upon oxidation of Pt 2+

it is evident the formation onto the SPE surface of an aggregate form (possibly a dimer) with a more stabilised LUMO able to be reduced from TPrA • (Figure 2.10).

Figure 2.10. PL emission of Pt-Amide physically transferred onto SPE before (blue trace) and after oxidation (red trace).

We can hypothesise two different ECL mechanisms. The first implies a bi-electronic oxidation of Pt 2+ to Pt 4+ with a subsequent in situ aggregation with a vicinal Pt 2+ . The interaction between these two vicinal platinum complexes is of a metallophilic nature and it is responsible of the formation of the MMLCT transition, therefore suitable for the electron transfer from TPrA • that generates the excited state. The second possibility is that two Pt 2+ are oxidised to Pt 3+ . Comparing to the 4+, the 3+ oxidation state of platinum is much less common [41][42][43] due to the reactive nature of the unpaired electron residing in a sterically-exposed d z 2 orbital. In fact, only Pt (III) compounds with metal-metal covalent bonds are relatively common. 44,45 After oxidation, their instability lead them to interact forming a dimer that can be excited by TPrA • to give the emission at 600 nm. In both cases, the process requires an aggregation with the consequent formation of the MMLCT, therefore the phenomenon can be classified as AIECL (see Figure 2.11). For each case, it is likely that oxidation during redox cycling leads to dissolution and re-precipitation on the electrode. The re-precipitated form is the Pt•••Pt aggregate which undergoes solid state AIECL. b). The quasi-spheres could be the responsible for the orange emission, as reported elsewhere. 29 Concerning the physical transfer, the SEM images (Figure 2.12c-d) show crystals and not spherical aggregation.

Finally, taking inspiration from the work published recently by the same group in Nature Chemistry, 29 a 0.1 mM solution of Pt-Amide in 1,4-Dioxane was flash-injected in PBS, giving an orange emitting suspension with a PLQY of 69%. However, the ECL intensity obtained with this suspension was very low (Figure 2.13a), possibly due to the larger size of the particles (see TEM in Figure 2.13b), which diffuse slower comparing to a single complex. 46 The importance of diffusivity in ECL will be treated better in chapter 5. In order to improve the signal-to-noise ratio in the above measurement, we tried to employ oxalate (C 2 O 4 2-), which is known to stabilise Pt 4+ . 47 

Pt-PEG

Electrochemical properties of Pt-PEG were studied in DCM, where the complex was dissolved at 1 mM. Results, in figure 2.15, show only the onset of the oxidation peak due to the narrow electrochemical window of DCM and a quasi-reversible peak in reduction centered at -1.4 V vs SCE.

In solution, any kind ECL experiment was unsuccessful. In DCM, we observed a very low emission similar to the Pt-Amide case, while in water after flash-injection it was not possible to collect any light because of the size of the formed aggregates, around 130 nm as reported elsewhere. 29 Therefore, Pt-PEG was grafted onto an electrode in the same ways described for Pt-Amide.

In both cases, physical transfer and drop casting produced a blue-emitting layer. In this case, the ECL was very low in intensity using oxalate as co-reactant. It is straightforward thinking that the mechanism is the same described for Pt-Amide, that means the local aggregation between few complexes upon oxidation is responsible of the formation of the MMLCT transition suitable for the electron transfer from TprA • in order to generate the excited state.

Besides that, Pt (II) complexes like this one are known for being mechanochromic materials thanks to their peculiar tunability of the luminescence spectrum as a function of metalmetal distance. 32,48 Luminescence mechanochromism is defined as a change of emission spectrum upon mechanical stresses. [49][50][51][52] Therefore, upon mechanical stress with a gentle grinding using a small pestle, it is possible to convert the spot onto the electrode surface From the figure 2.16a it is clear that upon mechanical stress the ECL emission from Pt aggregates is twenty times higher than the blue solid (figure 2.16a, blue trace) that emits in a quite weak way according to the proposed mechanism in section 2.4.1.

Pt-2PEG

Pt-2PEG is soluble in DCM and it forms a stable micellar-like suspension in water, as pointed out in section 2.3. Accordingly, electrochemical features were explored in these two solvents. Pt concentration in both case was 1 mM. In DCM (figure 2.17a), Pt-2PEG exists as monomeric form and its oxidation should fall at potential higher than the electrochemical window of DCM, therefore no oxidations are seen during a potential scan.

A reduction is seen at -2.3 V vs SCE and it should be linked to the ligand. When the complex is dissolved in water, an oxidation peak arises at +1.33 V vs Ag/AgCl (figure 2.17b) and it is due to the oxidation of Pt 2+ to Pt 4+ that takes places at lower potential since there is the formation of the MMLCT band with a destabilised HOMO. Unfortunately, in water it is not possible to investigate the reduction because of its limited electrochemical window. ECL properties were investigated in aqueous solutions (water and Procell) and after immobilisation on SPE. Ru(bpy) 3 2+ was used as standard with the aim of calculating the ECL efficiency. To compare water with Procell, an amount of 100 mM TPrA was added in order to get the ECL emission. In addition, oxalate was evaluated as co-reactant since it gave for the other complexes a better result because of improved capacities in stabilizing the oxidised species. All solutions were prepared with a concentration of 10 -5 M.

In water, ECL emission of Pt-2PEG and Ru(bpy) In Procell, the emission during a potential scan changes shape, as it is possible to visualise in figure 2.19. Comparing to Ru, the emission is more than 50 times lower and it is due to the fact that Ru(bpy) 3 2+ ECL emission is favoured in Procell since the surfactants protect its emission from oxygen and water quenching forming a micelle around them. 54,55 On the contrary, Pt complexes could suffer of the presence of surfactants for an unfavourable intercalation between the complexes that minimizes Pt•••Pt interactions. Surprisingly, the ECL intensity of such Pt complex results much higher than Ru(bpy) 3 2+ .

The ECL intensity during a potential scan shows the emission peak at +1.3 V in agreement with the oxidation potential of Pt-2PEG. Ru(bpy) 3 2+ shows a peak at +1.15 V, typical of the simultaneous oxidation of it and co-reactant. The relative efficiency (Ru(bpy) 3 2+ = 1) calculated from chronoamperograms in figure 2.20b is equal to 14. This is the first example of Pt (II) complex out-performing Ru(bpy) 3 2+ in ECL intensity.

Finally, we tested the complex in solid phase onto the SPE after physical transfer. The emission was very intense as shown by the results in figure 2.21.

As visible in Figure 2.21a, the emission peak falls at +1.3 V, exactly at the oxidation potential of this complex in aggregate form in water. Figure 2.21b shows the emission of this complex onto the SPE surface, centered at 600 nm and it is the same obtained by photoexcitation, as shown in section 2.3. Therefore, both TPrA and C 2 O 4 2-can be used as coreactant for the generation of the excited state responsible for the emission typical of MMLCT transitions. 

CONCLUSION

The 

EXPERIMENTAL SECTION

Materials

Pt-Amide 28 and Pt-PEG 29 were synthesised according to previously reported methods. All the chemicals were purchased and used as received. Ultrapure fresh water was obtained from a Millipore water purification system (>18MΩ Milli-Q, Millipore) and Acetonitrile (MeCN) and Dichloromethane (DCM) were purchased at Acros organics and used without any purification. All the reactions were carried out under inert atmosphere (Schlenk technique). The compounds were purified by column chromatography by using silica gel 60 (230-400 mesh) as stationary phase. 1 H, 13 C and 19 F NMR spectra were recorded on a Bruker Avance 400 spectrometer. 

N-(4-pyridyl)2-[2-(2-methoxyethoxy)ethoxy]acetic acid amide (1)

According to literature procedure, 29 

Synthesis of N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)pyridin-4-amine (2)

According to literature procedure, 29 briefly under strong nitrogen flux, a solution of 1 (5.5 gr, 21.62 mmol) in anhydrous THF (5 mL) was dropwise added to 30 mL suspension of LiAlH4 in THF 1 M at 0 °C. After the addition, the ice bath was removed and the mixture was stirred overnight. Then the solution was cooled down at 0 °C and methanol was added slowly (30 mL) under strong flux of nitrogen. The resulting suspension was filtered through a pad of neutral alumina and the filtrate was evaporated under reduced pressure. The product was obtained as yellowish oil purifying the crude by column chromatography on neutral alumina using acetone/10%MeOH as eluent. Yield 2.5 g (48%). 

Electrochemistry

The electrochemical characterisations of Pt-Amide, Pt-PEG and Pt-2PEG were performed in MeCN or DCM with 0.1M TBAPF 6 as supporting electrolyte. Pt-2PEG was also tested in 0.1 M aqueous LiClO 4 . For electrochemical experiments, a CHI750C Electrochemical Workstation (CH Instruments, Inc., Austin, TX, USA) was used and the experiments were performed in a glass cell under an argon atmosphere. Feedback correction was employed in order to minimise the ohmic drop between the working and reference electrodes. A glassy carbon electrode (GC, 3 mm diameter 66-EE047 Cypress Systems) was employed as the working electrode (WE), while platinum and silver wires were used as counter (CE) and quasi-reference (QRE) electrodes, respectively. The GC electrode was stored in ethanol and polished with a 0.05 μm diamond suspension (Metadi Supreme Diamond Suspension, Buehler) before the experiments, then ultrasonically rinsed with water for 10 minutes and ethanol for 10 minutes. The WE was electrochemically activated in the electrolyte solution by means of several voltammetric cycles at 0.5 Vs -1 between the anodic and cathodic solvent/electrolyte discharges. The RE was separated from the catholyte by glass frits and was calibrated at the end of each experiment against the ferrocene/ferricenium (Fc|Fc + ) couple, whose formal potential is 0.460 V against KCl-saturated SCE. For reversible and quasi-reversible processes, the standard potentials were calculated as the average value between cathodic and anodic peak potentials. exciting the sample at λ exc = 300-500 nm.

SEM analysis

SEM characterisation was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 kV. The characterisation was done on SPEs after a plasma-induced deposition of a 5-nm thick layer of Au.

TEM analysis

Transmission Electron Microscopy (TEM) images were obtained with a a Jeol-JEM 2011 system operated at 200 kV equipped with a Cs-probe corrector and a GIF Tridiem filter.

Drop cast of Pt-Amide from water solution on a lacey carbon grid was used as general procedure. 

2.7

INTRODUCTION

Iridium complexes have been widely used in many applications such as OLED, catalysis, water splitting and solar cells. [1][2][3][4] Their remarkable luminescent properties originate from their high quantum efficiency, long excited state lifetime, large Stock shift, and emission wavelength that is tunable from blue to red through a tailored ligand design. In particular, research on blue emitting iridium(III) complexes plays a crucial role in OLED study nowadays. 5 The use of Ir (III) complexes for chemo-and ECL-based sensing has only recently gained momentum. Despite their excellent luminescence characteristics, issues such as oxygen quenching and poor solubility in aqueous media have posed significant challenges to the development of sensing applications for ECL-active iridium complexes. However, their significant potential and unique properties continue to drive researchers to overcome these issues.

The majority of early ECL systems involved solubilised species with emission occurring in the diffusion layer near the electrode surface. The advent of chemically modified electrodes allowed ECL to be generated in -or from -films constrained to the surface of an electrode. The ability to modify electrode surfaces with ECL-producing complexes has greatly increased the potential of ECL applications within biomedical sensor design.

Immobilisation of Ru(bpy) 3 2+ on the electrode to develop regenerable solid-state ECL sensors has attracted significant interest, and many different methods and materials have been reported. [6][7][8][9] To cite a few examples: the use of Nafion as an ion exchange matrix for the luminophore, 10,11 synthesis and drop casting of electrochemiluminescent metallopolymers on electrodes, 12 electropolymerisation of an electrochemiluminescent compound on the electrode, 13 electrografting of complexes directly on the electrode, 14 immobilisation of the luminophore on indium tin oxide electrode via citrate-capped gold nanoparticles, 15 as well as encapsulation into ultrathin Langmuir-Shaefer 16 and Langmuir-Blodget Nafion films. 17 One of the first approaches for immobilisation of Ru(bpy) 3 2+ was the loading in Nafion films. 10 Nafion is a perfluorinated, sulfonated ion-exchange polymer with excellent chemical and mechanical stability. Therefore, it was largely used for polymer-modified electrodes and Ru(bpy) 3 2+ was immobilised through electrostatic interactions. Nevertheless, its use is actually limited by the instability in the long term. When it is stored overnight in PBS buffer a descrease of the ECL intensity can be observed, likely due to the partitioning of Ru(bpy) 3 2+ into hydrophobic regions of Nafion. 18 Electropolymerised Ru(vinyl-bpy) 3 2+ -modified electrodes, have attractive ECL properties 19,20 but their use in analytical applications is limited due to inhibited mass transport and poor analyte permeation.

Ru(bpy) 3 2+ immobilisation in silica sol-gel films has been also reported. Ru(bpy) 3 2+ and TPrA were trapped in a porous silicate host matrix providing high optical quality, good photochemical and electrochemical stability. 21 An important requirement was that the ECL gel-entrapped chemiluminescent precursors were able to diffuse and react in the gel at the local scale. Depending on the preparation procedure, thin (~200 nm) silica films can be also obtained, allowing both rapid diffusion of the complex molecule to and from the electrode surface and rapid permeation of the analyte from the external solution. Ru(bpy) 3 2+ can be also covalently incorporated within the silica. This leads to the formation of Ru(bpy) 3 2+ gel film that was used to develop stable and sensitive ECL sensors. 22 Another approach consisted in the adsorption of metallopolymeric films onto the surface of the electrode. Dennany, Forster and Rusling reported direct ECL detection of DNA in 10 nm-thick films of Ru(bpy) 2 (PVP) 10 2+ cationic polymer and DNA prepared using layerby-layer deposition. 23 The system was applied to detect DNA hybridisation or damage.

Furthermore, the same ruthenium metallopolymer was previously used for detection of oxalates in a flow injection analysis system. 24 The same group also reported that ECL can be obtained directly from the reaction of oxidised guanines of DNA in thin films using the catalytic metallopolymer Os(bpy) 2 (PVP) 10 2+ . 25 Moreover, the combination of the latter with Ru(bpy) 2 (PVP) 10 2+ within the films allowed the simultaneous detection of both chemical and oxidative DNA damage. 25 Solid state ECL is mostly based on the use Ru(bpy) 3 2+ , and only few iridium(III) complexes have been tested using a method that allows modify the working electrode. [26][27][28][29] These methods all rely on the direct immobilisation of iridium(III) complexes by adsorption onto the electrode surface [26][27][28] or its immobilisation after encapsulation in organosilica nanoparticles. 29 As far as we are aware, there are no reports on the electropolymerisation of such complexes on electrode surfaces.

Reductive electropolymerisation of vinyl-substituted polypyridine transition-metal complexes is a well-established method for the in-situ deposition of metallopolymeric films on electrode surfaces, 19,20,[30][31][32] and Ir(III) complexes bearing one or more vinyl groups on the ligand backbone are suitable candidates for electropolymerisation. 31 Hence, we herein report the synthesis of a novel iridium(III) complex bearing a vinyl moiety, the procedure of its electrodeposition as well as its photophysical, electrochemical and ECL properties in solution and after electropolymerisation onto Pt and Fluorine doped Thin Oxide (FTO) surface. We demonstrate the simplicity of the method to obtain robust and stable solid-state device usable of ECL purposes.

SYNTHESIS OF Ir(pphen) 2 (mVbpy)

The synthesis of iridium dimer in figure 3.1 (reagent) was achieved by modification of a previous report (See 3.7 Experimental Section for detail). 33 The iridium dimer was refluxed 

ABSORPTION AND EMISSION SPECTROSCOPY

The UV-vis absorption spectrum of Ir(pphen) 2 (mVbpy) was recorded on a 10 -5 M solution in CH 3 CN at room temperature (Figure 3.21, black trace) and Table 3.1. The absorption band at 250 nm can be assigned to the ligand-centered ( 1 LC) 1 p-p* transition, while the broad band at 300-400 nm can be ascribed to singlet-manifold ligand-to-ligand charge transfer ( 1 LLCT) and metal-to-ligand charge transfer ( 1 MLCT) transitions. The less intense band centered at ca450 nm can be instead attributed to singlet and triplet metal-to-ligand charge transfer transition ( 1 MLCT and 3 MLCT) respectively. The absorption band extends up to 525 nm due to the presence of large conjugated ligands (C^N).

The emission spectra were recorded on samples at concentration of 10 -5 M in aerated and degassed CH 3 CN (Figure 3.2, red trace and Table 3.1). The complex exhibits red emission in both aerated and degassed solutions with l max at 650 nm. HOMO localised on the Ir(C^N) 2 fragment, when the energy gap of the L^X ligand is sufficiently higher compared to the C^N ligand. 34,35 Therefore, the substitution of the cyclometalated ligand with a more extended π-electron system of the N-heterocycle causes a red shift on the emission wavelengths compared to the analogous phenylpyridine complex, centered at 596 nm. 31 The excited state lifetime (l exc at 405 nm) in deaerated solutions showed a monoexponential decay it was found to be 2.6 μs (Table 3.1), a value typical for this type of complexes. [34][35][36] Photoluminescence emission quantum yield (PLQY) in deaerated CH 3 CN is 25% and it results with a lower PLQY due to the "energy gap law" comparing to other similar complexes, 37 since it is red-shifted.

In aerated solutions, both the excited state lifetime and the PLQY decrease, compared with the deaerated conditions, due to the triplet nature of the emitting state quenched by dioxygen. 

REDUCTIVE ELECTROPOLYMERISATION OF Ir(pphen) 2 (mVbpy)

In order to assess the redox properties of Ir(pphen) 2 (mVbpy), cyclic voltammetry measurements were performed before the electrodeposition process. Two different working electrodes were employed, Pt and Fluorine doped Tin Oxide (FTO), even though no differences were visible during the potential scan. Results are shown in Figure 3.3. In acetonitrile, consistent with the previous report, 37 we observed an irreversible peak at +1.08

V vs SCE, related to the oxidation of Ir 3+/4+ , while a new small peak emerges at +1.28 V vs SCE and it could be associated to the ancillary ligand oxidation, as reported elsewhere. 31 In reduction, the peaks at -1.67 V and -2.10 V vs SCE can be associated to the N-heterocyclic rings of the cyclometalated ligand and to the ancillary ligand. 31,35 The current intensity on FTO results higher than on Pt most probably due to larger electrode area, exactly 0.42 cm 2 and 0.0314 cm 2 respectively. Encouraged by the similar response during a potential scan, both Pt and FTO electrodes were chosen for electropolymerisation process. When a clean electrode is placed into a degassed solution of Ir(pphen) 2 (mVbpy) in 0.1 M TBAPF 6 /CH 3 CN and the potential is scanned between -0.98 V and -2.2 V vs SCE, the electrochemical waves at -1.67 V and -2.11 V gradually start to grow, as shown in Figure 3.4. This is true except for the first reduction peak on FTO electrode. This peak decreases from the 1 st scan to the 15 th , while it starts to grow again from the 16 th on with a shift in potential, as it is shown in Figure 3.5.

This suggests that during the potential scans chemical reactions take place. It is also supported by the fact that during polymerisation, the growth cycles are characterised by an enhanced oxidation current at -1.55 V vs SCE suggesting that there may be a catalytic electrochemical/chemical reaction taking place only on FTO surface. 38 All the peaks show a shift to higher potential in absolute value indicating an increased difficulty in reducing the species on the electrode surface.

Currents on the first potential cycle are quite small, then they increase with an increasing number of voltammetric scans. Many more electroactive sites are present in the films than in a monomolecular layer. In order to determine whether an increase of the number of scan cycles would increase the thickness of the formed film, the number of scans cycles was increased keeping the Ir(pphen) 2 (mVbpy) concentration constant. Each time, after the set number of scans, the electrode was removed from the cell, thoroughly washed and placed in a cell containing blank electrolyte solution. The surface coverage G of the electrodeposited film, in each case, was determined at 0.1 Vs -1 using Equation 3.1 (see experimental section 3.7). The various surface coverages obtained for different scan numbers using the 2 nd reduction peak is given in Table 3.2. Electrodeposition can be carried out as well potentiostatically. We did not observe any substantial difference in the electrochemistry of potential scanning and potentiostatically deposited films, however some differences in the structure may exist.

The electrode surfaces appear yellow-brown after polymerisation and this color is due to optical absorbance (Figure 3 It is worth noticing that the emission peak of the iridium complex shift from 650 nm to 662 nm (for the film after 15 cycles) to 676 nm (for the film after 50 cycles). Also, the PLQY decreases drastically, down to 2.9 % after 15 cycles and <1 % after 50 cycles. This is a typical effect observed when the iridium complex is deposited on thin films and the latter acquire more rigidity. 39 

ECL PROPERTIES OF Ir(pphen) 2 (mVbpy) AND POLY-Ir

One of the key objectives of this work was to investigate if electropolymerised film exhibits any ECL respect to the iridium complex in solution and to prove that it does not deteriorate after several cycles, supporting its use for solid-state ECL sensors.

The considerable. This could be due to the rigidity of complexes onto the surface that generally decrease the luminescence yield, as we already discussed in section 3.4. 39 Finally, Figure 3.9d shows the ECL intensity from the poly-Ir film under continuous potential scanning for 10 cycles. The response loses out an intensity drop of almost 50 % within the first 3 cycles then it settles to a constant value, suggesting that improvements on its emission stability have to be done in order to use it for biosensing applications. Nevertheless, the proof of principle of its functioning is clearly demonstrated. V and -0.9 V. (10 cycles under scan rate 0.05 V/s) upon addition of 10 mM TPrA.

CONCLUSIONS

The synthesis of a new cyclometalated iridium complex based on phenyl phenantridine and methyl-vinyl-bipyridine, as well as its photophysical properties and its electropolymerisation onto different electrode surfaces was explored. In particular, the results have shown that electropolymerisation proceeds in acetonitrile and smooth emitting films, which cover the entire electrode surface, can be obtained. Surface coverage calculation proved that it increases with the number of scans. This electropolymerised film exhibit considerable ECL when oxidised together with TPrA, which acts as co-reactant.

However, its ECL emission descreases over the cycles, showing up that it is still necessary an attentive work to render the film more stable in terms of emission.

EXPERIMENTAL DETAILS

General information and materials

All the reagents were used as received from commercial sources, unless otherwise stated.

The ligand 6-phenylphenanthridine (pphen) was purchased from SYNTHON Chemicals-GmbH. Ligand 4-methyl-4'-vinyl-2,2'-bipyridine (mVbpy) was purchased from Ark Pharm, Inc. Anhydrous solvents were distilled under N 2 atmosphere and used directly.

Silica column chromatography was performed using silica gel (Merck, 250-430 mesh).

NMR was acquired on a Bruker AV400 (400 MHz) at 25 °C with the deuterated solvent as the lock and residual solvent as the internal reference. Chemical shifts are reported in ppm units with residual protons from the deuterated solvents as an internal standard. Mass 

Ir(pphen) 2 (mVbpy)

The complex Ir(pphen) 2 (mVbpy) was synthesised following a modified procedure described in the literature. 31 A mixture of the dimer [Ir 2 (pphen) 4 (µ-Cl) 2 ] (50.0 mg, 34 μmol;) and 4-methyl-4'-vinyl- Carbon nanodots (CNDs), quasi-spherical nanoparticles with size below 10 nm, 1-3 are expected to have a huge impact in biotechnological and environmental applications, due to their potential as a nontoxic, fluorescent alternative to more traditional semiconductorbased quantum dots (QDs). 4,5 CNDs were first discovered during the purification of singlewalled carbon nanotubes through preparative electrophoresis in 2004 6 and, due to their interesting features, have gradually become a prominent new member of the nanocarbon family. 2,4,5 In addition, properties such as aqueous solubility, robust chemical inertness, facile modification and high resistance to photobleaching, 3,4,7,8 have been explored in their use in biomedicine, biosensing, optronics and catalysis. 1,4,5,[9][10][11][12][13][14][15][16][17] ECL is a redox-induced light emission in which high-energy species, generated at the electrodes, undergo a high-energy electron transfer reaction forming an excited state that emits light. [18][19][20] The excited state can be produced through the reaction of radicals generated from the same chemical species (emitter), in the so-called annihilation mechanism, or from two different precursors (emitter and co-reactant), via co-reactant ECL (see Chapter 1-Section 1.2.2). that is strongly coupled with the energies of the HOMO and LUMO levels of the emitter. The main advantage of the co-reactant pathway is that the formation of radicals and the consequent generation of ECL in aqueous solutions is attainable without potential cycling and at less extreme potentials than common organic solvents, opening up a wide range of bioanalytical applications.

Tripropylamine (TPrA) is the most employed co-reactant providing the optimum ECL signal when used in combination with Ru(bpy) 3 2+ . 21 However, TPrA has several disadvantages, being toxic, corrosive, volatile; moreover, needs to be used in high concentrations (usually up to 100 mM) to obtain good sensitivity. 22 Alternative co-reactant species have to obey to some stringent requirements: matching redox potentials, fast charge transfer kinetics and rapid degradation routes to produce a high-energy radical capable to initiate the ECL process. 23 Additionally, good solubility and high chemical stability are two crucial conditions. Some recent studies reports other tertiary amines, such as 2-(dibutylamino)ethanol (DBAE) 22 and N-butyldiethanolamine (BDAE), 24 as more efficient co-reactants than TPrA.

However, they are still toxic and volatile compounds, thus their use is hampered due to the same drawbacks of TPrA.

On the other hand, in some applications, the addition of TPrA (or in general co-reactants)

is not needed, since its role is played by the analyte itself, generally an amine, for example, sarcosine, 25 dopamine, 26 NADH, 27 other organic compounds, 28 or with the generation of the co-reactant in situ. 29 Furthermore, suitably designed fluorophores with groups acting as coreactant have attracted a lot of attention. [30][31][32][33][34] They would not only avoid the addition of TPrA, but also provide a self-enhanced ECL emission thanks to an intramolecular and thus more efficient electron transfer.

Another way to overcome at this inconvenience rely on the use of supported alkyl amines, thus avoiding or limiting their volatility. In this context, amine-rich nitrogen-doped CNDs (NCNDs) bearing amines supported on a carbonaceous scaffold, which in turn are water soluble and of small dimensions, i.e. with a potential high diffusivity, can be a valuable candidate.

The use of CNDs as co-reactant is still in its infancy. [35][36][37] However, apart from a recent study in which benzylic alcohol moieties were identified as co-reactant sites, 35 the identification of the functional group responsible of their co-reactant behavior is complicated, but pivotal.

Since amino functional groups are the best and most used co-reactant units in combination with Ru(bpy) 3 2+ , we evaluated the performance as co-reactant of NCNDs bearing primary and tertiary alkyl amino groups on the surface as alternative to TPrA for Ru(bpy) 3 2+ ECL generation (Figure 4.1).

The discussion will start with a description of the NCNDs characterisation and their alkylation in order to obtain methylated-NCNDs (mNCNDs). A morphological study will be presented for the evaluation of the shape and the size of these dots, followed by a photophysical characterisation, functional for studying their emission spectral range, in order to avoid overlap with the one of Ru(bpy) 3 2+ . Therefore, electrochemical experiments based on cyclic voltammetry will shed light on the type of amino groups on the surface and will give information about their redox potentials. Through these measurements, a deep investigation of the NCNDs effect in Ru(bpy) 3 2+ ECL, which in turn will drive towards a proposed a reaction mechanism, is reported. 

SYNTHESIS AND CHARACTERISATION OF PRIMARY AND TERTIARY NCNDs

NCNDs were kindly supplied by the research group of Prof. M. Prato (University of Trieste). They were synthetised according to a reported procedure, by using a microwave reactor under controlled conditions. 38 As shown in Figure 4.2a-c, they show a rather homogeneous size distribution with an average size of 2.5±0.8 nm, multiple oxygen and nitrogen functional groups on their surface, which foster their excellent solubility in water (up to 80 mg/mL). In particular, the presence of functional groups such as amines was revealed through a positive Kaiser test and by FT-IR and XPS measurements ( The UV-Vis spectrum of ap-NCNDs show an absorption band at 286 nm, ascribed to the p-p* transition of the conjugated C=C units from the carbon core (Figure 4.4a). 38 Fluorescence (FL) is one of the most fascinating features of CNDs. Spectrally broad FL emission with excitation wavelength dependence is a common phenomenon observed in CNDs. 3,39 CNDs produce multi-fluorescence colors under different excitation wavelengths and this behavior may arise not only from particles of different size but also from a distribution of different emissive domains on each carbon dots.

This property implies that the emission of CNDs can be tuned by changing the excitation wavelength since the emission arises from different surface emissive traps. NCNDs exhibit clear excitation-dependent emission spectra, showing their optimal emission for a characteristic excitation wavelength, revealing the presence of different energy levels corresponding to the maximum transition probability (Figure 3.4). A broad emission peak at 356 nm is observed when the sample is excited at the optimal excitation wavelength (300 nm, Figure 4.4b). The fluorescence peaks shift from 356 nm to 474 nm when the excitation wavelength changes from 300 to 420 nm and the fluorescence intensity decreased as the peak red shifts. The many kinds of functional groups present on the surface of ap-NCNDs have different surface state energy levels, which result in a series of emissive traps that dominate the emission at different excitation wavelengths and explain the excitation wavelength-dependent phenomenon of NCNDs. The PLQY was found to be 17%. 

ELECTROCHEMICAL PROPERTIES

The cyclic voltammogram (CV) of NCNDs (Figure 4.6a black trace) was recorded to evaluate their electrochemical features in oxidation and reduction. It shows an irreversible peak attributable to the oxidation of amino groups (+1.15 V vs SCE). 38 The intense current and the steep slope of this peak, demonstrate that many amino groups on the NCNDs surface can be easily oxidised. Additionally, the process is a mono-electron oxidation, taking as reference the CV of ferrocene at same concentration. Indeed, it is well known that ferrocene has a reversible oxidation peak associated to a mono-electron oxidation. 40 Figure 4.6 reports the CV of a system 1:1 Ferrocene: NCNDs. From the area under the peaks (at +0.52 V and at +1.14 V) it is possible to calculate the same charge (in Coulomb-as reported in the figure 4.6) for both the oxidation processes and, thus, to conclude that the oxidation of NCNDs is a one-electron event, in analogies with amine oxidation.

To be active as ECL co-reactant, the amino functional groups should have a hydrogen in α position in order to have a strongly reducing intermediate. This intermediate supplies chemical energy for the emissive excited state generation. 41 To gain further information on the amino groups present on the NCNDs surface we have measured the CV of a variety of amine derivatives (Figure 4.7): aromatic, aliphatic, primary, secondary and tertiary, in the same solvent and at the same concentration.

Oxidation potentials E ox are listed in table 4.1. Among the amines investigated, the cyclic voltammogram of NCNDs shows strong similarities with those of phenethylamine and benzylamine (Figure 4.7a brown and green trace). These results suggest that the amino groups on NCNDs have a hydrogen atom attached to the α-carbon, in agreement with previous NMR studies. 38 Therefore, they should be capable of forming reductive or oxidative species during an unidirectional voltammetric scan. 20,42 The CV of mNCNDs shows a new peak at +0.8 V vs SCE that matches with that one of TPrA (Figure 4.8) and can be attributed to the formation of tertiary amines on their surface. It was also determined the diffusion coefficient of NCNDs and mNCNDs (Figure 4.9 and Table 4.2) assuming that for both species the processes are diffusion controlled. In order to determine the diffusion coefficient, cyclic voltammetric experiments (CVs) at different scan rate from 0.01 to 1 V s -1 were performed and the Randles-Sevcik equation was applied (see experimental section 4.7). 43 More so, we compared them with the one of TPrA. 44 (chemiluminescence) or other reducing agents, rather than the annihilation reaction. [46][47][48][49] The presence of NCNDs (Figure 4.11a, bottom part, red trace) results in a four-time intensity enhancement of the Ru(bpy) 3 2+ ECL signal rising at +1 V and peaking at +1.1 V (Figure 4.11a, black trace). This result confirms the NCNDs co-reactant behavior during the oxidation process, which can be further corroborated by the higher ECL signal of Ru(bpy) 3 2+ upon increasing the concentration of NCNDs from 0.002 to 0.1 mg/mL (Figure 4.11b). In order to prove the efficiency of our system over time, several cycles were performed, scanning between +1.1 V and -0.9 V, at a rate of 0.05 V/s. In contrast to TPrA, the ECL response with NCNDs is relatively constant (within 10%) for more than 15 cycles (Figure 4.11c), revealing their great electrochemical stability, the abundant presence of available amino groups for further ECL cycles and their consequent eligibility for biosensing platforms. CV measurements were performed to shed light on the co-reactant mechanism. The CV of a PBS (pH=7.4) solution 0.1 mM of Ru(bpy) 3 2+ shows the typical reversible oxidation peak at +1.1 V vs Ag/AgCl. 45 However, upon addition of 0.1 mg/mL NCNDs (Figure 3.11a) the intensity of the oxidation peak of Ru(bpy) 3 2+ became higher, while the reduction peak becomes lower. This behavior is commonly observed in the system Ru(bpy) 3 2+ /TPrA and suggests an NCND catalytic effect on the Ru(bpy) 3 2+ oxidation. 21,50 Therefore, the following mechanism can be proposed (Figure 4.12). Upon oxidation, the amino groups of NCNDs become a reducing unstable intermediate able to generate the excited state Ru(bpy) 3 2+* through highly energetic electron transfer. The excited metal complex emits light and produces Ru(bpy) 3 2+ which can be reoxidised for a new cycle. After methylation to tertiary amines, mNCNDs have been tested as co-reactant of Ru(bpy) 3 2+ ECL. The experiments were carried out on solutions with the same optical density of Ru(bpy) 3 2+ , and revealed an ECL activity ten times higher for mNCNDs with respect to NCNDs (Figure 4.13a, green and red traces). In addition, as in the case of NCNDs, stronger ECL signals for Ru(bpy) 3 2+ were observed upon increasing the concentration of mNCNDs (Figure 4.13b) while constant ECL responses (within 10%)

were obtained for over 20 cycles (Figure 4.13c). Thus, tertiary amines on the mNCNDs surface provide an enhanced ECL activity with respect to primary amines, as usually observed with all the alkyl amines commonly used as "oxidative-reductive" coreactants. 44,51 Moreover, a comparison with the widely used TPrA clearly demonstrated the potential of the nanodots as alternative co-reactant species. Interestingly, a small amount of mNCNDs (0.1 mg/mL, corresponding to concentration around 0.13 mM in amines) gave the same Ru(bpy) 3 2+ ECL intensity as the one recorded using TPrA 20 mM (2.86 mg/mL), which corresponds to an improvement of ca. 150 times (Figure 4.13a, green and black traces) despite of the slower diffusion coefficient of the mNCNDs vs TPrA (Figure 4.9b-d and Table 4.2). 44 

EPINEPHRINE SENSING

To explore the sensing ability of the studied system Ru(bpy) 3 2+ /(m)NCNDs, we investigated the quantification of a chemical species able to quench Ru(bpy) 3 2+ emission.

In particular, we used epinephrine (EP), also known as adrenaline. EP is an important catecholamine neurotransmitter in the mammalian central nervous systems involved in Parkinson's disease and its quantification is relevant for the diagnosis of nerve diseases and in the development of their physiology. For this reason, a variety of analytical methods have been employed so far for its detection, such as capillary electrophoresis, 52 fluorimetry, 53 electrochemistry and ECL. [54][55][56] Our strategy is based on the quenching, by electron transfer, of the emission of the Ru(bpy) 3 2+ /NCNDs system by EP. Indeed, it is well known that this cathecolamine forms an ortho-benzoquinone derivative by electro-oxidation (at around +0.2 V vs SCE), which quenches the luminescence of Ru(bpy) 3 2+* due to an electron transfer from the excited state of the metal complex to the quinone derivative. 55 EP detection experiments were performed (in a PBS solution at pH=7.4) by means of chronoamperometry coupled with PMT tube. The measurements were performed with 0.1 mg/mL NCNDs, varying the concentration of EP from 0.5 to 15 μM. It was found a linear dependence of I 0 /I on the concentration (R 2 =0.993) (Figure 4.14a). The limit of detection (LOD) and limit of quantification (LOQ) have been determined based on the standard deviation of the response and the slope (see experimental section 4.6 for details), and were found to be 0.2 μM and 0.6 μM (S/N=3), respectively (S/N=3). It should be highlighted that, the obtained LOD is lower as compared to other methodologies reported (for instance, capillary electrophoresis and fluorimetry) 52,53 , because the slow diffusion toward the electrode surface for an ECL sensor in solution, which is a crucial point in the formation of an excited state, should be taken in account. However, the performance of our system is really competitive with respect to other ECL-based systems already reported using nanoparticles, such as other CNDs. 35,36 For instance, a LOD of 0.3 μM for the quantification of dopamine employing oxygen-doped CNDs was recently reported. By using the same analytical procedure, the employment of 0.1 mg/mL mNCNDs as coreactant, decreasing the minimum concentration of EP to 0.05 μM, was investigated. The linear dependence is shown in figure 4.14b (R 2 =0.994).

As compared to NCNDs, lower LOD and LOQ values by a factor 10 values were estimated, namely 30 nM and 110 nM (S/N=3), respectively. Notably, we achieved a ca. ten times higher sensitivity as compared to the other reported nanodots-based systems, 35,37 and really competitive performance, for instance as compared to the detection of bisphenol with N doped CNDs, 36 reaching comparable limit of detection to the ones achieved employing other types of techniques, as discussed above. [52][53][54][55][56] We believe that the better result obtained employing mNCNDs could be ascribed to the tertiary amino groups, that enhance the luminescence of Ru(bpy) 3 2+ , and in turn result in a detection of lower quantities of analytes.

CONCLUSION

To conclude, in this chapter we demonstrated that NCNDs carrying amino groups on the surface, act as powerful co-reactant species to promote Ru(bpy) 3 2+ ECL.

In detail, NCNDs carrying primary and tertiary amino groups on the surface were studied as co-reactants to promote ECL. Their simple and cost effective production, high aqueous solubility and low toxicity have inspired us to investigate the possible use of NCNDs as user-friendly alternative to the conventional co-reactant species. The primary or tertiary amino groups, which are known to provide great efficiency as "oxidative-reduction" coreactants, present on the NCNDs surface, have shown powerful co-reactants ability for Ru(bpy) 3 2+ ECL generation. The co-reactant mechanism was investigated proving a NCNDs catalytic effect on the Ru(bpy) 3 2+ oxidation.

Our results showed how the use of alkyl amines on a carbon nanodots for Ru(bpy) 3 2+ ECL, would allow to circumvent most of the aforementioned drawbacks related to the use of the standard alkyl amines such as TPrA, which is toxic, corrosive, volatile and scarcely soluble and need to be used in high concentrations. Notably, it was recorded the same Ru(bpy) 3

2+

ECL intensity using a small amount of NCNDs and a concentration of TPrA 20 mM such as to achieve an improvement of ca 150 times by using nanodots.

We proposed a mechanism in which, upon oxidation, the amino groups of NCNDs become a reductive unstable intermediate able to form the excited-state Ru(bpy) 3 2+* , through highly energetic electron transfer. Then Ru(bpy) 3 2+* emits light and produces Ru(bpy) 3 2+ , which in turn can be re-oxidised for a new cycle. Impressively, it was observed that, in contrast to TPrA, our NCNDs can be used for further cycles. Indeed, NCNDs provide constant ECL response for more than ca. 20 cycles due to a great electrochemical stability and abundant presence of amines for further cycles.

In light of these results, we finally explored the use of our Ru(bpy) 3 2+ /NCNDs ECL system for biosensing, reporting a simple methodology for the detection of L-epinephrine which show competitive performance compared to other systems already reported. Therefore, the use of our NCNDs can pave the route towards sensitive biosensing platform for the detection of interesting bioanalytes.

EXPERIMENTAL SECTION

Materials

NCNDs were synthesised according to previously reported method. 38 Ruthenium-tris(2,2ʹbipyridyl) dihexafluorophosphate Ru(bpy) 3 (PF 6 ) 2 , tetra-butylammonium hexafluorophosphate (TBAPF 6 ), piperidine, phenetylamine, benzylamine, aniline, quinoline, tripropylamine, L-epinephrine, paraformaldehyde (95%), potassium hydroxide (≥85%) and formic acid (≥96%) and Phosphate Buffer Saline (PBS, pH=7.4) were purchased from Sigma-Aldrich and used without purification.

Kaiser test kits were purchased from Sigma-Aldrich. Dialysis tubes with molecular weight cutoff 0.5-1 KDa were bought from Spectrum Labs. Ultrapure fresh water obtained from a Millipore water purification system (>18MΩ Milli-Q, Millipore). N,N-dimethylformamide (DMF) was purchased at Acros organics and used without any purification.

Synthesis of methylated-NCNDs (mNCNDs)

The synthetic procedure was adapted from the literature. [57][58][59] NCNDs (80 mg, 0.108 mmol amines) were dissolved in formalin (37 % w/v, 3 mL, 0.01 mol) and formic acid (99 %, 4 mL, 106 mmol). The solution was heated to reflux for 48 h and cooled to room temperature.

Volatiles where removed under vacuum together with the solvent and the residue was taken up in water and dialysed against pure water through a dialysis membrane for 2 days. The aqueous solution of NCNDs was lyophilised, yielding a slightly brownish solid (mNCNDs:

mg). Kaiser Tests performed on NCNDs and mNCNDs results respectively in 1350

μmol/g and 26 μmol/g of amines, respectively (see figure 4.3).

Electrochemistry

The electrochemical characterisations of NCNDs, mNCNDs and the different amines at a concentration of 1 mg/mL were performed in DMF with 0.1M TBAPF 6 as supporting electrolyte, whereas the electrochemistry on the Ru(bpy) 3 2+ (0.1 mM)/NCNDs (0.1 mg/mL) system has been studied in PBS (pH=7.4). For electrochemical experiments, a CHI750C

Electrochemical Workstation (CH Instruments, Inc., Austin, TX, USA) was used and the experiments were performed in a glass cell under an argon atmosphere. Feedback correction was employed in order to minimize the ohmic drop between working and reference electrodes. A glassy carbon electrode (GC, 3 mm diameter 66-EE047 Cypress Systems) was employed as the working electrode (WE), while platinum and silver wires were used as counter (CE) and quasi-reference (QRE) electrodes, respectively. The GC electrode was stored in ethanol and polished with a 0.05 μm diamond suspension (Metadi Supreme Diamond Suspension, Buehler) before the experiments, then ultrasonically rinsed with water for 10 minutes and ethanol for 10 minutes. It was electrochemically activated in the electrolyte solution by means of several voltammetric cycles at 0.5 Vs -1 between the anodic and cathodic solvent/electrolyte discharges. The RE was separated from the catholyte by glass frits. It was calibrated at the end of each experiment against the ferrocene/ferricenium (Fc|Fc + ) couple, whose formal potential is 0.460 V against KClsaturated calomel electrode (SCE). The standard potentials were calculated as the average value between cathodic and anodic peak potentials for reversible or quasi-reversible processes.

We determined the diffusion coefficients of NCNDs and mNCNDs, Ru(bpy) 3 2+ through cyclic voltammetric experiments at different scan rate (from 0.05 to 1 V s -1 ) and applying the Randles-Sevcik equation (eq. 4.1): 43 i p = 2.69 10 5 n 3/2 AD 1/2 Cv 1/2 (4.1)

where n is the number of electrons transferred in the redox event (usually 1), A the electrodic surface (cm 2 ), D the diffusion coefficient (cm 2 /s), v the scan rate (V/s) and C the concentration (mol/cm 3 ). The cyclic voltammetric experiments for NCNDs/mNCNDs and the diffusion coefficients (D) were determined on the oxidation peaks. It was observed that the peak currents are proportional to the square root of the scan rate (ν 1/2 ), indicating that all the oxidation/reduction processes were diffusion controlled and no adsorption phenomena on the electrode surface were occurring (Figure 4.9). 4.8

Electrochemiluminescence

INTRODUCTION

In recent years, electrochemiluminescence (ECL) has been widely exploited in the design of powerful analytical assays, that allow unprecedented selectivity and sensitivity coupled with ease of use and low costs. 1,2 In commercial ECL analytical platforms the presence of the ECL label indicates the presence of the analyte and the total intensity of the ECL signal can be correlated to the concentration of the latter. 1,3 In order to endow the assays with high sensitivity, a lot of effort has been devoted to the design of labels (both organic molecules and metal complexes) with high ECL efficiencies. 2 In this context, different strategies have been pursued to achieve this goal.

One of the possible strategies is to increase the label-per-analyte-molecule ratio, achieving an increased number of photons generated during the analyses. [4][5][6] However, when the ECL properties of a label are probed in solution, i.e. without the immobilization on an electrode surface, the whole process finds its bottleneck in the labels diffusion. In this case, increasing the size of a multi-label system may not bring any improvement in the ECL efficiency, due to a slow diffusion towards the electrode. 5,7 In a different approach, fluorophores bearing organic moieties that can act as intramolecular co-reactants have attracted a lot of attention. [8][9][10][11][12] When an emitter and a suitable co-reactant are bound in the same molecular unit, a new ECL reaction pattern, termed self-enhanced ECL, is observed. Here, the electron transfer between luminophore and the co-reactant group occurs intramolecularly, showing several advantages as compared with the usually used intermolecular ECL reaction, such as shorter electronic transmission distance, improved luminous stability, simpler operation, decreased measurement error, and use of less reagent. Moreover, the intramolecular self-enhanced ECL reaction reduces the loss of energy caused by the relaxation effect in the intermolecular reaction when the co-reactants diffuse to the electrode surface, resulting in a significative luminous efficiency enhancing. 8,10,11,13 Nanomaterials are nowadays considered a viable alternative to molecules for ECL applications. Nanomaterials properties are often described as intermediate between those of individual molecules and bulk materials, so that they can be used in different ways in ECL assays. Some representative examples include their employment for the electrode surface modification, as ECL-active chromophores or as scaffolds to carry other ECL-active species. 14,15 Indeed, there have been various reports of ECL probes loaded on metal, silica, polymeric nanoparticles or single-wall nanotubes. [5][6][7]14,[16][17][18][19] Up to now, most studies report on nanomaterials with sizes between 100 and 7 nm. They display diffusion coefficients that are usually orders of magnitude lower than that of free molecules and result in lower ECL efficiencies. 20 Some studies reported that the encapsulation of ruthenium or iridium complexes in silica nanoparticles does not promote ECL enhancement because of the large size, even if the silica shell protects them from water and oxygen quenching. 5,7 Additionally, their encapsulation prevents the contact with the electrode surface, causing a difficult tunneling of electrons and co-reactants in the structure (Figure 5.1a). 5,7 In other reports, nanoparticles functionalized with choromophores can display affected optical properties, resulting for example in emission quenching phenomena. In this chapter, in order to overcome the typical slow diffusion of nanostructured systems, that hinders ECL efficiency improvements, we built on the use of nanomaterials having sizes in the range of 1.5-5 nm. In particular, we describe, for the first time, the ECL application of nitrogen-doped carbon nanodots (NCNDs, with size below 3 nm) decorated with transition metal complexes. The following paragraphs describe the preparation, as well as the structural and morphological characterizations, of nanohybrid materials consisting of ruthenium and iridium complexes covalently bound to NCNDs scaffolds.

Their photophysical behavior in solution by means of absorption, steady-state and time- resolved fluorescence spectroscopy were evaluated in order to investigate the occurrence of possible quenching phenomena once the complexes are attached to the nanoparticle surface. Moreover, electrochemical studies were performed to shed light on the hybrids mobility in solution through the determination of their diffusion coefficients. Finally, the ECL properties in solution of these novel nanohybrids were studied.

To conclude, since the NCNDs can effectively act as co-reactant, as discussed in chapter 4, we evaluated their simoultaneus employment as ECL carrier and co-reactant, aiming to a self-enhanced ECL system. Additionally, upon immobilization on an electrode surface, we evaluate our hybrid systems as platform for more signal-generating units, in an attempt to propose a strategy for signal amplification.

RUTHENIUM(II) AND IRIDIUM(III) COMPLEXES-NCNDs NANOSTRUCTURED MATERIALS

NCNDs were kindly provided by the group of Prof. Maurizio Prato (University of Trieste).

Their synthesis and characterization are discussed in chapter 4. 21

Grafting of metal complexes onto NCNDs

The presence of amino groups on the NCNDs surface allow easy insertion of the metal complexes through standard organic chemistry procedures.

The hybrids were prepared through condensation reactions of the NCNDs amino groups with the commercially available NHS-activated carboxylic acid of the ruthenium complex (bis-(2,2-bipyridyl)(4-carboxypropyl, 4´-methyl-2,2'-bipyridine)ruthenium(II) chloride (Ru-COOSu)) or the carbodiimide-activated carboxylic acid of the iridium complex (iridium (6-phenylphenanthridine) 2 2-(carboxyethylphenyl) pyridine-2-carboxylic acid (Ir-COOH)). 22 The hybrid materials, indicated as Ru-NCNDs and Ir-NCNDs (Figure 5.2), were purified by using size exclusion chromatography and obtained as orange solids. 

Characterization

Transmission electron microscopy

Transmission electron microscopy (TEM) was employed to probe the morphological features of the conjugates. TEM images show that the quasi-spherical shape of NCNDs is retained in the hybrids, while the average size increases from 2.5± 0.8 nm of the bare NCNDs to 4.5± 0.6 nm and 3.2± 0.9 nm for Ru-NCNDs and Ir-NCNDs (Figure 5. 

FT-IR spectroscopy

The formation of the hybrids was monitored by FT-IR spectroscopy. The FT-IR spectrum of Ru-NCNDs (Figure 5.4, red trace) shows the typical bands of NCNDs (Figure 5.4, black trace), 21 as well as the bands characteristic of the metal complexes (grey trace), 23 and confirm the amide bond formation.

Regarding the ruthenium-based system, in Figure 5.4 the three peaks corresponding to the vibrations of the NHS-ester bonds at 1814, 1783, and 1736 cm -1 observed for Ru-COOSu disappear in the hybrid spectrum for the benefit of two characteristic vibrations of amide I (at 1653 cm -1 ) and amide II (1547 cm -1 ). Similarly, in the Ir-NCNDs spectrum (Figure 5.5) new peaks related to the amidation reaction can be detected (at 1630 and 1555 cm -1 ), together with the disappearance of the C=O stretching mode of the carboxylic acid at 1722 cm -1 . 

Photophysical properties

For the sake of utilization in practical bionalayical settings, both photophysical and ECL measurements were performed in a buffer solution (ProCellÒ) specially designed for (Metal complexes concentration: 10 -5 M).

The absorption spectra of the hybrid materials show the main features of both its parent components, with a slight shift of the metal to ligand charge transfer ( 1 MLCT) band of Ru-NCNDs at lower energy (Figure 5.6a). The UV-visible spectra of Ru(bpy) 3 2+ and Ru-NCNDs exhibit the expected features of most ruthenium-based metal complexes. [24][25][26] They are characterized by intense transitions at high energy (200 -350 nm) and weaker bands in the visible region (400 -500 nm). In particular, The band at 285 nm in the UV range is assigned to bipyridil-based p-p* -allowed ligand centered ( 1 LC) transitions. The two bands at 240 and 453 nm are assigned to 1 MLCT d-p* transitions. The shoulders visible at 320 and 340 nm are related to MC transitions. The maximum at 450 nm results slightly redshifted probably due to a rigidity of the hybrid system respect to the free metal complex.

For Ir-COOH and Ir-NCNDs, the UV band at wavelength around 250 nm is assigned to the ligand centered ( 1 LC) p-p* transition, while the bands at 300-400 nm are a mixture of singlet-manifold ligand-to-ligand charge transfer ( 1 LLCT) and metal-to-ligand charge transfer ( 1 MLCT) transitions. The band at 456 nm is attributed to both singlet and triplet metal to ligand charge transfer transition, 1 MLCT and 3 MLCT, respectively.

In figure 5.7a, the PL spectrum of Ru-NCNDs (l exc =340 nm) exhibits two distinct contributions at 400 nm and at 630 nm, corresponding to the NCNDs-centered emission and the 3 MLCT of the ruthenium-bipyridine complex, respectively. The latter contribution also appears shifted to lower energy, in respect to the free complex. For Ir-NCNDs, the fluorescence peak at 650 nm (l exc =380 nm) does not show any bathochromic shift (Figure 5.7b).

The PL excited state lifetimes of the hybrid materials are mono-exponentials when detected in the metal complex emission band, while a more complex (tri-exponential) decay is observed for the NCNDs emission, without significative variations from the free components (Table 5.1). The absolute photoluminescence quantum yield (PLQY) of the metal complexes in the hybrid were found to be the same of the complexes alone, respectively 4% and 12%, indicating that no quenching processes occur due to the attachment on the NCNDs. From the analysis of the data, we can conclude that the optical properties of the redox centers are not affected after the coupling, which is a crucial requirement for their effective use in ECL. 

c

Fluorescence anisotropy measurements were carried out to further demonstrate the increased size of the hybrids in comparison to the bare NCNDs (Figure 5.8). This technique is commonly used for rotational time measurements, in association with the emission transition moment that lies along the fluorophore structure. 27,28 The rotational time depends on the viscosity of the solvent and on the size of the fluorophore. 27 The bigger is the fluorophore, longer is the rotational time necessary to get a depolarized emission. As expected, the rotational time of the anisotropic emission of NCNDs increases from 1.45 ns to 2.3 ns, for the free NCNDs and the hybrid Ru-NCND, and from 1.45 ns to 2.2 ns for the free NCNDs and the hybrid Ir-NCNDs. 

Electrochemistry

To gain deeper insight on the electronic properties of the new systems, an extensive electrochemical investigation of NCNDs, Ru(bpy) 3 2+ , Ru-NCNDs, Ir-COOH and Ir-NCNDs in DMF was carried out. Electrochemistry, like ECL, is a diffusion limited process and, as such, is greatly influenced by the size and mobility of the electrochemically active species in solution. In order to determine the diffusion coefficients of the functionalized nanoparticles and investigate their influence on the ECL process, cyclic voltammetric experiments (CV) at different scan rates (from 0.01 to 1 V/s) were performed and the Randles-Sevcik equation was applied (see experimental section 5.4). 29

Ru-NCNDs

As illustrated in Figure 5.9, the CV of Ru-NCNDs (at scan rate 0.1 V/s) shows the electrochemical features of both NCNDs and Ru(bpy) 3 2+ . In the anodic region two distinctive oxidation peaks are present, at +1.09 V assigned to the oxidation of the free amine on the NCNDs surface and at +1.30 V related to the oxidation of Ru 2+ to Ru 3+ , as discussed in chapter 4. The occurrence of only a single oxidation wave for Ru(bpy) 3

2+

suggests that all the complexes in the proximity of the electrode are electrochemically equivalent. On the other hand, the three peaks in the cathodic region (at -1.24; -1.42 and -1.71 V) correspond to the reduction of the three bipyridine ligands. 30,31 reported in the literature for zero dimensional (spherical) nanoparticles with diameters ranging from 1 to 5 nm. 32,33 The diffusion coefficient found for Ru-NCNDs is about one sixth that of the free Ru complex, as expected from the increased size. 

Ir-NCNDs

While in the case of Ru-NCNDs the features of the bare NCNDs and the free metal complex can be clearly told in the anodic part of the voltammogram, for Ir-NCNDs (Figure 5.11)

just one peak could be identified due to the proximity of the oxidation peaks of NCNDs and Ir-COOH, +1.09 V and +1.12 V, respectively. The peaks in reduction are observed at -1.43 V, -1.74 V and -2.26 V, the latter begin slightly less pronounced in the hybrid in respect to the the free complex, probably correlated to the picolinic ligand which is the one who binds the amino group on the surface of the nanodots. As for the ruthenium hybrid discussed above, CV experiments were performed with scan rates ranging from 0.05 V s -1 to 1 V s -1 . Given the linear dependence of I p on ν 1/2 (Figure 5.12c-d), the diffusion coefficients of the species were calculated and shown the same trend found for rutheniumbased hybrid (Figure 5.12e). Therefore, both nanohybrids promise a mobility towards the electrode surface comparable to the one of the single label, which should result in an unaffected electrochemical process efficiency.

Electrochemiluminescence

The ECL activity of both hybrids was evaluated as function of voltage applied, time and emission profile in comparison to isoabsorbing (at 450 nm) reference solutions of the free complexes. In agreement with a previous report by Bard et al. 31 showing a peak at +0.9 V, associated to mechanism I, then reaching the maximum ECL intensity at around +1.25 V with a small bump at +1.1 V correlated to mechanism II (Figure 5.13b, blue traces).

Performing the same experiment on the hybrid materials yields different ECL profiles. Ru-NCNDs is characterized by a broader emission between +0.95 V and +1.2 V (Figure 5.13a, red trace), while for Ir-NCNDs two peaks at higher intensity than Ir-COOH appear at +0.9

V and at +1.05 V followed by a plateau (Figure 5.13b, green traces). These evidences could be correlated to the generation of the excited state of Ru-NCNDs* and Ir-NCNDs* coming from a mixed contribution of TPrA and the uncoupled amino groups that are oxidized within this range and they act as co-reactant, as previously demonstrated (see Chapter 4). standard (details in experimental section 5.4). In this experiment, ECL was generated by a chronoamperometry pulse at +1.4 V for 1 s (Figure 5.14). Notably, the ECL intensities of the conjugated systems is the same of the single labels. Up to now, this represents the highest result for ECL labels-coupled nanoparticles that further demonstrate the absence of quenching phenomena (as previously reported for gold), 6 of diffusional problems typical of nanostructured systems, 7 confirming that the 100% of the redox center are electrochemically and ECL active, and not only a percentage. 5 Finally, the wavelength-resolved ECL spectra of the conjugates were recorded to investigate the nature of the electrogenerated emissive excited state. In this experiment, the ECL signal was collected during 5 chronoamperometry pulses of 1 s between 0 V and +1.4

V vs Ag/AgCl and the spectra were collected using a cooled EMCCD camera with an accumulation time of 10 s. Under these conditions, the ECL spectra well resemble the PL spectra measured in ProCell® (Figure 5.15), confirming that the photogenerated and the electrogenerated emitting excited state of each label are the same. 

Nanohybrids as self-enhancing and multi-label for ECL platforms

In light of the above considerations, we moved forward in the study of the previously discussed systems as ECL self-enhanced nanohybrids and we investigated the effect of their immobilization on the electrode surface on the ECL emission.

Since it was demonstrated the presence of NCNDs free amines in the hybrids and, as discussed in chapter 4, their effect as co-reactant for Ru(bpy) 3 2+ ECL emission, we investigated these novel hybrids as ECL self-enhanced platform. For this purpose, the ECL generation of the Ru-NCNDs hybrid in PBS solution, without the presence of additional co-reactant species such as TPrA, was studied.

In particular, we focused on the ruthenium-based hybrid due to its improved solubility in aqueous medium compared to the iridium-based system.

On the other hand, the ECL efficiency of Ir-NCNDs after immobilization on a gold surface was evaluated, to investigate if the exceptional finding of the totality of metal complexes ECL active in the nanohybrids, results in the expected increased ECL efficiency, that is proportional to the number of redox centers for nanodots.

Self-enhancing ECL platform

To evaluate the co-reactant behavior of the NCNDs in Ru-NCNDs, we recorded the ECL curve of the hybrid in PBS solution, comparing those obtained for Ru(bpy) 3 2+ or for the uncoupled system NCNDs/ Ru(bpy) 3 2+ (Figure 5.16b).

All experiments were performed in the same conditions and with the same optical density of Ru(bpy) 3 2+ (Figure 5.16a) to ensure the same overall content of complex in the three system. The ECL emission intensity of Ru-NCNDs was found to be two times higher respect to the uncoupled components (Figure 5.16b, blue and red traces), thus suggesting an ECL self-enhanced emission in the case of the covalently-linked hybrid system. Indeed, as previously reported for other self-enhanced systems, 8,9,[11][12][13] we hypothesize that, in Ru-NCNDs, the intramolecular electron transfer is more efficient compared to the intermolecular reaction, due to a shorter electron-transfer path and consequent reduced energy loss. Platinum wire as counter electrode.

Multi-label ECL platform

Ir-NCNDs were immobilized onto a gold electrode surface, mediated by a SAM (Figure 5.17b; detailed procedure in experimental section). For comparison, also the free metal complex was immobilized using the same procedure starting from a solution with the same optical density of the hybrid (Figure 5.17a; detailed procedure in experimental section).

The ECL behavior for the two modified electrodes was evaluated in a PBS/Triton X 100 solution with TPrA 10 mM as co-reactant. The ECL curves obtained for the two surfaceconfined system showed an ECL enhancement for the Ir-NCNDs nanohybrid (Figure 5.17c, green trace) respect to the metal complex alone (Figure 5.17d, black trace). In particular, it was observed an ECL emission intensity two times higher for the nanoconjugate with respect to the reference, in agreement with the ICP calculation, and thus confirming that the totality of the redox centers covalently linked to the nanodots are ECL active. 

CONCLUSION

In the framework of ECL systems based on nanomaterials, this chapter focused on the investigation of the largely unexplored application of NCNDs in ECL technology.

We reported for the first time the use of NCNDs in covalently-linked systems with ECL labels. We prepared NCND-based nanohybrids bearing ruthenium or iridium complexes with a straightforward synthetic strategy in order to assemble more signal-generating units into the nanodots platform. Notably, a deep spectroscopic and electrochemical investigation demonstrated the totality of the redox centers retain their properties in the nanohybrids.

The optical characterizations showed that no quenching phenomena for the redox centers occur after their immobilization onto NCNDs. The electrochemical studies shed light on the mobility of the hybrids towards the electrode through the determination of the diffusion coefficients. It was observed that due to the small dimensions of the nanoconjugates, the electron transfer kinetics in ECL should not be significantly modified compared to the bare metal complexes.

These results have prompted us to investigate the ECL behaviors of the nanohybrids. From ECL spectra and chronoamperometries, no significant difference in ECL efficiency of the nanoconjugates and the metal complexes references at the same concentration of redox units were observed. These evidences substantiate the effective use of these nanohybrids as ECL platform. In particular, these results achieved are the highest for ECL labelscoupled nanoparticles ever reported, since in nanostructured architectures both the optical properties of the redox centers and their accessibility to the electrode surface can be affected. To summarize, it was in fact demonstrated that the totality of the redox centers in the presented hybrids are ECL actives, in close contact with the electrode and able to diffuse towards it.

Furthermore, we probed for the first time that our NCNDs-based hybrids exhibit great selfenhanced ECL without the addition of co-reactants such as TPrA. Our nanohybrids provide an ECL emission intensity two times higher with respect to the uncoupled components.

The observed ECL enhancement is due to the presence of NCNDs amino groups in the hybrids, which act as co-reactants. Therefore, the luminophores and its co-reactive groups are integrated in a single nanohybrids entity. Thus, in contrast to the common intermolecular ECL reaction, the electrons are transferred intramolecularly to the redox centers, leading to enhanced ECL intensity due to shorther electron-transfer path and less energy loss. Our results provide a new method for signal amplification, opening interesting possibilities towards self-enhanced systems which would extend bionalytical applications.

Finally, since our NCNDs have shown good matrix ability in ECL label-derivatized systems through the independence of each redox unit, we evaluated the direct effect on the ECL signal of the more signal-generating units assembly into the same nanometric object.

Thus, it was investigated the immobilization of the hybrids on an electrode to overcome diffusion limitation and provide ECL signal amplification. It was observed a signal enhancement proportional to the number of ECL probes present in each NCNDs due their raised density on the electrode surface. Therefore, the use of NCNDs as novel platform for higher ECL efficiency was demonstrated and we believe that our encouraging results would offer the possibility to make outstanding steps forward in this field.

EXPERIMENTAL SECTION

Materials

NCNDs were synthesized according to our previously reported method. 21 Bis(2,2ʹbipyridine)-4ʹ-methyl-4-carboxybipyridine-ruthenium N-succinimidyl ester-Chloride, (Ru-COOSu), was supplied by Roche diagnostics. Ir(6-phenylphenanthridine) 2 2-(Carboxyethyl-phenyl)pyridine-2-carboxylic acid (Ir-COOH) was synthesized as reported elsewhere from a former member. 22 Ruthenium-tris(2,2ʹ-bipyridyl) dihexafluorophosphate (Ru(bpy) 3 (PF 6 ) 2 ), sulfo-N-hydroxy succinimide (NHS), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), 16-mercaptohexadecanoic acid (MHDA), 11-Amino-1-undecanethiol (AUDT) and Phosphate Buffer Saline (PBS, pH=7.4) were purchased at Sigma-Aldrich and used without purification. Size exclusion chromatography was carried out using Sephadex TMLH-20

(Amersham Biosciences). Ultrapure fresh water obtained from a Millipore water purification system (>18MΩ Milli-Q, Millipore) was used in all experiments.

ProCell® solution was acquired from Roche (Product number, 1662988) and consists in a solution of phosphate buffer (PBS, pH = 6.8) 300 mmol/l, tripropylamine 180 mmol/l, a proprietary surfactant (0.1%) and preservative.

Synthesis of Ru-NCNDs and Ir-NCNDs

For Ru-NCNDs, NCNDs (40.0 mg, 1 eq) were added into a solution of Ru-COOSu (39.0 mg, 1.4 eq) in MeOH (1.5 mL), then PBS (2 mL) was added. For Ir-NCNDs, NCNDs (40.0 mg, 1 eq) were added into a solution of a NHS activaded Ir(6-phenylphenanthridine) 2 2-(Carboxyethyl-phenyl)pyridine-2-carboxylic acid (Ir-COOSu) (30.34 mg, 1 eq) in DMF ( 5mL). The mixtures were then stirred at room temperature for 16 h. The solvent was removed under reduced pressure and the crude mixture was dissolved in MeOH (1.5 mL) and separated by Gel Filtration Chromatography using a column packed with Sephadex LH-20

(eluent: MeOH). Finally, methanol was removed under reduced pressure, to obtain orangered solids as the final products, Ru-NCNDs and Ir-NCNDs.

Transmission Electron Microscopy

Transmission electron microscopy images were obtained with a a Jeol-JEM 2011 microscope operated at 200 kV, equipped with a Cs-probe corrector, an Energy Dispersive X-ray Spectrometer and a GIF Tridiem filter. Samples were prepared by drop-casting the sample directly from methanol, at concentrations of few mg/mL on a lacey carbon grid and drying at ambient conditions.

ICP-MS measurements

ICP-MS experiments were performed to evaluate the amount of ruthenium complexes in Ru-NCNDs. The instrument employed was a "X series II" from Thermo Electron. From the determination of the absolute ruthenium and iridium content in Ru-NCNDs and Ir-NCNDs, a loading of 200 mg/g for ruthenium complex and 440 mg/g for iridium complex were calculated. Through the following calculations, it was estimated a number of three ruthenium and iridium complexes for each NCNDs. The ICP-MS measurement of a Ru-NCNDs and Ir-NCNDs sample with a concentration of respectively 0.0096 mg/mL and 0.0330 mg/mL in nitric acid, revealed a concentration (!) of NCNDs and Ru equal to 0.0074 and 0.0022 mg/mL (corresponding to 2.3 10 -9 mol/mL), respectively, and of NCNDs and Ir equal to 0.0290 and 0.0054 mg/mL (corresponding to 5.5 10 -9 mol/mL). By assuming NCNDs as spherical nanoparticles with a diameter equal to 2.47 nm, 21 and considering the density of amorphous carbon as 2 g/cm 3 , 5 it was calculated the mass (") of a single NCNDs: where G H is the Avogadro number and F are the number of moles of Ru and Ir in the nanohybrid. From the N o as calculated, it was estimated the number of ruthenium and iridium complexes on each NCNDs:

# = 4 3 '( ) =
3.=•39 MN =,<•39 MO = 2,98 Ru/NCNDs (5.8) 
).=•39 MN 3,A•39 MN = 1,88 Ir/NCNDs (5.9)

ATR FT-IR

Fourier transform infrared spectroscopy was performed in the solid state using an attenuated total reflectance (ATR-FTIR) accessory on a Shimadzu IRAffinity-1 spectrometer.

Ir-COOH and Ir-NCNDs -modified gold electrodes 

Electrochemistry

The electrochemical characterizations of NCNDs, Ru-NCNDs, Ir-NCNDs, Ru(bpy) 3 2+ and Ir-COOH were performed in DMF with 0.1M tetra-butylammonium hexafluorophosphate (TBAPF 6 ) as supporting electrolyte. A CHI750C Electrochemical Workstation (CH Instruments, Inc., Austin, TX, USA) was used throughout. All experiments were performed in a glass cell under argon atmosphere. Feedback correction was employed in order to minimize the ohmic drop between the working and reference electrodes. A glassy carbon electrode (GC, 3 mm diameter 66-EE047 Cypress Systems) was employed as the working electrode (WE), while a platinum and a silver wires were used as counter (CE) and quasireference (QRE) electrodes. The GC electrode was stored in ethanol and polished with a 0.05 μm diamond suspension (Metadi Supreme Diamond Suspension, Buehler) and ultrasonically rinsed with water for 10 minutes and ethanol for 10 minutes, before each experiment. The WE was electrochemically activated in the electrolyte solution by means of several voltammetric cycles at 0.5 V s -1 between the anodic and cathodic solvent/electrolyte discharges. The RE was separated from the catholyte by glass frits. It was calibrated at the end of each experiment against the ferrocene/ferricenium (Fc|Fc + ) couple, whose formal potential is 0.460 V against KCl-saturated calomel electrode (SCE).

Throughout the chapter, all potential values are reported against SCE. The standard potentials were calculated as the average value between cathodic and anodic peak potentials, when the processes are reversible or quasi-reversible. 

Photophysical Measurements

Absorption spectra were recorded on a Shimadzu UV-3600 double-beam UV-Vis-NIR spectrometer and baseline corrected. Steady-state emission spectra were recorded on an HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450W

xenon-arc lamp, double-grating excitation and emission monochromators (2.1 nm/mm dispersion, 1200 grooves/mm blazed at 500 nm), and a TBX-04 detector. Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by standard correction curves. The quantum yield measurements were performed by using an absolute photoluminescence quantum yield spectrometer Quantaurus C11347 (Hamamatsu, Japan) exciting the sample at 350 nm.

Time-resolved measurements were performed using time-correlated single-photon counting (TCSPC) electronics PicoHarp300 of a PicoQuant FluoTime 300 (PicoQuant GmbH, Germany), equipped with a PDL 820 laser pulse driver. The excitation wavelength was 375 nm (NCNDs and the hybrids) or 440 nm ([Ru(bpy) 3 ] 2+ , Ir-COOH and the hybrids) using a LDH-P-C-375 laser diode. The laser was mounted directly on the sample chamber at 90° to a Czerny-Turner type emission monochromator (2.7 nm mm -1 of dispersion; 1200 grooves mm -1 ). The photons were collected with a PMA-C-192 photomultiplier singlephoton-counting detector. Ethylene glycol was used as the solvent for anisotropy measurements. The polarization was in the configuration VV (vertical-vertical) and VH (vertical-horizontal). The data were acquired with the commercially-available software EasyTau (PicoQuant GmbH, Germany), and data analysis was performed by using the FluoFit (PicoQuant GmbH, Germany). The goodness-of-fit was assessed by minimizing the reduced chi-square function (χ 2 ) and visual inspection of the weighted residuals. Among all the mortal CVD, 2 Acute Myocardial Infraction (AMI) is the most common type and occurring when a part of the heart muscle is damaged following blockage of a coronary artery. The management of AMI is extremely time-sensitive and its rapid diagnosis, e.g., through a molecular biomarker, is very urgent. 3 There are several important characteristics that an ideal cardiac biomarker should exhibit including: (a)

high clinical sensitivity and specificity, (b) quick release of biomarker in the blood enabling early diagnosis, (c) capability to remain elevated for a time in the blood, and

ability to be assayed quantitatively. 4 Many biomarkers have been investigated for the detection of AMI such as myoglobin, creatine kinase MB (CK-MB) and cardiac Troponin (cTn). 5 Myoglobin is released into the bloodstream as early as 1 h after the onset of symptoms and several hours earlier than CK-MB and cardiac troponins. With its rapid kinetics and clearance, myoglobin provides a good non-invasive marker of coronary perfusion in patients undergoing thrombolysis or angioplasty. Unfortunately, the clinical specificity of myoglobin is poor owing to its abundant presence in skeletal muscle. 5 The appearance of the second marker, CK-MB isoform, in the bloodstream is highly sensitive for myocardial injury. However, diagnostic specificity of CK-MB is compromised as well when skeletal muscle is involved, such as in the case of trauma, cardiac surgery, or extreme exercise. In addition, CK-MB cannot be regarded as a true early marker of AMI owing to its release kinetics. 5,6 Cardiac Troponins have been suggested as preferred biomarkers for acute coronary syndrome. Cardiac Troponin exists as a complex between three single chain polypeptides (Figure 6.1): Troponin T (cTnT) binds the other troponin components to tropomyosin, Troponin I (cTnI) inhibits ATP activity when bound to actin, Troponin C (cTnC) contains binding sites for calcium. Typically, upon AMI, the Troponin complex is broken and the individual protein components are released in the bloodstream. Among the three types of Troponin, cTnI is chosen for the detection because of its superior cardiac specificity and selectivity. 3 The concentration of cTnI increases within 2-6h and reaches a peak of 53 ng/mL during the next 24h. Fast, accurate determination of cTnI is very important for early diagnosis and treatment of AMI. Given the urgent need for early diagnosis, clinicians should perform cTnI testing within 3-4h after the suspected onset of AMI. To date, many different techniques have been reported for cTnI detection including enzyme-linked immunosorbent assay (ELISA), 9 optomagnetism, 10 field-effect transistor, 11 fluorescence immunoassay, 12 and electrochemiluminescence (ECL) based biosensors. [13][14][15][16] While these techniques have proven to be sensitive and selective, they require lengthy sample pretreatment/enrichment steps such as signal amplification to detect low concentrations and are generally challenging to develop into a point-of-car device. Consequently, the approach reported here is expected to have significant applications for the detection of low levels of cTnI as a promising, fast and accurate alternative to current timeconsuming, conventional methods.

Electrochemical Impedence Spectroscopy (EIS) as sensing technique

Electrochemical impedance spectroscopy (EIS) has long been employed for studying electrochemical systems, 17,18 including those involved in corrosion, electrodeposition, 19 batteries 20 and fuel cells. 21 For impedance measurements, a small sinusoidal AC voltage probe (typically 2-10 mV) is applied, and the current response is determined.

A sinusoidal voltage can be expressed as:

! = #$%&'( (6.1) 
where w is the angular frequency and E the amplitude. The current i will not be in phase with e and it will be separated by a phase angle f, according to the equation 6.2:

% = )$%&('( + ,) (6.2) 
The relationship between e and i remains constant, hence f is constant.

This concept can be applied for some simple circuits. For a pure resistance, R, the response is always in phase with the perturbation (f = 0), then for the Ohm's law:

% = !// (6.3) 
The relationship between the voltage across a resistor and the current through it is shown in Figure 6.2a.

For a pure capacitance, C, the fundamental relation of interest is q=CE or i=C(dE/dt), therefore:

% = '0#12$'( = 3 4 5 sin ('( + : ; ) (6.4) 
where X C is the capacitive reactance, 1/wC. The phase angle is equal to p/2 and current and voltage are now expanded to a plane (Figure 6.2x). It is the convenient to represent them in terms of complex notation, and in particular the in-phase current response determines the real (resistive) component of the impedance, while the out-of-phase current response determines the imaginary (capacitive) component (Figure 6.2) and it is multiplied by < = -1, resulting in:

# = -<? @ ) (6.5) 
Therefore, the voltage is linked to the current through a vector Z, called Impedance. 18 The variation of Impedance with frequency can be displayed in different ways, in a Bode plot, log|Z| and f against logw, and in a Nyquist plot, composed of an imaginary (Z") and real (Z') impedance (Figure 6.3b). Impedance methods are quite powerful as they are capable of characterizing physicochemical processes of widely differing time constants, e.g., sampling electron transfer at high frequency and mass transfer at low frequency. For instance, the Randles equivalent circuits of resistors and capacitors (Figure 6.3a), 22 often used to interpret simple electrochemical systems, yields the Nyquist plot in Figure 6.3b. In Figure 6.3, R ct is the charge-transfer resistance, which is inversely proportional to the rate of electron transfer; C dl , is the double-layer capacitance; R W is the solution-phase resistance; and, Z W is the Warburg impedance, which arises from mass-transfer limitations. If an analyte affects one or more of these equivalent circuit parameters and these parameters are not affected by interfering species, then impedance methods can be used for analyte detection.

The equivalent circuit elements in Figure 6.3 that are most often useful for analyte detection are R ct and C dl . The measured capacitance usually arises from the series combination of several elements, such as analyte binding (C anal ) to a sensing layer (C sens ) on an Au electrode (C Au ). In this case, the measured capacitance is:

A @ BC = A @ DE + A @ FGHF + A @ IHIC (6.6)
for a sensing layer densely packed. One difficulty with capacitive sensors is that their sensitivity depends on obtaining the proper thickness of the original sensing layer. 23 If the original sensing layer is too thin, then the underlying electrode surface may be partially exposed, allowing for non-specific interactions from interfering species. However, if the original sensing layer is too thick, then the AC impedance current that is detected is dramatically reduced, as is the change in capacitance upon analyte binding. R ct can also be quite sensitive to analyte binding, particularly for detection of large species, such as proteins or cells, which significantly impede electron transfer. For analyte binding (R anal ) to a sensing layer (R sens ) on an Au electrode (R Au ) the measured resistance is:

/ JK = / LM + / NOPN + / QPQR (6.7)
The resistance at the interface between the Au electrode and the sensing layer is typically negligible. Measurement of R ct requires the presence of redox-active species in the electrolyte. Many of the examples of impedance sensors monitor R ct as a measure of analyte concentration. 24,25 So far, the discussion was focused on Faradaic Impedance, which uses a redox probe such as potassium ferri/ferrocyanide.

Non-Faradaic Impedance does not require a probe, which could alter the system, and it is particularly useful for cell detection or biological detection with the aim to improve detection sensitivity and reproducibility.

In this latter case, the circuit employs a constant phase element (Z CPE ) correlated to surface defects on the monolayer/antibody/antigen/antibody layer. It is represented by: S @T3 = U VA <⍵ VX (6.8)

where Q is the magnitude of the capacitance of the CPE, ω is the angular frequency, and α is a real number between 1 and 0 (the closer α gets to 1 the more ideal the capacitive behaviour of the CPE).

CPE does not have any physical significance and it is a non-intuitive circuit element typical of real chemical systems. Due to inhomogeneous distribution of the system, depressed semicircles or arcs will be observed in impedance spectroscopy plots, in these case the data cannot be fitted as an ideal capacitor, because there should not be any depression of the impedance plots (only exact semi circles are required). Using CPE, it is possible to get C values.

One of the most significant advantages of impedance detection for biosensing is that antibody-antigen binding can be directly detected. The main drawback of impedance methods for biosensors is the need for interfacial engineering to reduce non-specific adsorption since there is no label to discriminate non-specifically and specifically bound material. One well-studied method to minimize non-specific interactions is to embed the probe agent into a composite film that contains the biomolecule of interest interspersed with a protein-resistant species, such as molecules containing ethylene-glycol moieties.

This approach has been widely studied by the research group of Whitesides, [26][27][28] and such reagents are now commercially available. Limits of detection (LODs) have been reported

for impedance biosensors in the nM-pM range in controlled laboratory conditions. 29-33

ECL biosensors and immunoassays

Electrochemiluminescence, ECL, involves a label that emits detectable light when oxidised/reduced in a solution of appropriate composition. It , is of great interest in the field of biosensing and immunoassays due to its high sensitivity, low background and wide dynamic range. 34,35 Therefore, in the context of medical diagnostics, ECL is known to offer better performance than many other analytical techniques, as discussed in Chapter 1. 36 The first ECL immunoassay (ECLIA) was reported by Bard and Whiteside in 1997, 37 using a newly synthesized Ru-chelate having an N-hydroxysuccinimide (NHS) residue.

The availability of such systems to generate ECL in the presence of a co-reactant such as tripropylamine (TPrA) or oxalate, and the ability to label protein moieties, has contributed to the significant interest and ability to develop highly sensitive ECL assays. 35,38 Several ECL biosensors have been developed for the determination of proteins with high sensitivity, up to fg ml -1 . 39 In addition, it is relatively easy to conjugate the luminescent species to biomolecules like antibodies or DNA. [40][41][42] The conventional ECL system involves Ru(bpy) 3 2+ as the light-emitting species and TPrA as the co-reactant and it is the basis of several commercial based ECL immunoassays. 35,43

Aim of the work

The work presented in this chapter aims to improve cTnI detection sensitivity using EIS and ECL with a common goal of improving point-of-care health monitoring. This is an important objective since it would allow AMI to be diagnosed earlier. Currently, cTnI assays have limits of detection in the 80-100 fg/mL range using ECL 13 which compares favourably with other analytical methods (see Table 6.1). [9][10][11][12] Types LOD ELISA 0.5 ng/mL 9 Au particles label-free 0.03 ng/mL 16 Peptide-based 4.5 pg/mL 14 Functionalized Au Particles 2 pg/mL 15 Self-enhanced Ru(II) complex 83 fg/mL 13 Efforts have been made to improve the sensitivity of ECL assays and even to obtain different emission colors for multiplexing in diagnostics. 44,45 To improve the ECL intensity of Ru(bpy) 3 2+ , many researchers have explored the effects of alternative coreactants, as 2-(dibutylamino)ethanol DBAE and histidine. [46][47][48] Another promising strategy is to replace Ru(bpy) 3 2+ with cyclometalated Ir(III) complexes. [49][50][51] They generally show higher photoluminescence efficiency and easy tunability of the emission wavelength which is extremely useful for multiplexed detection of several biomarkers without separation.

Inspired by these findings, this work aims to use an Ir(III) complex to improve cTnI detection using an ECL immunoassay sensor. The sensor, compared to those reported previously for cardiac biomarker detection, [13][14][15][16] replaces the conventional Ru(bpy) 3 2+ , by using a brighter Ir(II) metal complex, patented by the former group and used in Chapter 5, that presents higher sensitivity, permitting fast, reliable and inexpensive detection of lower quantities of antigen. The Ir-MAb conjugate is described along with its photophysical characterization, supported by confocal microscopy. EIS and ECL will be the two techniques used for analytical purposes.

ELECTROCHEMICAL SENSOR BASED ON LABELED ANTIBODIES WITH IR(III) COMPLEXES (MAb-Ir)

Herein we report the use of Ir-COOH (see Chapter 5) as label of three antibodies that capture cTnI. The antibodies investigated are:

• MAb 19c7 -Epitope 41 -49

• Mab228 -Epitope 26 -35

• MAb 20b3 -Epitope 24-39 (NYRAYATEPHAKKKSKI)

The firsts two are commercially available (see experimental section 6.5), whereas 20b3 is a custom antibody produced in-house by the group of Prof. O' Kennedy at DCU, Dublin.

The in-house MAb 20b3 and commercially available MAb 228 have the same epitope region which prevents the fabrication of an immunoassay using them as a couple, i.e., primary and secondary antibody. The idea is to compare their efficiency as captureantibody and detection-antibody when coupled with Mab19c7.

Labeling of MAbs with Ir(III) complexes

Labelling of MAb19c7/MAb 228/MAb 20b3 with Ir-COOH complex was done by mixing the activated NHS complex (see experimental Section 6.5) with a DPBS solution (pH = 7.4) of the antibody for 4 hrs. After that, the reaction mixture was purified by different cycles of centrifuges and characterized by means of photophysics (details in experimental Section 6.5).

Photophysical characterization

The conjugates were characterized by time-resolved fluorescence, in particular excitedstate lifetime and anisotropy. The latter technique is commonly used for rotational time measurements associated to the emission transition moment that lies along the fluorophore structure. 52 The rotational time depends on the viscosity of the solvent and on the size of the fluorophore. 53 The bigger the fluorophore is, the longer is the rotational time necessary to get a depolarized emission. Lifetime shows the effective binding since it increased and anisotropy rotational time q as well (Table 6.2), since the complex alone does not show it. The fundamental anisotropy, r 0, ranges from 0.4 (parallel transition dipoles) to -0.2 (perpendicular dipoles) and from this value it is possible to calculate the angle b between the absorption and emission transition moment by using the following equation:
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(6.9)

The value found in PBS solution is equal to 63°, showing a high anisotropy of Ir-COOH when attached to a big molecule like these antibodies. The capture-detection MAb are listed in Figure 6.4. From now on, we will report:

• 1 à 20b3/Ir-19c7 (range 1 ag/mL-1 mg/mL)

• 2 à 228/Ir-19c7 (range 1 ag/mL-1 ng/mL)

• 3 à 19c7/Ir-20b3 (range 1 ag/mL-1 ng/mL)

• 4 à 19c7/Ir-228 (range 1 ag/mL-1 ng/mL)

Electrochemistry

An insight on the electrochemical properties at each the state of surface-confinement has been carried out to investigate the extent of surface coverage.

Cyclic voltammetry of the immunoassay with a cTnI concentration of 1 ag/mL, 1 ng/mL and 1 μg/mL for sensor 1 is presented in Figure 6.5. From the peak in reduction related to the Iridium complex the surface coverage Γ has been calculated using the peak at -0.90 V vs Ag/Ag + , according to equation 6.10:

Γ = U/&ab (6.10)
Where Q (C) is the charge passed during the reduction process, n is the number of electrons involved in the electron transfer process (for SAM=1), F (C/mol) is the Faradic Constant and A is the electrode area equal to 0.0314 cm 2 . The results for each of the curves are shown in Table 6.5b. We report only the couple 1 since it is the most studied. 

Confocal microscopy

Confocal luminescence microscopy was employed to assess Troponin (cTnI) surface coverage and labelling efficiency of Ir-MAb. When used as detection antibody, Ir-20b3 shows too a good affinity to bind to troponin following the same increasing profile in terms of fluorescence. However, compared to Ir-228, the intensity results lower maybe due to a lower quantity of iridium complexes in the sample.

Significantly, in control experiments where the 16-MHDA monolayer modified gold electrodes, i.e., the capture antibody and cTnI complex is absent, are exposed to Ir-mAb (100μg/mL stock concentration) for 1 hour at 37°C, the surface coverage, as shown in Figure 6.10, is minimal compared to that found at the antibody modified surfaces, suggesting that non-specific binding is not a significant issue for these capture surfaces. The cell resistance obtained for the bare gold is 237 Ω. The R value further increased to 1995 Ω for 16-MHDA SAM electrode indicating that the 16-MHDA layer blocked the mass transport of H + from the solution to the surface. As proton is involved in the electron transfer process of Ir-COOH, if the proton transport from the buffer solution is blocked, the electron transfer process of the adsorbed Ir-COOH will be slowed and the R value will be increased. After the immobilization of the capture antibodies (100 ug/mL) on the Au/MHDA/ EDC/NHS electrode, the R value further increased (Table 6.3). The presence of antibodies hindered the efficiency of electron transfer, indicating the successful immobilization of them on the modified sensor surface. 54 From Table 6.3 it is possible to evidence that the MAb-19c7 show a R that is too high compared to the others. Since they have been prepared in the same way and using the same concentration, this value needs to be evaluated carefully for real argumentations.

The R value, which exhibits the charge transfer kinetics of the surface attached Ir-COOH redox couple, could be used to prove the existence of biomolecular layers on the modified electrode. Generally, the R value can be determined by fitting the experimental data to the model circuit. However, R could also be determined from the diameter of the semicircle part at higher frequencies in the Nyquist plot.

Nyquist plots were utilized to study resistance changes when cTnI I concentration is varied from 1 ng/mL to 1 ag/mL. A dilute electrolyte, 1 mM DPBS, was utilised for EIS so that the double layer thickness was comparable to the thickness of the antibody-targetsecondary antibody layer thus making the measurement sensitive to changes occurring within that film. 55 In particular, this dilute concentration of electrolyte ensures both the cell resistance (intersection of the right-hand side of the Nyquist semicircle with the xaxis) and the capacitances are strongly dependent on the cTnI concentration (surface coverage).

The effect of MAb20b3 and MAb228 (same epitope region) as capturing antibodies was initially evaluated (in both cases Ir-19c7 was employed as detection antibody). Nyquist plots of both couples compared to SAM+MAb (no cTnI/Ir-19c7 present on the surface) is presented in Figure 6.12a-b. The two antibodies MAb20b3 and MAb228 alone presented R values of 6800 Ω and 9000 Ω (see table 6.3) respectively. Significantly, incubating the antibody modified sensors with increasing concentrations of cTnI labelled with Mab19c7-Ir (100 µg/mL), Figure 6.12a-b clearly show that the R increases with increasing cTnI concentration. This increase is attributed to the binding of cTnI to the immobilized MAb20b3 and Mab228 on the electrode, producing a barrier layer that inhibits charge transfer. Significantly, changes in the total impedance can be reliably detected for the couple 1 in the range 10 ag/mL-1 ng/mL, while for the couple 2 the increase is only seen for concentrations above 100 pg/mL resulting in a difficulty of creating a calibration curve for the studied range. Consequently, the custom synthesised Mab20b3 (couple 1) is suggested as the better capture antibody with respect to the commercial MAb288. The low LOD equal to 10 mg/mL observed for the couple 1 and its ideal regression curve (R 2 =0.92) demonstrate that this couple may be potentially useful for early detection in AMI diseases. An electrochemical sensor that detect cTnI has been available called i-STAT© cardiac troponin I (cTnI) from Abbott, USA that has excellent portability but has low detection sensitivity (0.02 ng mL -1 ) in view of early detection. 56 The effect of MAb20b3 and MAb228 as detection antibodies was also evaluated using Mab19c7 as capture antibody, as seen in Figure 6.13. In this case the detection for the couple 3 has a limit (LOD) of 10 pg/mL because of the increase of R, while for the couple 4 an inverse behaviour is observed. In this case the R for each concentration of cTnI is below the value obtained for the monolayer/capture antibody surface. Two possible conclusions exist; (1) this couple impedance is not a suitable technique to detect low concentration of cTnI, (2) the couple is not reliable and physically not formed, giving as result something not realistically explainable. 

Electrochemiluminescence

ECL detection was carried out for couple 1 using 100 μM TPrA as co-reactant. cTnI concentrations ranged from 1ag/mL-1mg/mL, that converted in terms of molarity is 0.042 aM-0.042 mM.

The ECL responses are shown in Figure 6.14. Looking at higher concentrations (Figure 6.14a), the emission observed at approximately +1.35 V vs Ag/AgCl is attributed to the simultaneous oxidation of TPrA and iridium complex, according to the mechanism reported by Miao and Bard for Ru(bpy) 3 2+ and shown for iridium complex in Figure 6.15b. 57 When the iridium concentration is high there is more probability that some iridium complexes are located on the electrode surface, resulting in the simultaneous oxidation of Ir and the co-reactant. After oxidation, TPrA • , reductive unstable radical, reduce by electron-transfer the iridium complex forming its excited state that finally emits light.

Passing from higher to lower protein concentrations the emission profile disposes of two peaks (Figure 6.14b), and in this case the peak observed at +1 V vs Ag/AgCl is related to the direct oxidation of TPrA on the electrode surface (Figure 6.15a), termed generally as the "revisited route". This wave usually merges into the foot of the second peak when the concentration of Iridium complex increases, then it is only visible for lower concentration of label. (mechanism II).

The excellent sensitivity of the presented sensor at really low concentration is due to the fact that iridium centers are surface-confined on the electrode. Therefore, the radical TPrA • diffuses over short distances and reacts with the luminophores to generate its excited state. This happens at a potential 400 mV lower than for the first mechanism. The path is the typical "oxidative-reductive" one, in which both label and co-reactant are oxidized at the electrode surface. The short-lived TPrA radical cation (TPrA •+ ) loses a proton generating a strongly reducing radical species that can reduce Ir-COOH + in Ir-COOH*. Mab20b3 may be obtained and is found to be approximately 10 -8 M, which is in close agreement with the K D reported in solution for the same in-house synthesized MAb20b3 (10 -9 M) 58 and suggests that the antibody demonstrates great affinity towards cTnI.

The ECL intensity increases linearly in two different regions with different slopes. The analytical limit of detection (LOD) has been evaluated for the lower concentration using the formula [3xSD lowest concentration/slope of the curve] and was calculated to be 0.42 ag/mL, corresponding to 1.76x10 -20 M (S/N=4). Such a low LOD is attributed to the employed Ir label, and presents significantly enhanced sensitivity compared to the gold standard Ru(bpy) 3 2+ label in terms of efficiency. 13 This work presents the highest sensitivity for cTnI detection in comparison to those currently reported in literature using the ECL technique. [13][14][15][16] 

CONCLUSION

In summary, this work highlights a proof-of-concept example for a new, robust and highly sensitive ECL immunoassay for the detection of Troponin I, which is a biomarker for myocardial infarction. We have combined recombinant antibody technology with EIS and ECL to produce a powerful assay for the determination of the cardiac biomarker at the ag level, which to our knowledge is the first reported bioassay capable of detecting cTnI at these detection levels. Significantly, a bright Ir (III) complex was employed as label for the detection as substitution of the most common used Ru(bpy) 3 2+ , since its ECL efficiency is higher than this standard. This example paves the way for a broader application of recombinant antibody engineering across other biologically relevant biomarkers and we are currently pursuing this possibility. In combining recombinant antibody engineering with low background detection techniques such as ECL, there exists much potential for the development of a new generation of sensitive, selective and rapid biosensors as well as significant scope for the improvement of existing systems, all with a common goal of improving point-of-care health monitoring. Following monolayer modification, the electrode was immersed in capture antibody PBS solution (100μg/mL stock concentration) for approximately 1 hour at 37°C (step 2 Figure 6.17). Each electrode was then washed with PBS Tween (PBST 0.05% v/v), three times and PBS three times. After coating with the capture MAb, the electrodes were incubated in various concentrations of Troponin in PBS for an approximately 1 hour at 37°C followed by washing (PBST x 3 and PBS x 3) (step 3 Figure 6.17). The electrodes were washed even with ethanolamine three times in order to block the non-specific binding sites. After incubation, the electrodes were immersed in a PBS solution containing the soluble labelled Ir-MAb (100μg/mL stock concentration) for 1 hour at 37°C and again washed, (PBST x 3 and PBS x 3), prior to electrochemical and ECL analysis (step 4 Figure 6.17).

EXPERIMENTAL SECTION

Materials

Electrochemistry

Voltammetry and EIS were performed using a CH Instruments, Model 760E electrochemical workstation. A three-electrode electrochemical cell was used at a temperature of 22±2 ºC. The working electrode was a 2 mm diameter planar gold disc, modified as previous described, a platinum and a silver wires were used as counter (CE) and quasi-reference (QRE) electrodes for cyclic voltammetries (CVs), while for EIS an Indium Thin Oxide (ITO) electrode as RE and a gold electrode as CE. CVs of the bioassays were performed in DMF with 0.1M tetra-butylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte, whereas the EIS has been done in 1 mM DPBS (pH=7.4). EIS measurements were carried out at the open circuit potential in the frequency range of 0.01-100,000 Hz, with a 25 mV ac amplitude using a conventional three-electrode cell placed inside a Faraday cage. Voltammetry was employed to know the surface coverage by scanning the electrode between +1.8 and -1.6 V.

Electrochemiluminescence

In order to obtain enhanced analytical performance, the medium proposed for the ECL measurements has been a PBS solution of 0.33 mM Triton X-100. 

Y ( = Y Z exp (-f f g]K ) (26) 
where r(t) is the time dependent anisotropy, r 0 is the initial anisotropy, τ is the luminescent lifetime of the sample. Because of the long time-scale of the anisotropy decay and consequently the relatively low resolution of the data over short time-scales, a tail fit rather than reconvolution was used to fit the anisotropy data according to this model. The r 0 depends on the data point from which the fit commences and therefore is not reliably determined from this method so these values are not quoted here.

Confocal microscopy

The MAb-20b3/228/19c7 antibody modified electrode sensors were fabricated as presented in Figure 6 where e is the molar extinction coefficient (in M -1 cm -1 ) and c is the concentration in moles/liter. Also, the transmittance (T) is frequently used and it is defined as the ratio between the intensity of light that passes through a medium (transmitted light, I) and the intensity of the incident light (I 0 ). In other words, it is defined as the negative logarithm of the absorbance. Beer's Law predicts that the optical density is directly proportional to the concentration of the absorbing species. However, deviations from Beer's law can result from both instrumental and intrinsic causes. Biological and/or supramolecular systems that contain macromolecules or other large aggregates, can lead to turbid samples that scatter light. The optical density resulting from scatter will be proportional to 1/l 4 (Rayleigh scattering), and may thus be easily recognized as a background absorption that increases rapidly with decreasing wavelength. If the optical density of the sample is high, and the absorbing species fluorescent, the emitted light cannot reach the detector. However, this effect can be minimized by keeping the detector distant from the sample, decreasing the efficiency with which the fluorescence emission is collected or with cuvettes having reduced optical path or a different geometry. Aggregation processes can also take place and the resulting supramolecular systems may possess distinct features from the monomers.

Depending upon the wavelength chosen for observation, the deviations from Beer's law may be positive or negative. In our experiments the electronic absorption spectra were recorded on a Shimadzu UV-3600 double-beam UV-VIS-NIR spectrophotometer and baseline corrected. Time-and temperature-dependent absorption spectra were recorded on a JASCO V-650 UV-VIS spectrophotometer equipped with cell holder and temperature control. The quartz cuvettes (from Hellma) have an optical path of 1 cm.

FLUORESCENCE SPECTROSCOPY

An emission spectrum is the wavelength distribution of an emission measured at a single constant excitation wavelength. Conversely, an excitation spectrum is the dependence of emission intensity, measured at a single emission wavelength, upon scanning the excitation wavelength. Such spectra can be presented on either a wavelength scale or a wavenumber scale. Light of a given energy can be described in terms of its wavelength l, frequency n, or wavenumber. The usual units for wavelength are nanometers, and wavenumbers are given in units of cm -1 . Wavelengths and wavenumbers are easily interconverted by taking the reciprocal of each value. For example, 400 nm corresponds to (400 x 10 -7 cm) -1 = 25,000 cm -1 . On the contrary of absorption spectroscopy in which a double-beam configuration can get right of many artefacts, there is no ideal spectrofluorometer. The available instruments do not yield true excitation or emission spectra. This is because of the 

LUMINESCENCE QUANTUM YIELD

The luminescence quantum yield was measured for a molecule in solution varies depending on the experimental conditions, including the type of solvent, the concentrations of sample and dissolved oxygen in the solution, temperature, and excitation wavelength. When the physical conditions are fully specified, the absolute quantum yield can, in principle, be precisely determined. However, even if these parameters are specified, a number of pitfalls exist. It must be considered explicitly to determine reliable quantum yields. These include polarization effects, refractive index effects, reabsorption/ reemission effects, internal reflection effects, and the spectral sensitivity of the detection system. 1,2 They can be classified into absolute (or primary) methods and relative (or secondary) methods. 3 The absolute methods require performing various complex corrections to obtain accurate quantum yields. Therefore, in most laboratories relative (secondary) methods are used to determine quantum yields. In secondary methods, the quantum yield of a sample solution is determined by comparing the integrated fluorescence intensity with a standard solution under identical conditions of incident irradiance. Thus, it is critical to correct for the spectral sensitivity of the instrument, and the measured quantum yield is only as accurate as the certainty of the quantum yield of the fluorescence standard according to the equation: where F is the photoluminescence quantum yield (PLQY); I is the integrated emission intensity; OD is the optical density, and n is the refractive index. The subscripts S and R refer to the sample and reference fluorophore the latter must have a known quantum yield.

Φ 0 = Φ 1 " 2 " 3 45 
In this expression it is assumed that the sample and reference are excited at the same wavelength, so that it is not necessary to correct for the different excitation intensities of different wavelengths. 4 Many different absolute (or primary) methods for determining PLQY have been developed such as the Vavilov method (using magnesium oxide as a standard) 5 , the Weber and Teale method (using scattering solution as standard) 6 , Calorimetric methods [7][8][9] and photoacoustic (optoacoustic) methods 10,11 detect the fraction of the absorbed energy which is lost by nonradiative processes in a luminescent sample, i.e., the complement of the luminescence energy yield. These photothermal methods generally require making the assumption that the relaxation processes of excited molecules involve no photochemical reactions. Another approach consists in the use of an integrating sphere which collects all the emitted photons with a calibrated photodiode and sets them into relation with the number of absorbed photons. In this way, the effects of polarization, scattering and refractive index are eliminated from the measurements. A schematic representation of an integrating sphere setup is shown in Figure 7.3. where i t are the decay times and i a are the amplitude of the component at t = 0. The percentages to the pre-exponential factors, i a , are listed upon normalization.

SCANNING ELECTRON MICROSCOPY (SEM)

The schematic diagram of a simplified SEM setup is shown in Figure 7.5. The beam of electrons, generated at the top by the electron gun, is accelerated by the anode, which is biased +1 to +50 kV respect to the electron gun, down into the electron column. After being collimated through condenser lens the beam passes through pairs of scanning coils in the electron column, which deflect the beam in the x and y axes so that it scans in a raster fashion over a rectangular area of the sample surface. Generally, the beam is focused in a spot of 1 nm to 5 nm size. The energy exchange between the electron beam and the sample results in the reflection of high-energy electrons by elastic scattering, emission of secondary electrons by inelastic scattering and the emission of electromagnetic radiation, each of which can be detected by specialized detectors.

The most common imaging mode collects low-energy (<50 eV) secondary electrons that are ejected from the k-shell of the specimen atoms by inelastic scattering interactions. The Backscattered electrons, originated by elastic scattering interactions with specimen atoms can also be used for creating the contrast image of the specific regions of the sample.

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

In this thesis, the samples were covered by a 5 nm thick gold layer, and finally investigated using a FEI Dual Beam 235: FIB-SEM-STEM with an ion beam (FIB, 5 nm) and electron beam (SEM, 1 nm). The key to the confocal approach is the usage of spatial filtering to eliminate out-of-focus light or flare in specimens that are thicker than the plane of focus by illuminating the objective through a pinhole. Only if the specimen is in focus, the light can pass through the pinhole and reach a detector (usually a PMT).

As drawback, total signal level is lower even if the specific signal-to-noise ratio for the features of interest is increased.

Magnification can be electronically adjusted by altering the scanning laser sampling period which varies the area scanned by the laser without having to change objectives (zoom factor). Increasing the zoom factor reduces the specimen area scanned and simultaneously reduces the scanning rate. However high zoom factor may lead to increase photobleaching.

In this thesis fluorescence confocal microscopy was performed with a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser.

TRANSMISSION ELECTRON MICROSCOPY

This microscope technique is used to analyze very small objects, down to the angstrom scale. An electron beam that is produced by an anode under vacuum and passes at a very high speed through the sample and to the cathode. This beam is condensed by electromagnetic lenses, and electrons are stopped or not by the structures they collide with.

The lenses then widen the obtained picture and projected on a fluorescent screen.

The vacuum is maintained during the entire experiment to avoid electrons dispersion.

Therefore, a cooling system is also used, typically with liquid nitrogen. Nowadays, TEM microscopes are equipped by a camera, allowing a better data acquisition. TEM offers the advantage of pushing the limit of resolution down to 50 pm, with possible magnification in the order of 10 7 times, making it possible to work at the atomic scale. A schematically view of the electron path in a TEM instrument is shown in Figure 7.7. 

ELECTROCHEMISTRY

Cyclic Voltammetry (CV) 12 Cyclic voltammetry is the most used electroanalytical technique. It is performed by difference between E pc and E pa , ΔE, can be calculated, and if the redox couple is reversible, then the relationship nΔE = 59n mV holds true, where n is the number of electrons involved in the redox couple. Also, the anodic peak current, i pa , is equal to the cathodic peak current, i pc , so that the relationship (i pa /i pc ) = 1 also holds true for the reversible redox couple.

Besides, if 59 mV< ΔE <100 mV, the redox couple is described as quasi-reversible, and if ΔE >100 mV, the redox couple is described as irreversible. The formal potential E 0 for a reversible redox couple is termined as the average of the two peak potentials as follows:

E ; = = >? @= >A B (7.6)

Potentiostatic techniques 12 In a potential step experiment, two responses can be recorded, whereby the potential of a working electrode is changed instantaneously and the current time (galvanostatic) or the charge time (potentiostatic) is found. In chronoamperometry, the potential is stepped so as to drive a Faradaic reaction. This potential is held while the current with time is monitored at the electrode (Figure 7.9). At the initial potential, no significant current flows. At the final potential, the analyte is consumed at the electrode surface. There is a depletion of the concentration of the analyte near the electrode. The current response is shown by a rapid increase followed by decay as the analyte is exhausted and equilibrium is reached. In this case, the charge for reduction is calculated by integrating the area under the current versus time curve within the limits of the initial to final deposition time. 

7.9

In particular, the study begins with the ECL properties of new aggregated forms of metal complexes, based Platinum(II) and Iridium(III) complexes, and a new class of co-reactant based on Amine-Rich Carbon Nanodots, to end up in the development of new hybrid materials coming from the combination of nanoparticles and metal complexes. Finally, an approach for realizing immunoassay platforms for the detection of cardiac biomarkers will be presented.

In the first chapter of this thesis the general principles of ECL are presented. In general, ECL excitation pathways are closely related to their corresponding photoluminescent excitation pathways. 10 The excited state can be produced through the reaction of radicals generated from the same chemical species (emitter), in the so-called ion annihilation mechanism, or from two different precursors (emitter and co-reactant), via co-reactant ECL. 1,11 (Figure 1). This represent the backbone of the experimental work presented in the other chapters. As the co-reactant ECL has more applications, the most used ECL luminophores and co-reactants are also presented with a critical overview in the latest use of nanomaterials in this field. In the last part of this chapter, the principal applications of ECL are briefly described.

Figure 1. Schematic diagram describing the electron transfer reactions responsible for emission during annihilation ECL (left) and co-reactant ECL (right).

The second chapter is dedicated to a new class metal complexes for ECL based on supramolecular self-assembled square-planar Pt(II) complexes. These complexes are capable of forming different supramolecular assemblies depending on the concentration, solvent and temperature. 12,13 Notably, Pt-2PEG shows intense orange ECL emission that results higher in efficiency respect to the widely used standard Ru(bpy) 3 2+ , as shown in Figure 4a-b. Since the platinum complex molecularly dissolved displays blue photoluminescence in suitable solvents, 12,13 the orange emission is the result of an aggregation in water solution triggered by energetic requirements. Thanks to its dual hydrophilic/hydrophobic nature, we hypothesize that the complex tries to minimize the interactions between the hydrophobic chelate ligand and the aqueous environment forming a micelle-like structure with the PEG chains heading externally towards the water. Such aggregation forms through metallophilic interactions a new transition called MMLCT, responsible for the bathochromic shift of the emission. In the fourth chapter co-reactant properties of amine-rich Nitrogen-doped carbon nanodots (NCNDs) are revealed and tailored. As mentioned in the introduction a great challenge is to replace TPrA with something efficient, less volatile and non-toxic. The NCNDs presented show abundant amino groups on their surface. Since these groups are the most efficient and used co-reactant unit in combination with Ru(bpy) 3 2+ , this project focuses on the study of NCNDs bearing primary and tertiary alkyl amine groups on the surface as co-reactant for Ru(bpy) 3 2+ ECL generation (Figure 6). Their facile and low cost synthesis, good solubility in water and biocompatibility, make our NCNDs a promising user-friendly alternative to the toxic TPrA. We demonstrate that from primary to tertiary amines their ability in the generation of the emissive excited state of Ru(bpy) 3 2+ improves.

In particular, the Ru(bpy) 3 2+ emission increases of 10 times with tertiary NCNDs (mNCNDs) respect to the NCNDs, showing that the toxic TPrA can be replaced up to a concentration of 20 mM (Figure 6b). Interestingly, constant ECL response (within 10%)

were obtained for over 20 cycles, using mNCNDs as co-reactant (Figure 6c). Moreover, in an attempt to evaluate the possible use of this novel ECL system NCNDs/ Ru(bpy) 3 2+ as biosensing platform, the detection of L-Epinephrine, important neurotransmitter studied for diagnosis of neurological disorders, is discussed. Using mNCNDs, the limit of detection (LOD) and quantification (LOQ) decreased of a factor 10 respect to NCNDs, respectively 30 nM and 110 nM (S/N=3). This result is ten times higher than the ones reported for different CNDs 22,23 and it reaches the same limit found using other types of techniques (Figure 6d). [24][25][26][27][28] The fifth chapter is built on the active research field of ECL systems functionalized with nanomaterials. A variety of nanomaterials and in particular nanoparticles, such as gold or In the sixth chapter a new sensing approach based on Electrochemical Impedence Spectroscopy (EIS) and ECL for the detection of Troponin I (cTnI) is presented. The work aims to the use of an Ir(III) complex, [Ir(pphent) 2 (Cepic)] to realize an ECL biosensing device for cTnI detection with enhanced properties. The innovation in this project consists in using a technique that, compared to the ones used for cardiac biomarkers detection, is higher sensitive by using a brighter iridium(III)-based metal complex, that can substitute the typical Ru(bpy) 3 2+ , permitting a detection of lower quantities of antigen in blood samples with a not expensive, fast and not harmful to the environment method.

The Ir-MAb conjugate is presented with their photophysical characterization, supported by confocal microscopy. The immunoassay configuration is shown in Figure 8a, and for each is 1 ag/mL-1 mg/mL of cTnI. Figure 8g shows the dependence of ECL intensity on the log[CnTI] over the entire range. From this plot K D (dissociation constant) can be obtained and it is around 10 -8 M, fairly in agreement with the one in solution calculated for the same antibody (10 -9 M) 37 and showing the great affinity of this antibody for CnTI.

On the way to conclude, we successfully studied new efficient systems ranging from metal complexes to nanoparticles for ECL applications. We explored the electrochemiluminescent properties of new Pt(II) and Ir(III) complexes as alternative of the existing Ru(bpy) 3 2+ label. The combination of labels and NCNDs bearing primary or tertiary groups on the surface as alternative co-reactant species to the toxic TPrA resulted in an interesting strategy to eliminate the toxic TPrA. In particular, NCNDs in covalently linked system with Ru(bpy) 3 2+ (Ru-NCNDs) is not only an innocent carrier for ECL active species, but act also as co-reactant in the ECL process, revealing itself an ECL selfenhancing platform. Finally, a real immunoassay for cardiac marker detection has been built with enhanced sensitivity and stability, which is of fundamental importance for biological and bio-medical detection applications. The same technology can then be applied to a variety of other analytes opening the venue to other assays.
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Towards new efficient nanostructured hybrid materials for ECL applications

Résumé

Cette thèse de doctorat vise à développer de nouveaux matériaux hybrides pour les applications ECL, allant des complexes métalliques aux nanoparticules. Dans le domaine de complexes métalliques, les propriétés électrochimiluminescentes de nouveaux complexes de Pt(II) et d'Ir(III) ont été explorés comme alternative au marqueur Ru(bpy) 3 2+ existant. Passant aux nanomatériaux, la combinaison d'étiquettes et de carbon nanodots portant des groupes primaires ou tertiaires à la surface comme espèces co-réactives alternatives a abouti à une stratégie intéressante pour éliminer la TPrA. En particulier, les carbon nanodots dans un systéme lié par liaison covantent avec Ru(bpy) 3 2+ sont non seulement un support innocent pour les espèces actives d'ECL, mais agissent également comme co-réactif dans le procédé ECL, se révélant être une plateforme auto-améliorante en ECL. Enfin, un véritable immuno-essai pour la détection des marqueurs cardiaques a été mis au point avec une sensibilité et une stabilité accrues, ce qui est d'une importance fondamentale pour les applications de détection biologique et biomédicale. La même technologie peut alors être appliquée à une variété d'autres analytes, ouvrant ainsi le site à d'autres dosages.

Mots-clés : électrochimiluminescence, complexes métalliques, carbon nanodots, co-réactif, immunoessai

Résumé en anglais

This doctoral dissertation aim to develop new hybrid materials for ECL applications, ranging from metal complexes to nanoparticles. In the field of metal complexes, the electrochemiluminescent properties of new Pt(II) and Ir(III) complexes were investigated as alternative of the existing Ru(bpy) 3 2+ . Passing to nanomaterials, the combination of labels and NCNDs bearing primary or tertiary groups on the surface as alternative co-reactant species resulted an interesting strategy to eliminate the toxic TPrA. In particular, NCNDs in covalently linked system with Ru(bpy) 3 2+ is not only an innocent carrier for ECL active species, but act also as co-reactant in the ECL process, revealing itself an ECL self-enhancing platform. Finally, a real immunoassay for cardiac marker detection has been built with enhanced sensitivity and stability, which is of fundamental importance for biological and bio-medical detection applications. The same technology can be applied to a variety of other analytes opening the venue to other assays. Keywords : electrochemiluminescence, metal complexes, carbon nanodots, co-reactant, immunoassay
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  -bc), présentent une capacité très intéressante d'émettre une phosphorescence orange via ECL lors de l'agrégation (Figure 3d), ce qui est dû à la établissement d'interactions métallophiles Pt•••Pt par des stimuli électriques ou mécaniques, ou par agrégation spontanée. Notamment, Pt-2PEG présente une émission orange intense en ECL qui donne un rendement quantique plus élevé par rapport au complexe couremment utilisée Ru (bpy) 3 2+ , comme le montre la Figure 4a-b. Puisque le complexe de platine à son état de monomère présente une photoluminescence bleue dans des solvants appropriés, 12,13 l'émission orange est le résultat d'une agrégation dans une solution aqueuse déclenchée par des exigences énergétiques.

Figure 3 .

 3 Figure 3. a) structure de Pt-Amide; b) structure de Pt-PEG; c) structure de Pt-2PEG; d) émissions de ECL du système Pt(II) complexe / C 2 O 4 2-obtenues pendant un balayage potentiel continu entre +1.65 V et 0.5 V après dépôt goute à goute d'une solution de 1 (trace bleue), 2 (trace marron), 3 (trace rouge ) dans de l'acétone (méthanol pour le 3) sur l'électrode imprimée de carbone.

Figure 4 .

 4 Figure 4. a) ECL pendant un balayage potentiel de solution aqueuse 10 -5 M de Ru(bpy) 3 2+ (trace rouge) et Pt-2PEG (trace bleue) en utilisant LiClO 4 0.1 M en tant qu'electrolyte de support, par addition de 10 mM de Na 2 C 2 O 4 . Vitesse de balayage : 0.05 V/s. Carbone vitreux (GC) comme électrode de travail, Ag/AgCl comme électrode de référence et fil de Pt comme contre-électrode; B) Intensités ECL en temps de Ru(bpy) 3 2+ (trace rouge) et Pt-2PEG (trace bleue) dans une solution 0.1 M d'eau LiClO 4 en utilisant 10 mM de Na 2 C 2 O 4 comme co-réactif. GC comme électrode de travail, Ag/AgCl comme électrode de référence et Pt comme électrode de contre-électrode. Pulse à +1.4 V.

Figure 5 .

 5 Figure 5. a) structure de [Ir (pphent) 2 (dMebpy)]; b) propriétés photophysiques du complexe dans l'acétonitrile (solution aérée et dégazée); c) électropolymérisation du complexe dans une solution d'acétonitrile TBAPF 6 0.1 M sur électrode FTO. Vitesse de balayage 0.1 V/s ; d-e) couche électropolymérisée du complexe sur FTO (à gauche) et sous irradiation UV-vis (à droite) ; f) ECL pendant un balayage potentiel de poly-Ir couche sur FTO pendant un balayage de potentiel entre +1.6 V et 0 V, après addition de 10 mM de TPrA comme co-reactif. Vitesse de balayage 0.05 V/s.

Figure 6 .

 6 Figure 6. a) tris (2,2'-bipyridine) ruthénium (II) (Ru(bpy) 3 2+ ) à gauche, NCNDs au milieu et NCNDs méthylés (mNCNDs) à droite; b) comparaison entre l'émission de Ru(bpy) 3 2+ augmentée par 0.1 mg/mL de NCND (traces noires), 0.1 mg/mL de mNCND (traces rouges) et 20 mM de TPrA (traits en pointillés bleus); potentiel rapporté Ag/AgCl (KCl sat.) à température ambiante. Fil de platine comme contre-électrode; c) Réponses ECL du système Ru(bpy) 3 2+ /mNCNDs obtenu lors d'un balayage potentiel continu entre + 1.1 V et -0.9 V (20 cycles sous vitesse de balayage 0.05 V/s). Potentiel rapporté Ag/AgCl (KCl sat.) à température ambiante. Fil de platine comme contre-électrode; d) ajustement linéaire de I 0 /I par rapport à la concentration d'épinéphrine (EP) lorsque des mNCND sont utilisés comme co-réactif dans la concentration de 0,1 mg/mL. Les barres d'erreur sont de la même taille que le symbole carré.

Figure 7 .

 7 Figure 7. a) le nanoconjugué Ru(bpy) 3 2+ -NCNDs lié de manière covalente au-dessus, et le nanoconjugué Ir-COOH-NCNDs lié par covalence en-dessous; b) Spectres d'émission normalisés de Ru-NCNDs (trace rouge), Ru(bpy) 3 2+ (trace grise) et NCNDs (trace noire) dans la solution Procell® (exc = 340 nm); c) Spectres d'émission normalisés des Ir-NCND (trace verte), Ir-COOH (trace bleue) et NCNDs (trace noire) dans la solution Procell® (exc = 380 nm); d) Intensité de l'ECL pendant un balayage potentiel de la solution 10 -4 M de PBS de Ru(bpy) 3 2+ (trace noire), après addition de 0.1 mg / ml de NCNDs (trace rouge) et de Ru-NCNDs (trace bleue) avec une concentration 10 -4 M de complexe. Vitesse de balayage 0.05 V/s; e) Intensités ECL enregistrées lors d'un CV dans PBS / Triton X 100 / TPrA 10 mM d'Ir-NCNDs (trace verte) et Ir-COOH (tracs noire) après immobilisation sur des électrodes d'or. Vitesse de balayage: 0,05 V/s.

Figure 8 .

 8 Figure 8. a) schéma représentatif pour la fabrication d'un immunodosage pour la détection de cTnI; b) diagrammes de Nyquist de l'immunodosage avec la concentration de cTnI, variant systématiquement de 1 ag/mL à 1 ng/mL dans 1 mM de DPBS (N=3). La fourchette de fréquences est comprise entre 0.01 et 100000 Hz, l'amplitude en courant alternatif est de 25 mV et le potentiel de courant continu était réglé sur circuit ouvert; c) régression linéaire de R; d) voltammétrie cyclique de l'immunodosage à différentes concentrations de cTnI: trace verte : 1 ag/ml, trace rouge : 1 ng/mL et trace noire : 1 μg/mL e) images confocales de l'immunodosage avec des concentrations de 1 ng/ml d'anticorps. Echelle : 20 μm; f) intensité de l'ECL en fonction de la concentration de cTnI (concentration élevée 1 ng -850 ng); g) zone d'intensité ECL en fonction de log [cTnI] (concentration à pleine échelle) et régression linéaire des deux zones de concentration. Les barres d'erreur sont comparables ou inférieures à la taille des symboles.

  et montrant la grande affinité de cet anticorps pour CnTI. En conclusion, nous avons étudié avec succès de nouveaux systèmes efficaces allant des complexes métalliques aux nanoparticules pour des applications ECL. Nous avons exploré les propriétés électrochimiluminescentes de nouveaux complexes de Pt (II) et d'Ir (III) comme alternative au marqueur Ru(bpy) 3 2+ existant. La combinaison d'étiquettes et de NCNDs portant des groupes primaires ou tertiaires à la surface comme espèces co-réactives alternatives à la TPrA, toxique, a abouti à une stratégie intéressante pour éliminer la TPrA. En particulier, les NCNDs dans un système lié par liaison covalente avec Ru(bpy) 3 2+ (Ru-NCNDs) sont non seulement un support innocent pour les espèces actives d'ECL, mais agissent également comme co-réactif dans le procédé ECL, se révélant être une plateforme auto-améliorante en ECL. Enfin, un véritable immuno-essai pour la détection des marqueurs cardiaques a été mis au point avec une sensibilité et une stabilité accrues, ce qui est d'une importance fondamentale pour les applications de détection biologique et biomédicale. La même technologie peut alors être appliquée à une variété d'autres analytes, ouvrant ainsi le site à d'autres dosages.

Figure 1 . 1 .

 11 Figure 1.1. Perrin-Jablonski diagram. The vibrational manifold associated with electronic states is also depicted.Straight lines indicate radiative processes, whereas wavy lines denote non-radiative transitions.14 

Figure 1 .

 1 Figure 1.2b.

Figure 1 .

 1 Figure 1.2. a) Schematic diagram describing the electron transfer reactions responsible for emission during annihilation ECL; b) Schematic energetic diagram describing the eq 1.3 responsible of the excited-state formation (ion annihilation step).

Figure 1 . 3 .

 13 Figure 1.3. Schematic diagram describing the electron transfer reactions responsible for emission during a co-reactant ECL reaction involving Ru(bpy) 3 2+ and TPrA.

  .5). Fundamental requirements for this improvement are (i) accessibility of the ruthenium centers to the electrode surface and to active TPrA species and (ii) electronic equivalence of the chromophores to avoid intramolecular energy transfer from the excited chromophores to a lowest-lying unoccupied molecular orbital (LUMO) of an acceptor moiety. Different dendritic complexes have been synthesised [Ru2-Dend] 4+ , [Ru4-Dend] 8+ and [Ru8-Dend] 16+ (Figure1.5), and bound to a modified progesterone molecule for ECL-based progesterone immunoassays.28 
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 14 Figure 1.4. Acrylate-containing Ru(bpy) 3 2+ -based coordination complexes reported in reference (27).

Figure 1 . 5 .

 15 Figure 1.5. Example of multilabeling a biomolecule at a single site with a dendritic structure bearing multiple signal-generating units. Dendrimer [Ru8-

Figure 1 . 6 .

 16 Figure 1.6. a) Scheme of ECL switch based on [Ru(bpy) 2 dppz] 2+ and DNA; b) ECL intensities in 5mM pH 5.5 oxalate solution containing 0.1 mM [Ru(bpy) 2 dppz] 2+ (curve a) and 0,1 mM [Ru(bpy) 2 dppz] 2+ +0.16 mM DNA (curve b). Readapted from reference (32).

Figure 1 . 7 .

 17 Figure 1.7. Structure of bis (2-phenylquinoline) iridium(III) (LX) complexes. LX in (pq) 2 Ir(LX) corresponds to (3-iq), 3-isoquinaldate anion; (pico), picolinate anion; (quin), quinaldate anion; (dbm), dibenzoylmethane anion; (tmd), 2,2ʹ,6,6ʹ-tetramethylhepta-3,5-dione anion; and (acac), acetylacetonate anion. Readapted from reference (41).

Figure 1 .

 1 Figure 1.8. a) Azacrown appended iridium complex for ECL detection of metal cations and b) typical ECL response.

Figure 1 . 9 .

 19 Figure 1.9. Iridium dimer[Ir(pq) 2 Cl 2 used in a dual channel "lab-on-a-molecule" sensor exploiting both PL and ECL modes of sensing. Reproduced from reference (45).

Figure 1 . 10 .

 110 Figure 1.10. ECL response during time of [Ir(pphent)(pic)]

Figure 1 .

 1 Figure 1.11. a) Ir(df-ppy) 2 (ptb) + complex. Reprinted from reference (52); b) class of complexes Ir(msppz) 2 (N^N) + . Readapted from reference (56).

Figure 1 . 12 .

 112 Figure 1.12. Schematic reprentation of PL and ECL in semiconductior NPs. Readapted from reference (79).

Figure 1 . 13 .

 113 Figure 1.13. Anodic ECL mechanism of QDs. Reprinted from reference (83).

Figure 1 . 13 .

 113 Figure 1.13. Schematic representation of the thermoresponsive ECL microgels in the swollen (left) and collapsed (right) states.
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 311 particular, square-planar platinum(II) and palladium(II) d8 complexes with protruding filled d z 2 orbitals are versatile building blocks for such nanostructures since they facilitate supramolecular stacking through weak non-covalent metal-metal and/or π-π (ligandligand) interactions. 1-Electronic configuration of square-planar Pt(II) complexes Luminescent platinum compounds bearing strong field cyclometalating ligands as well as good π-accepting moieties, possess HOMO and LUMO levels with dπ and π* character, respectively. As shown in Figure 2.1, if a metal is coordinated by πconjugated ligands, the set of s, p and d orbitals of the metal are mixed with symmetry-adapted orbitals from the ligands. Optical excitation leads to the formation of excited states described, on the basis of their electronic transition configuration that can be classified as Metal Centered (MC), involving mainly d-orbitals, occupied non-bonding π M anti-bonding unoccupied σ M orbitals, Ligand Centered (LC) involving mainly occupied bonding orbital π L and unoccupied anti-bonding π L * orbital located on the ligands, and Metal to Ligand Charge Transfer (MLCT) involving mainly occupied metal centered bonding orbitals π M and unoccupied ligand centered antibonding orbitals π L *.The LUMO is also mainly centered on the ligands with contributions from the anti-bonding orbitals π L *. The relative energy levels of MLCT and LC transitions depend on the energy of the orbitals, π L and d z2 , involved in the electronic configuration of the excited state.

Figure 2 . 1 .

 21 Figure 2.1. Simplified MO diagram for a generic transition metal complex and relative spectroscopic excitation transitions.

Figure 2 . 2 .

 22 Figure 2.2. General scheme showing energy levels of Pt(II) square planar complexes before and after aggregation. In the bottom, cartoon showing interaction between dz2 orbitals perpendicular to molecular plane.

Figure 2 . 3 .

 23 Figure 2.3. Schematic representation of possible self-assembly of Pt (II) complexes that give AIECL.

Figure 2 .

 2 Figure 2.4. a) Pt-Amide, b) Pt-PEG and c) Pt-2PEG structures.

Figure 2 . 5 .

 25 Figure 2.5. Electronic absorption (dotted trace) and emission (solid trace) spectra of Pt-Amide in THF (c = 10 -5 M, black trace, assembly B), and acetone (c = 10 -4 M, blue trace, assembly A, c = 10 -3 M, red trace, assembly B).

Figure 2 . 6 .Table 2 . 2 .

 2622 Figure 2.6. Electronic absorption (dotted trace) and emission (solid trace) spectra of Pt-PEG in pure 1,4 dioxane (c = 10 -4 M, black), after flash-injection into water to form assembly A (c = 10 -4 M, 95% water content, red trace) and assembly B (blue trace).

  Photophysical measurement of complex Pt-2PEG were performed in water and in DCM in order to control the assembly, and in addition in Procell, a PBS solution enriched of TPrA (0.1 M) and different surfactants with a confidential specific chemical composition used for ECL purposes. They have been investigated by means of steady-state and timeresolved techniques and the results are reported in Figure2.7 and Table2.3.

Figure 2 . 7 .Table 2 . 3 .

 2723 Figure 2.7. Electronic absorption (dotted trace) and emission (solid trace) spectra of Pt-2PEG in DCM (c = 10 -5 M, blue trace, assembly B), H 2 O and Procell (c = 10 -5 M, red and orange traces, assembly A).

  1 mM. The resulting CVs are shown in figure 2.8a. It shows irreversibility in oxidation and reduction, except for the reduction peak related to the ligand at -1.92V vs SCE that exhibits quasi-reversible behaviour. Comparison of the two different concentrations shows that the peak at +1.1 Vvs SCE disappears when the solution is diluted. This peak could be related to the presence in solution of aggregates of Pt-Amide, therefore it is visible only in the more concentrated solution. The peak at +1.29 V is instead associated to the oxidation of the monomeric Pt 2+

Figure 2 .

 2 Figure 2.8. a) Cyclic voltammetries of 1 mM (black trace) and 0.1 mM (red trace) Pt-Amide in 0.1 M TBAPF 6 CH 3 CN solution at GC electrode. Scan rate 0.1 V s -1 . SCE as reference electrode and pt wire as counter electrode; b) ECL emission of 1mM Pt-Amide in 0.1 M TBAPF 6 CH 3 CN solution generated by ion annihilation at GC electrode with pulsing (1 s) between 2 nd oxidation and 1 st reduction peak potentials of the complex; c) ECL emission of 1 mM Pt-Amide recorded during a cyclic voltammetry at scan rate 0.05 V s -1 in 0.1 M TBAPF 6 CH 3 CN solution with 1mM TPrA as co-reactant.

Figure 2 .

 2 Figure 2.9. a) ECL emission recorded during a cyclic voltammetry at scan rate 0.2 V s -1 in aqueous 0.1 M LiClO 4 solution of Pt-amide physically transferred (blue trace) and drop casted from acetone (red traces) onto SPE using 10 mM TPrA as co-reactant. Ag/AgCl as reference electrode and pt wire as counter electrode; b) PL (dashed traces) and ECL (solid traces) emissions of Pt-amide physically transferred onto spe (blue trace) and drop casted from acetone (red traces) onto SPE.

Figure 2 . 11 .

 211 Figure 2.11. Schematic representation of AIECL upon physical transfer of Pt-Amide onto SPE.

Figure 2 . 12 .

 212 Figure 2.12. SEM images of a-b) drop casted Pt-Amide from acetone onto SPE, c-d) physical transfer of Pt-Amide onto SPE.

Figure 2 .

 2 Figure 2.13. a) ECL emission of Pt-Amide particles suspension solution recorded during a cyclic voltammetry at scan rate 1 V s -1 in PBS solution upon addition of 10 mM TprA; b) TEM image of particles suspension (scale bar = 50 nm).

  Under such conditions, ECL emission recorded during a cyclic voltammetry show repeatability and constant peak potential (Figure 2.14). The emission peak is at +1.6 V in agreement with the results with TPrA. Both working electrodes could be cycled numerous times, as shown in figure 2.14 c-d over 20 cycles. This can open up an avenue for Pt-based solid state ECL platforms.

Figure 2 .

 2 Figure 2.14. a) ECL emission recorded during a cyclic voltammetry at scan rate 0.2 V s -1 in 0.1 M aqueous LiClO 4 after drop casting of Pt-Amide on SPE from acetone solution using Na 2 C 2 O 4 as co-reactant; b) ECL emission recorded during a cyclic voltammetry at scan rate 0.2 V s -1 in 0.1 M aqueous LiClO 4 after physical transfer of Pt-Amide on SPE using Na 2 C 2 O 4 as co-reactant; c-d) 20 CV cycles of both electrodes.

Figure 2 .

 2 Figure 2.15. a) Cyclic voltammetries of 1 mM (blue trace) of Pt-PEG in 0.1 M TBAPF 6 DCM solution (blank in dotted black trace at GC electrode. Scan rate 0.1 V s -1 . SCE as reference electrode and pt wire as counter electrode; a) Cathodic scan of the same solution.

  from blue to orange bright emitter energetically favourable for ECL co-reactant experiments. ECL potential curves and ECL emission before and after mechanical stress are shown in figure 2.16.

Figure 2 .

 2 Figure 2.16. a) ECL emission recorded during a cyclic voltammetry at scan rate 0.2 V s -1 in 0.1 M LiClO 4 water solution of Pt-PEG physically transferred onto SPE before (blue trace) and after (red trace) mechanical stress using 10 mM Na 2 C 2 O 4 as co-reactant. Ag/AgCl as reference electrode and pt wire as counter electrode; b) ECL emission of Pt-PEG after mechanical stress onto SPE.

Figure 2 . 17 .

 217 Figure 2.17. Cyclic voltammetries of Pt-2PEG in a) DCM at concentration 1 mM using 0.1 M TBAPF 6 as supporting electrolyte, b) in water at concentration 1 mM using 0.1 M LiClO 4 as supporting electrolyte. GC as working electrode, SCE and Ag/AgCl as reference electrodes and Pt wire as counter electrode. Scan rate 0.1 V s -1 .

Figure 2 .

 2 Figure 2.18. a) ECL intensity during a potential scan of 10 -5 M water solution of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) using 0.1 M LiCLO 4 as supporting electrolyte, upon addition of 0.1 M of TPrA. Scan rate 0.05 V s -1 . GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode; b) ECL Intensities in time of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) in 0.1 M LiClO 4 water solution using 0.1 M TPrA as co-reactant. GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode. Pulse at +1.4 V.

Figure 2 . 19 .

 219 Figure 2.19. ECL intensity during a potential scan of 10 -5 M Procell solution of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace). Scan rate 0.05 V s -1 . GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode. Inset: zoom of ECL intensity vs potential.

Figure 2 .

 2 Figure 2.20. a) ECL intensity during a potential scan of 10 -5 M water solution of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) using 0.1 M LiCLO 4 as supporting electrolyte, upon addition of 10 mM of Na 2 C 2 O 4 . Scan rate 0.05 V s -1 . GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode; b) ECL Intensities in time of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) in 0.1 M LiClO 4 water solution using 10 mM of Na 2 C 2 O 4 as co-reactant. GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode. Pulse at +1.4 V.

Figure 2 .

 2 Figure 2.21. a) ECL intensity during a potential scan of physical transfer of Pt-2PEG onto SPE, using 10 mM C 2 O 4 2-as co-reactant and 0.1 M LiCLO 4 as supporting electrolyte. Scan rate 0.05 V s -1 . SPE as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode; b) ECL spectrum during a potential scan of Pt-2PEG physically transferred onto SPE, using 10 mM C 2 O 4 2-as co-reactant and 0.1 M LiCLO 4 as supporting electrolyte. Scan rate 0.05 V s -1 . SPE as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode.

Figure 2 . 22 .

 222 Figure 2.22. Schematic synthetic pathway used for the preparation of platinum(II) complex Pt-2PEG.

ElectrochemiluminescenceA

  photomultiplier tube detector (PMT, Hamamatsu, H10723-01, Japan) controlled by an Autolab electrochemical workstation PGSTAT101 (Metrohm, The Netherlands). The RE employed was an Ag/AgCl (1M KCl) from CHI-Instruments and was separated from the catholyte by a glass frit. A platinum wire served as the CE. For potentiodynamic measurements (Cyclic Voltammetry), the solution was scanned at 0.05 V/s from +0.5 V to +1.45 V. For chrononamperometric experiments, the pulsing potential was set at +1.4 V vs Ag/AgCl (1M KCl) with 1 s pulse width. Transients and the faradic currents were managed by using the software NOVA provided with the Autolab unit. The ECL spectrum was acquired using a calibrated electron multiplying charge couple device camera (A-DU970N-UVB Andor technology, Newton EM-CCD) coupled with a spectrograph (Andor Technology, Shamrock 163). The GC working electrode was mechanically cleaned before each run as mentioned above for the electrochemical measurements.

  for 18 hours with two equivalent of 4-methyl-4'-vinyl-2,2'-bipyridine (N^N) in 2ethoxyethanol/water (3:1,v/v). After column chromatography and recrystallization, orangebrown iridium complex was obtained with 90% product yield, and characterised by 1 H NMR, mass spectrometry and elemental analysis (See 3.7 Experimental Section for detail).

Figure 3 . 1 .

 31 Figure 3.1. Scheme of synthesis of Ir(pphen) 2 (mVbpy).

Figure 3 . 2 .

 32 Figure 3.2. UV-Vis and emission spectra of Ir(pphen) 2 (mVbpy). The measurements were performed on 10 -5 M CH 3 CN solution. Generally, bis-cyclometalated Ir(III) compounds such as [Ir(C^N) 2 (L^X)] (L^X = pic or acac) exhibit room-temperature phosphorescence spectra that have a character mainly metal to ligand charge transfer. The energy of the emission is dictated by the LUMO and

Figure 3 . 3 .

 33 Figure 3.3. CVs of 1 mM Ir(pphen) 2 (mVbpy) in CH 3 CN, using 0.1 M TBAPF 6 as supporting electrolyte and FTO (upper part) or Pt (bottom part) as working electrode. Scan rate 0.1 V s -1 .

Figure 3 . 4 .

 34 Figure 3.4. Interfacial electropolymerisation from a 1 mM solution of Ir(pphen) 2 (mVbpy) on a) FTO electrode (A=0.42 cm 2 ), b) Pt electrode (A=0.0314 cm 2 ) for 15 scans at a scan rate of 0.1 V s -1 . The deposition medium was 0.1 M TBAPF 6 in CH 3 CN.

Figure 3 . 5 .

 35 Figure 3.5. Interfacial electropolymerisation from a 1 mM solution of Ir(pphen) 2 (mVbpy) on FTO electrode (A=0.42 cm 2 ) for 50 scans at a scan rate of 0.1 V s -1 . The deposition medium was 0.1 M TBAPF 6 in CH 3 CN.

Figure 3 . 6 .

 36 Figure 3.6. CVs of poly-Ir on FTO (upper part) or Pt (bottom part) in CH 3 CN, using 0.1 M TBAPF 6 as supporting electrolyte. Scan rate 0.1 V s -1 .

1 . 20 The

 120 coverage of deposited polymer can be readily and reproducibly adjusted by varying the number of cyclical potential scans and sweep rate. The increment of polymer per scan is approximately constant for both electrodes as shown in Figure 3.7.

Figure 3 . 7 .

 37 Figure 3.7. Peak current as a function of number of scans for a) Pt electrode (1 st reduction peak), b) FTO electrode (2 nd reduction peak). Data collected from graphs in Figure 3.4.

  .8a). Under UV lamp, the surface emits an intense red light, typical of the iridium complex employed (Figure 3.8b). Then photophysical characterisation of the FTO coated electrode have been carried out to point out the optical properties of the new poly-Ir (Figure 3.8c).

Figure 3 .

 3 Figure 3.8. a) Electropolymerised FTO electrode after 15 scans, b) under UV lamp, c) emission spectra of 10 -5 M Ir(pphen) 2 (mVbpy) in CH 3 CN (orange trace), poly-Ir on FTO electrode after 15 scans (brown trace) and poly-Ir on FTO electrode after 50 scans (pink trace). l exc = 450 nm.

  photoexcitation and electrochemistry.

Figure 3 .

 3 Figure 3.9. a) ECL intensity during a potential scan at 0.05 V s -1 and b) ECL emission spectrum of 1 mM CH 3 CN solution of Ir(pphen) 2 (mVbpy) upon addition of 10 mM TPrA at a GC electrode; c) ECL intensity during a potential scan of poly-Ir film on FTO electrode at 0.05 V s -1 and d) ECL response obtained during a continuous potential scan between +1.25

33 IrCl 3 •

 333 spectrometry measurements and element analysis measurements were performed in the Department of Chemistry, University of Strasbourg. NMR measurements were performed in Institut de Science et d'Ingénierie Supramoléculaires (ISIS), University of Strasbourg. Synthetic Procedure Ir 2 (pphen) 4 (µ-Cl) 2The Ir(III) dimer, [Ir 2 (pphen) 4 (µ-Cl) 2 ], was prepared by a former group member following a similar procedure as reported by Nonoyama32 and used by the former group in another publication. xH 2 O and 2-2.5 equivalent of the corresponding C^N ligand (pphen) were heated at 140 ºC for 18 h under nitrogen in a 2-ethoxyethanol/water mixture (3:1, v/v). After cooling to room temperature, the precipitate was filtered off and successively washed with water, methanol and diethylether. The solid was used without further purification. Dimers [Ir 2 (C^N) 4 (µ -Cl) 2 ], (C^N = pq, piq) were synthesised following the procedures described in the literature.

Figure 4 . 1 .

 41 Figure 4.1. Tris(2,2ʹ -bipyridine)ruthenium(II) (Ru(bpy) 3 2+ ) on the left, nitrogen-doped carbon nanodots (NCNDs) in the middle and methylated-NCNDs (mNCNDs) on the right.

  Figure 4.2dg). From the full-scan XPS spectrum of NCNDs (Figure 3.2e), C, N, O atoms were detected with peaks at 286.8 eV (C1s), 400.33 eV (N1s), and 532.34 eV (O1s), respectively. To determine the C and N configurations, a detailed peak fitting analysis was performed (Figure 4.2f-g). The C1s XPS spectrum can be deconvoluted into five surface components corresponding to sp 2 (C=C) at 284.5 eV, sp 3 (C-C, and C-H) at 285.5 eV, C-O/C-N at 286.2 eV, C=O/C=N at 288.3 eV, as well as COOH at 290.5 eV. The N1s spectrum can be deconvoluted into four peaks centered at 398.3, 399.6, 400.5, and 401.9 eV corresponding to C=N, NH 2 , C-N-C and N-C 3 respectively. The presence of amino groups on their surface, in an estimated concentration of 1350 µmol/g (based on Kaiser test), can allow easy insertion of interesting molecules through standard organic chemistry procedures.

Figure 4 .

 4 Figure 4.2. a) Tapping mode AFM images of NCNDs (1.7 x 1.7 µm) on a mica substrate; b) Height profiles NCNDs; c) size histograms of NCNDs with curves fit to the data using a Gaussian model; d) FTIR spectra of NCNDs; b) XPS survey of NCNDs; c) deconvoluted C1s spectra of NCNDs; d) deconvoluted N1s spectra of NCNDs.

Figure 4 . 3 .

 43 Figure 4.3. Photograph of colorimetric Kaiser Test of NCNDs (left) and mNCNDs (right).

Figure 4 . 4 .

 44 Figure 4.4. a) UV-Vis absorption spectra of NCNDs in water; b) FL spectra of NCNDs in water (298 K) at different excitation wavelengths.

Figure 4 . 5 .

 45 Figure 4.5. a) UV-Vis absorption spectra of mNCNDs in water; b) FL spectra of mNCNDs in water (298 K) at different excitation wavelengths.

Figure 4 . 6 .

 46 Figure 4.6. Cyclic Voltammetry of 1 mg/mL NCNDs (black dashed trace) and of Ferrocene: NCNDs 1:1 mg/mL (red trace) in DMF solution using 0.1 M TBAPF 6 as supporting electrolyte on GC. Scan rate 0.1 V s -1 , SCE as reference electrode and platinum wire as counter electrode.

Figure 4 . 7 .

 47 Figure 4.7. Cyclic Voltammetry of a) 1 mg/mL NCNDs (black trace), 1mg/mL phenethylamine (brown trace 1 mg/mL), benzylamine (green trace), b) 1 mg/mL quinolone (pink trace), 1 mg/mL piperidine (blue trace), 1 mg/mL aniline (dark yellow trace), in DMF using TBAPF 6 as supporting electrolyte on GC. Scan rate 0.1 V s -1 .

Figure 4 . 7 .

 47 Figure 4.7. Cyclic Voltammetry of 1 mg/mL mNCNDs (red trace), 1mg/mL phenetylamine (brown trace), 1 mg/mL Tripropylamine (pink trace) in DMF using TBAPF 6 as supporting electrolyte on GC. Scan rate 0.1 V s -1 .

Figure 4 . 8 .

 48 Figure 4.8. a) CVs of 1 mg/mL NCNDs in DMF, b) CVs of 1 mg/mL mNCNDs in DMF, using 0.1 M TBAPF 6 as supporting electrolyte and GC as working electrode, SCE as reference electrode and platinum as counter electrode. Scan rate from 0.05 V s -1 to 1 V s -1 . i p vs v 1/2 of c) CVs of NCNDs and d) CVs of mNCNDs.

3 2+

 3 Since Ru(bpy) 32+ and NCNDs have almost the same HOMO values (-6.1 and -5.7 eV respectively),21,45 both species can be oxidised at the electrode surface upon applying a positive voltage (Figure4.10).

Figure 4 . 9 .

 49 Figure 4.9. Schematic diagram showing the general principle of Ru(bpy) 3 2+ electrochemiluminescence using NCNDs as co-reactant.

Figure 4 . 3 2+/

 43 Figure 4.10. a) CV (upper part) and ECL (bottom part) potential curves of 0.1 mM Ru(bpy) 3 2+ (black curves) and Ru(bpy) 3 2+ /NCNDs system (red curves) in PBS (pH=7.4) on GC electrode. Scan rate 0.05 V s -1 ; b) ECL intensity during a potential scan of 0.1 mM PBS solution of Ru(bpy) 3 2+ upon addition of different concentration of NCNDs; c) ECL responses of Ru(bpy) 3 2+/NCNDs (red trace) system obtained during a continuous potential scan between +1.1 V and -0.9V. (16 cycles under scan rate 0.05 V s -1 ).

Figure 4 . 11 .

 411 Figure 4.11. ECL proposed mechanism for Ru(bpy) 3 2+ /NCNDs system.

Figure 4 .

 4 Figure 4.12. a) ECL emission of Ru(bpy) 3 2+ enhanced by 0.1 mg/mL NCNDs (red trace), 0.1 mg/mL mNCNDs (green trace) and 20 mM TPrA (black trace); b) ECL intensity during a potential scan of Ru(bpy) 3 2+ 0.1 mM PBS solution upon addition of different concentration of mNCNDs (0.002-0.1 mg/mL); c) ECL responses of Ru(bpy) 3 2+ /mNCNDs system obtained during a continuous potential scan between +1.1 V and -0.9 V. (20 cycles under scan rate 0.05 V s -1 ).

35

 35 

Figure 4 . 13 .

 413 Figure 4.13. Linear fitting of I 0 /I versus the concentration of EP when a) NCNDs and b) mNCNDs are employed as coreactant in the concentration of 0.1 mg/mL. Error bars are of the same size of the square symbol for b).

A

  Photophysical Measurements

  For example, Cui et al. reported a strong quenching effect of gold nanoparticles on the PL and ECL intensities of ruthenium-decorated nanoparticles compared to those of the isolated complex, as shown in Figure5.1b.6 

Figure 5 .

 5 Figure 5.1. a) ECL profiles of a Ru(bpy) 3 2+ (black line) and Ru(bpy) 3 2+ covalently doped silica nanoparticles (red line) solutions at the same optical density of ruthenium complex (2•10 -5 M). Reprinted from reference (7) b) photoluminescence spectra of Ru(bpy) 2 (NH 2 -phen) 2+ (red trace) and AuNPs synthesized with Ru(bpy) 2 (NH 2 -phen) 2+ (blue trace). Reprinted from reference (6)

Figure 5 . 2 .

 52 Figure 5.2. Covalently linked ruthenium-NCNDs nanoconjugate on the top and covalently linked iridium-NCNDs nanoconjugate on the bottom.

  3), respectively. These values suggest the presence of c.a. 3 ruthenium complexes and c.a. 2 iridium complexes for each dot and was found in accordance to the ICP-MS measurements (details in experimental section 5.4).

Figure 5 . 3 .

 53 Figure 5.3. Representative TEM image of a) Ru-NCNDs and b) Ir-NCNDs hybrid drop-casted on a lacey carbon grid; c-d) Size histograms with curve fit to the data using a Gaussian model for each hybrid, respectively.

Figure 5 .

 5 Figure 5.4. a) FT-IR spectra of NCNDs (black trace), Ru-COOSu (grey trace) and Ru-NCNDs (red trace); b) zoom of the spectra in the region 1900-1400 cm -1 .

Figure 5 .

 5 Figure 5.5. a) FT-IR spectra of NCNDs (black trace), Ir-COOH (blue trace) and Ir-NCNDs (green trace); b) zoom of the spectra in the region 1900-1200 cm -1 .

  figures 5.6 and 5.7.

Figure 5 . 6 .

 56 Figure 5.6. UV-Vis absorption spectra of a) Ru(bpy) 3 2+ (grey trace), NCNDs (black trace) and Ru-NCNDs (red trace), b) Ir-COOH (blue trace), NCNDs (black trace) and Ir-NCNDs (green trace), in ProCellÒ solution. (Metal complexes concentration: 10 -5 M).

Figure 5 . 7 .

 57 Figure 5.7. PL emission spectra of a) Ru(bpy) 3 2+ (grey trace), NCNDs (black trace) and Ru-NCNDs (red trace), l exc =340 nm, b) Ir-COOH (blue trace), NCNDs (black trace) and Ir-NCNDs (green trace), l exc =380 nm, in ProCellÒ solution.

Figure 5 . 8 .

 58 Figure 5.8. Anisotropy of Ru-NCNDs (red dots), Ir-NCNDs (green dots) and NCNDs (blue dots) in Ethylene Glycol at room temperature.

Figure 5 . 9 .

 59 Figure 5.9. CVs of Ru-NCNDs (red trace), NCNDs (black trace, 1 mg/mL) and Ru(bpy) 3 2+ (grey traces) at the same concentration of chromophores (0.26 mM) in 0.1 M TBAPF 6 DMF solution. Scan rate 0.1 V s -1 , potential referred to SCE at room temperature using platinum wire as counter electrode.

Figure 5 .

 5 Figure 5.10. a) CVs of Ru(bpy) 3 2+ , b) CVs of Ru-NCNDs at the same concentration of chromophores (0.26 mM) in 0.1 M TBAPF 6 DMF solution and GC (1 mm) as working electrode. Scan rate from 0.05 V s -1 to 1 V s -1 ; i p vs v 1/2 of c) CVs of Ru(bpy) 3 2+ and d) CVs of Ru-NCNDs. e) table reporting the diffusion coefficients (D, cm/s) calculated by using Randles-Sevcik equation for Ru(bpy) 3 2+ and Ru-NCNDs.

Figure 5 . 11 .

 511 Figure 5.11. CVs of Ir-NCNDs (green trace), NCNDs (black trace, 1 mg/mL) and Ir-COOH (blue traces) at the same concentration of chromophores (1 mM) in 0.1 M TBAPF 6 DMF solution. Scan rate 0.1 V s -1 , potential referred to SCE at room temperature using platinum wire as counter electrode.

Figure 5 .

 5 Figure 5.12. a) CVs of Ir-COOH, b) CVs of Ir-NCNDs at the same concentration of chromophores (1 mM) in 0.1 M TBAPF 6 DMF solution and GC (1 mm) as working electrode. Scan rate from 0.05 V s -1 to 1 V s -1 ; i p vs v 1/2 of c) CVs of Ir-COOH and d) CVs of Ir-NCNDs. e) table reporting the diffusion coefficients (D, cm/s) calculated by using Randles-Sevcik equation for Ir-COOH and Ir-NCNDs.

  on the Ru(bpy) 3 2+ /TPrA system in aqueous solution, for a concentration 10 µM Ru(bpy) 3 2+ , two waves at +0.93 V and +1.18 V vs Ag/AgCl (1M KCl) are observed in the grey trace in figure 5.13a, both contributing to the generation of the excited state of Ru(bpy) 3 2+ . According to the oxidativereduction mechanism I in Figure 5.13c, the first wave involves the electrochemical oxidation of TPrA to TPrA •+ , which then oxidizes Ru(bpy) 3 + to Ru(bpy) 3 2+ *. This latter species then decays to the ground state with emission of a photon. The second wave is instead ascribed to the classic oxidative-reduction mechanism II that occurs when electrogenerated Ru(bpy) 3 3+ reacts with TPrA • (Figure 5.13d). Ir-COOH behaves likewise,

Figure 5 . 13 .

 513 Figure 5.13. ECL Intensities recorded during a CV in Procell of a) Ru(bpy) 3 2+ (grey trace) and Ru-NCNDs (red trace), b) Ir-COOH (blue traces), Ir-NCNDs (green traces), using GC as working electrode. (Metal complexes concentration: 10 -5 M). Potential scan rate 0.05 V s -1 . c) Mechanism I and d) Mechanism II reported by Bard et al. 31 for the system Ru(bpy) 3 2+ /TPrA in aqueous solution containing Ru(bpy) 3 2+ in low concentration.

Figure 5 . 14 .

 514 Figure 5.14. ECL Intensities in time in Procell of a) Ru(bpy) 3 2+ (grey trace) and Ru-NCNDs (red trace), b) Ir-COOH (blue traces), Ir-NCNDs (green traces), using GC as working electrode. (Metal complexes concentration: 10 -5 M). Pulse at +1.4 V for 1 s.

Figure 5 . 15 .

 515 Figure 5.15. ECL emission spectra in Procell of a) Ru(bpy) 3 2+ (grey trace) and Ru-NCNDs (red trace), b) Ir-COOH (blue traces), Ir-NCNDs (green traces), using GC as working electrode. (Metal complexes concentration: 10 -5 M).

Figure 5 .

 5 Figure 5.16. a) Absorption spectra at MLCT of Ru(bpy) 3 2+ (black trace) and Ru-NCNDs (blue trace) in PBS at the same concentration of chromophore (0.1 mM); b) ECL intensity during a potential scan of a PBS solution (pH=7.4) of Ru(bpy) 3 2+ (black trace), upon addition of 0.1 mg/mL of NCNDs (red trace) and of Ru-NCNDs (blue trace). (Metal complexes concentration: 10 -4 M). Scan rate 0.05 V s -1 . Potential referred to Ag/AgCl (KCl sat.) at room temperature.

Figure 5 . 17 .

 517 Figure 5.17. Schematic representation of a) Ir-COOH and b) Ir-NCNDs immobilization onto gold electrodes; c) ECL Intensities recorded during a CV in PBS/ Triton X 100/ TPrA 10 mM of Ir-NCNDs (green trace) and Ir-COOH (black traces) after immobilization. Scan rate 0.05 V s -1 .

2 )

 2 From the ratio between the concentration (!) of NCNDs in the sample and the mass (") of one NCNDs it was calculated the number (N o ) of NCNDs in the Ru-NCNDs nanohybrid: 9,99<=•39 >? 3,@A•39 >BC = 4,7 • 10 3= N o of NCNDs in Ru-NCNDs (5.3) 9,92E•39 >? 3,@A•39 >BC = 1,8 • 10 3@ N o of NCNDs in Ir-NCNDs (5.4) The number (N o ) of Ru in the Ru-NCNDs and Ir in the Ir-NCNDs nanohybrid was calculated as follow: F • G H = I J (5.5) 2,3 • 10 1E • 6,022 • 10 2) = 1,4 • 10 3@ N o of Ru in Ru-NCNDs (5.6) 5,5 • 10 1E • 6,022 • 10 2) = 3,4 • 10 3@ N o of Ir in Ir-NCNDs (5.7)

Figure 5 .

 5 Figure 5.18 illustrates the fabrication process of the modified electrodes. Gold working electrodes (2 mm in diameter) were polished repeatedly with 0.3 and 0.05 mm alumina slurry, followed by sonication in acetone, ethanol and distilled water (5 min each) and dried in air. The electrodes were then modified in two different ways: in order to graft Ir-COOH on the gold surface, the electrode was treated with a 1 mM ethanol solution of 11-Amino-1-undecanethiol. and for the Ir-NCNDs with a 1 mM ethanolic solution of 16 mercaptodecanodic acid for 48 hours. Electrodes were then washed in PBS at pH 7.4, then the carboxy-terminated parts were immersed in a mixture of EDC and NHS (1:3) PBS solution for approximately 15 minutes at room temperature (Ir-COOH and SAM for Ir-NCNDs). Following activation, the electrode was immersed in activated Ir-COOH or Ir-NCNDs PBS solution ([Ir]=10 -4 M) for approximately 1 hour at 37°C. Each electrode was then washed with PBS at 0.05% v/v (called PBS tween), three times and PBS three times.

Figure 5 . 18 .

 518 Figure 5.18. Schematic representation of modified Ir-COOH and modified Ir-NCNDs electrodes.

ElectrochemiluminescenceA

  custom system was used for ECL characterization, consisting of an electrochemical cell based on a glassy carbon (Tokai Inc.) disk electrode (3 mm diameter) WE, closely facing (a few millimetres) the photomultiplier tube (PMT, Hamamatsu, H10723-01, Japan) detector controlled by a PGSTAT101 Autolab electrochemical workstation (Metrohm, The Netherlands). The RE was an Ag/AgCl (1M KCl) by CHI-Instruments, separated from the catholyte by a glass frit. A platinum wire served as the CE. For potentiodynamic measurements (cyclic voltammetry), the solution was scanned at 0.05 V/s from +0.5 V to +1.45 V. In chrononamperometric experiments, the pulsing potential was set at +1.4 V vs Ag/AgCl (1M KCl), with 1 s the pulse width. The transients and the faradic currents were managed by using the software NOVA provided with the Autolab unit. The ECL spectrum was acquired using a calibrated electron multiplying charge couple device (EM-CCD) camera (A-DU970N-UVB Andor technology, Newton EM-CCD) coupled with a Shamrock 163 spectrograph (Andor Technology). The relative ECL intensity of the complexes is compared to Rubpy, (I/I Ru ), where I is the integrated signal of the complex for 1s and I Ru is the integrated signal of Rubpy under the same conditions. The I values are the average of three different measurements. The working electrode was mechanically cleaned before each run as above mentioned for the electrochemical measurements. A Ru(bpy) 2 PF 6 solution (10 -5 M in Procell) was used as reference.

1

 1 Cardiac Biomarkers: Troponin I, the gold standard Cardiovascular disease (CVD) is a major cause of human death in both developing and developed countries. According to the World Health Organization (WHO) an estimated 17.5 million (30%) of all global deaths in 2005 are associated with CVD and it is estimated that by 2015, CVD may be the leading cause of death in the developing countries. 1
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Figure 6 . 1 .

 61 Figure 6.1. Components of the Troponin Complex. Three subunits: Troponin I (TnI), Troponin C (TnC and Troponin T (TnT) interact with Tropomyosin located along the Actin filaments on the striated muscles. Image reprinted from reference (8).

Figure 6 .

 6 Figure 6.2. a) Voltage and current in phase through a resistor; b) Voltage and current out-of-phase (p/2) through a capacitor.

Figure 6 .

 6 Figure 6.3. a) Randles equivalent circuit for a simple electrochemical system; b) Nyquist plot arising from the Randles circuit.

Figure 6 . 4

 64 Figure 6.4 illustrates the combinations of capture antibody and detection antibody (Ir-MAb) that have been used for the fabrication of cTnI electrochemical immunoassay. Details on the preparation are reported in experimental Section 6.5. Capture antibodies have been linked to the gold surface through self-assembled monolayers (SAM) of alkane thiols (16-MHDA, see Experimental Section 6.5).

Figure 6 . 4 .

 64 Figure 6.4. Schematic representation of fabricated immunoassays for the detection of cTnI.

Figure 6 .

 6 Figure 6.5. a) Cyclic Voltammetry of the ECL biosensor at different concentration of cTnI: green trace 1 ag/mL, red trace 1 ng/mL and black trace 1 μg/mL; Scan rate 0.1 V s -1 b)Table reporting the charge passed during the reduction

Figures 6 .

 6 6 to 6.9 present confocal luminescence images of the 20b3/228/19c7 antibody modified electrodes after exposure to suspensions of Troponin at concentrations ranging from 1ag/mL to 1mg/mL, following labelling with Ir-MAb for 1 hour at 37°C. Troponin was successfully captured and labelled with all three Ir-MAb, and as illustrated in Figures 6.6 to 6.9, the surface concentration depends on the concentration in suspension. In agreement with the electrochemical studies presented in Figure6.5, an increase in surface coverage with increasing cTnI concentration is observed. Beneficially, a wide range of surface coverages over which the electrochemical response can be measured is presented.In Particular, when Ir-19c7 is used as detection antibody, the confocal images in Figure6.6 and 6.7 show increasing fluorescent intensity of Ir-COOH after incubation with increasing concentrations of captured troponin for both the MAb-20B3 and MAb-228 functionalized electrode surface. In particular, the fluorescence intensity profile of 1 ng cTnI/Ir-19C7 electrode showed approximately a 30 % increase for the in-house generated MAb-20B3 compared to the Hytest MAb228 capturing antibody surface. This significant increasing fluorescence intensity is an indication of the high capture efficiency of the inhouse generated antibody and demonstrates its capability as an imperative biomarker of cTnI.

Figure 6 . 6 .

 66 Figure 6.6. Confocal Images of the couple 1 (concentrations 1 ag/mL-1mg/mL). Scale bar 20 μm. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

Figure 6 . 7 .

 67 Figure 6.7. Confocal Images of the couple 2 (concentrations 1 ag/mL-1ng/mL). Scale bar 20 μm. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

Figure 6 . 8 .

 68 Figure 6.8. Confocal Images of the couple 3 (concentrations 1 ag/mL-1ng/mL). Scale bar 20 μm. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

Figure 6 . 9 .

 69 Figure 6.9. Confocal Images of the couple 4 (concentrations 1 ag/mL-1ng/mL). Scale bar 20 μm. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

Figure 6 . 10 .

 610 Figure 6.10. Confocal Images of the control experiments (monolayer, capture antibody and detection antibody when cTnI complex is absent). Scale bar 20 μm. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

Figure 6 . 11 .

 611 Figure 6.11. Equivalent circuit model representing the cTnI immunoassays.

Figure 6 . 12 .

 612 Figure 6.12. Nyquist plots of a) 20b3_cTnI_19c7-Ir and b) 228_cTnI_19c7-Ir bound to modified gold electrodes with the concentration of cTnI systematically varied from 1 ag/mL to 1 ng/mL in 1 mM DPBS (N=3). The frequency range was between 0.01 and 100000 Hz; the ac amplitude was 25 mV amplitude and the dc potential set to the open circuit potential. Linear regression of R ct c) 20b3_cTnI_19c7-Ir and d) 228_cTnI_19c7-Ir.

Figure 6 . 13 .

 613 Figure 6.13. Nyquist plots of a) 19c7_cTnI_20b3-Ir and b) 19c7_cTnI_228-Ir bound to modified gold electrodes with the concentration of cTnI systematically varied from 1 ag/mL to 1 ng/mL in 1 mM DPBS (N=3). The frequency range was between 0.01 and 100000 Hz; the ac amplitude was 25 mV amplitude and the dc potential set to the open circuit potential. Linear regression of R ct c) 19c7_cTnI_20b3-Ir and d) 19c7_cTnI_228-Ir.

Figure 6 . 14 .

 614 Figure 6.14. Dependence of ECL Intensity on the cTnI concentration a) for high concentration of Ir-MAb (850 ng/mL to 1 ng/mL) and b) for low concentration (10 ng/mL to 1 ag/mL) of couple 1. Measurements carried out upon addition of 100 µM TPrA as co-reactant in 0.33 mM Triton-X 100 PBS solution. Ag/AgCl as reference electrode and a Pt wire as counter electrode. Scan rate 0.1 V s -1 . For clarity, not all the ECL curves for each concentration are shown.

Figure 6 .

 6 Figure 6.15. a) mechanism involving the oxidation of TPrA (mechanism I); b) mechanism involving the simultaneous oxidation of the system Ir-COOH/TPrA in aqueous solution containing the iridium complex at low concentration.

Figure 6 .

 6 Figure 6.16 shows the dependence of ECL intensity on the log[cTnI] over the entire concentration range of couple 1. From this plot the K D (dissociation constant) value of

Figure 6 .

 6 Figure 6.16. a) Dependence of the ECL Intensity Area on log[cTnI] (full range concentration) and linear regression of the two different zone of concentration. The error bars are comparable to, or smaller, than the size of the symbols; b) linear regression of the low concentration range data (1 ag/mL -1 ng/mL).

MAb19c7 (epitope region 41 -Figure 6 .

 416 Figure 6.16 illustrates the fabrication process of the cTnI electrochemical immunoassay. A Gold working electrode (Au, 2 mm in diameter) was polished repeatedly with 0.3 and 0.05 mm alumina slurry, followed by successive sonication in acetone, ethanol and distilled water for 5 min and dried in air. The electrodes were then modified with a thiol C16 monolayer by immersion in a 1 mM ethanolic solution of 16-mercaptohexadecanoic acid for 48 hours (step 1 Figure 6.17). Electrodes were then washed in phosphate buffered saline (PBS), pH 7.4, before being immersed in a mixture of EDC and NHS (1:3) DPBS solution for approximately 15 minutes at room temperature (step 2 Figure 6.17).

Figure 6 . 17 .

 617 Figure 6.17. Schematic representation of immunoassay fabrication.

  Photophysical Measurements

  measure such quantity with no influences exerted by other phenomena (mainly related to short-term changes in source intensity), a double-beam UV-Vis spectrophotometer is used. A schematic diagram of a double-beam UV-Vis spectrometer is shown in Figure7.1. The monochromator selects a particular wavelength from the light source, which is split into two separate beams. These two beams (I 0 ) are guided through the sample containing and through the pure solvent (reference) using optically transparent cells (generally quartz cuvettes). The intensity of two beams is compared to give respective absorbances.

Figure 7 . 1 . 1 )

 711 Figure 7.1. Schematic description of a double beam spectrophotometer.

  nonuniform spectral output of the light sources and the wavelength-dependent efficiency of the monochromators and detector tubes. The polarization or anisotropy of the emitted light can also affect the measured fluorescence intensities because the efficiency of gratings depends on polarization. Emission spectra recorded on different instruments can be different because of the wavelength-dependent sensitivities of the instruments. Figure 7.2 shows a schematic diagram of a Fluorolog 3 spectrometer. In this thesis, 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 as a source of exciting light which passes through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference detector and to the sample.

Figure 7 . 2 .

 72 Figure 7.2. Schematic representation of the fluorescence spectrophotometer Fluorolog 3 model FL3-12 from Horiba Scientific (source: www.horiba.com).

Figure 7 . 3 .

 73 Figure 7.3. Schematic representation of an integrating sphere (IS) for measuring absolute luminescence quantum yields.MC stands for monochromator, and BT-CCD is a back thinned CCD. The number of photons absorbed is proportionalto the difference of the integrated excitation light profiles, while the number of photons emitted is proportional to the area under its fluorescence spectrum.3 

Figure 7 . 4 .

 74 Figure 7.4. Electronic schematic for TCSPC.4

Figure 7 . 5

 75 Figure 7.5 Schematic representation of a SEM setup.

Figure 7 .

 7 Figure 7.6 shows a simplified setup of a wide-field fluorescence microscope (left) and a laser scanning confocal microscope (right).

Figure 7 . 6 .

 76 Figure 7.6. Simplified setup of a widefield fluorescence microscope (left) and schematic representation of a Laser Scanning Confocal Microscope (right) adapted from www.zeiss.com.

Figure 7 . 7 .

 77 Figure 7.7. Schematic representation of a TEM setup.

  connecting an electrochemical potentiostat to an electrochemical cell. The cell contains a sample solution and three electrodes: working electrode (WE), reference electrode (RE) and counter electrode (CE). A cyclic voltammogram is obtained by applying the working electrode potential swept linearly between two voltages at a fixed rate. Figure 8 shows the cyclic voltammogram. As the potential is swept back and forth, it crosses the formal potential, E 0 , of an analyte and a current flow through the electrode that either oxidizes or reduces the analyte.

Figure 7 . 8 .

 78 Figure 7.8. Example of cyclic voltammogram.

Figure 7 . 9 .

 79 Figure 7.9. Variation of current in potentiostatic method.

Figure 3 .

 3 Figure 3. a) Pt-Amide structure; b) Pt-PEG structure; c) Pt-2PEG structure; d) ECL spectra during a potential scan of physical transfer of Pt-Amide (blue trace), Pt-PEG (brown trace) and Pt-2PEG (red trace) onto screen printed electrodes, using 10 mM C 2 O 4 2as co-reactant and 0.1 M LiCLO 4 as supporting electrolyte. Scan rate 0.05 V s -1 . Ag/AgCl as reference electrode and Pt wire as counter electrode.

Figure 4 . 3 2+(

 43 Figure 4. a) ECL intensity during a potential scan of 10 -5 M water solution of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) using 0.1 M LiCLO 4 as supporting electrolyte, upon addition of 10 mM of Na 2 C 2 O 4 . Scan rate 0.05 V s -1 . GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode; b) ECL Intensities in time of Ru(bpy) 3 2+ (red trace) and Pt-2PEG (blue trace) in 0.1 M LiClO 4 water solution using 10 mM of Na 2 C 2 O 4 as co-reactant. GC as working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode. Pulse at +1.4 V.

Figure 5 .

 5 Figure 5. a) [Ir(pphen) 2 (mVbpy)] structure; b) photophysical properties of the complex in acetonitrile (aerated and degassed solution); c) electropolymerization of the complex in 0.1 TBAPF 6 acetonitrile solution on FTO electrode. Scan rate 0.1 V s -1 ; d-e) electropolymerized layer of the complex on FTO (left) and under UV-vis irradiation (right); f) ECL intensity during a potential scan of poly-Ir film on FTO electrode during a potential scan between +1.6 V and 0 V upon addition of 10 mM TPrA as co-reactant. Scan rate 0.05 V s -1 .

Figure 6 .

 6 Figure 6. a) Tris(2,2ʹ-bipyridine)ruthenium(II) (Ru(bpy) 3 2+ ), nitrogen-doped carbon nanodots (NCNDs) in the middle and methylated-NCNDs (mNCNDs) on the left; b) ECL emission of Ru(bpy) 3 2+ enhanced by 0.1 mg/mL NCNDs (red trace), 0.1 mg/mL mNCNDs (green trace) and 20 mM TPrA (black trace). GC electrode (d= 3 mm), potential referred to Ag/AgCl (KCl sat.) at room temperature. Platinum wire as counter electrode; c) ECL responses of Ru(bpy) 3 2+ /mNCNDs system obtained during a continuous potential scan between +1.1 V and -0.9 V (20 cycles under scan rate 0.05 V s -1 ). GC electrode (d= 3 mm), potential referred to Ag/AgCl (KCl sat.) at room temperature. Platinum wire as counter electrode; d) Linear fitting of I 0 /I versus the concentration of EP when mNCNDs are employed as coreactant in the concentration of 0.1 mg/mL. Error bars are of the same size of the square symbol.

Figure 7 .

 7 Figure 7. a) Covalently linked Ru(bpy) 3 2+ -NCND nanoconjugate on the top, and covalently linked Ir-COOH-NCND nanoconjugate on the bottom; b) Normalized emission spectra of Ru-NCNDs (red trace), Ru(bpy) 3 2+ (grey trace) and NCNDs (black trace) in Procell® solution (l exc = 340 nm); c) Normalized emission spectra of Ir-NCNDs (green trace), Ir-COOH (blue trace) and NCNDs (black trace) in Procell® solution (l exc = 380 nm); d) ECL intensity during a scan potential of 10 -4 M PBS solution of Ru(bpy) 3 2+ (black trace), upon addition of 0.1 mg/mL of NCNDs (red trace) and of Ru-NCNDs (blue trace) with a 10 -4 M concentration of Ru. Scan rate 0.05 V s -1 ; e) ECL Intensities recorded during a CV in PBS/ Triton X 100/ TPrA 10 mM of Ir-NCNDs (green trace) and Ir-COOH (black traces) after immobilization onto gold electrodes. Scan rate 0.05 V s -1 .
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1.2.2 Co-reactant ECL Of

  more interest for practical applications, the use of co-reactants was considered a real turning in the history of ECL. Compared with ion annihilation ECL which requires strict conditions, co-reactant ECL is more comfortable for work not only in aqueous media and in the air but also in physiological conditions (pH ~ 7.4). That is why the most of the applications of ECL are based on co-reactant ECL. Co-reactant ECL involves the simultaneous oxidation or reduction of the luminophore species, the emitter, with a helping reagent, the co-reactant, in a single potential step or scan. After oxidation or reduction, coreactants form radicals as intermediates then decompose producing a powerful reducing or oxidising species. These unstable species react with the oxidised or reduced luminophore

to produce the excited state that emits light. Depending on the case, if the luminophore is first oxidised at the electrode surface and then reduced by strongly reducing intermediate, the corresponding ECL is called oxidative-reduction ECL. On the other way around, if a cathodic potential is applied and the reduced luminophore is oxidised by a strongly oxidizing intermediate, the corresponding ECL is called reductive-oxidation ECL.

  60,[67][68][69][70][71][72][73][74][75][76][77][78] 

71,103 ECL ANALYTICAL APPLICATIONS Analytical applications of ECL appeared in the literature sporadically throughout the 1970s and only really took hold in the 1980s. Over the next two decades, ECL developed rapidly and

  has emerged as a very powerful technique.1 Analytical applications are based on the fact that ECL intensity is proportional to the concentration of the ECL luminophore or the

			2,3 TPrA
	has several disadvantages, being toxic, corrosive, volatile and scarcely soluble. Moreover
	it needs to be used in high concentrations (usually up to 100 mM) to obtain good sensitivity
	resulting, eventually, in interference with the target biochemical analytes. 99 However, only
	a few co-reactants are more effective than TPrA, such as 2-(dibutylamino)ethanol
	(DBAE) 100 and N-butyldiethanolamine (BDAE). 101 Recently, N-(3-amino-
	propyl)diethanolamine (APDEA) has been explored as a potential co-reactant for
	enhancing Ru(bpy) 3	2+ ECL. 102 It is much more effective than tripropylamine at gold and
	platinum electrodes although it has one primary amine group besides a tertiary amine
	group. The ECL intensities of the Ru(bpy) 3	2+ /APDEA system are approximately 10 and 36
	times stronger than that of Ru(bpy) 3	2+ /TPrA system and about 1.6 and 1.14 times stronger
	than that of Ru(bpy) 3	2+ /BDAE system at Au and Pt electrodes, respectively. It is 2.42 times
	stronger than that of Ru(bpy) 3	2+ /BDAE at glassy carbon electrodes. 102 A special importance
	in the group of amine co-reactants has β-nicotinamide adenine dinucleotide reduced salt
	(NADH). 23 Namely, it was found that NADH oxidises to NADH + which deproptonates
	forming highly reducing species NAD concentration of co-reactant. If ECL experiments are carried out in the presence of high
	and constant concentrations of co-reactant, ECL intensity will linearly depends on the
	concentration of ECL emitter in a wide dynamic range. Alternatively, if the experiments
	are running in the presence of constant emitter concentration, ECL signal will show
	dependence on co-reactant concentration.

• . On the other hand, βnicotinamide adenine dinucleotide (NAD + ) has aromatic structure and do not undergo electochemiluminescent reaction. For this reason, ECL is used for detection of NADH, especially in enzymatic systems where NADH is produced from NAD + .

Application in CE, HPLC and FIA systems ECL

  can be easily integrated in analytical systems such as capillary electrophoresis (CE),

	high performance liquid chromatography (HPLC) and flow injection analysis (FIA). The
	analytes or its derivatives should behave like an ECL co-reactant which often means to
	have secondary or tertiary amine groups with an α-carbon hydrogen so that efficient ECL
	can be produced in the presence of Ru(bpy) 3	2+ . Because tertiary amines can produce
	sensitive ECL responses, a lot of efforts have been made to introduce such groups to
	initially less or non-ECL sensitive analytes such as amino acids and fatty acids. 104,105

This doctoral dissertation aims to develop new hybrid materials for ECL applications. Particular attention is paid to the ECL properties of metal complexes, based on Platinum(II) and Iridium(III), and a new class of co-reactant based on Amino-Rich Carbon Nanodots,

  

	give ECL emission upon aggregation, giving rise to a phenomenon called Aggregation-Induced ECL (AIECL). In Chapter 3, the synthesis of a cyclometalated iridium(III) complex bearing an ancillary Ru(bpy) 3 2+ , permitting a detection of lower quantities of antigen in blood samples with a not expensive, fast and not harmful to the environment method. 42 (11), 4059. (79) Bertoncello, P.; Stewart, A. J.; Dennany, L. Anal. Bioanal. Chem. 2014, 406, 5573. (80) Amelia, M.; Lincheneau, C.; Credi, A. Chem. Soc. Rev. 2012, 41, 5728. 19, 7059. (103) Sentic, M.; Arbault, S.; Goudeau, B.; Manojovic, D.; Kuhn, A.; Bouffier, L.; Sojic, 1.7 (62) Li, C.; Wang, S.; Huang, Y.; Zheng, B.; Tian, Z.; Wen, Y.; Li, F. Dalt. Trans. 2013, (63) Reid, E. F.; Cook, V. C.; Wilson, D. J. D.; Hogan, C. F. Chem. A Eur. J. 2013, 19, (81) Wu, P.; Hou, X.; Xu, J.; Chen, H. Chem. Rev. 2014, 114, 11027. N. Chem. Commun. 2014, 50, 10202.
	ligand able to electropolymerise is presented with its photophysical and electrochemical 15907. (82) Myung, N.; Bae, Y.; Bard, A. J. Nano Lett. 2003, 3 (8), 1053. (104) Morita, H.; Konishi, M. Anal. Chem. 2003, 75 (4), 940.
	properties. A simple way based on electropolymerisation to fabricate ECL solid state (64) Canty, P.; Väre, L.; Håkansson, M.; Spehar, A. M.; Papkovsky, D.; Ala-Kleme, T.; (83) Liu, X.; Jiang, H.; Lei, J.; Ju, H. Anal. Chem. 2007, 79 (21), 8055. (105) Li, J.; Yan, Q.; Gao, Y.; Ju, H. Anal. Chem. 2006, 78 (8), 2694.
	emitters is presented in its proof of concept. In particular, the ability of electropolymerizing Kankare, J.; Kulmala, S. Anal. Chim. Acta 2002, 453 (2), 269. (84) Rampazzo, E.; Bonacchi, S.; Genovese, D.; Juris, R.; Marcaccio, M.; Montalti, M.; (106) Zhao, X.; You, T.; Liu, J.; Sun, X.; Yan, J.; Yang, X.; Wang, E. Electrophoresis
	onto an electrode surface gives as result the formation of an emitting polymeric solid layer (65) Chen, Z.; Wong, K. M.; Kwok, E. C.; Zhu, N.; Zu, Y.; Yam, V. W. Inorg. Chem. Paolucci, F.; Sgarzi, M.; Valenti, G.; Zaccheroni, N.; Prodi, L. Coord. Chem. Rev. 2004, 25, 3422.
	that shows stability during different voltammetric cycles and high ECL emission. 2011, 50, 2125. 2012, 256 (15-16), 1664. (107) Yuan, J.; Li, T.; Yin, X.; Guo, L.; Jiang, X.; Jin, W.; Yang, X.; Wang, E. Anal. Chem.
	(66) Ding, Z.; Quinn, B. M.; Haram, S. K.; Pell, L. E.; Korgel, B. A.; Bard, A. J. Science, (85) Yu, Y.; Zhou, M.; Cui, H. J. Mater. Chem. 2011, 21 (34), 12622. 2006, 78 (9), 2934. Chapter 4 focuses on the co-reactant properties of Amino-Rich Nitrogen-doped Carbon 2002, 296 (5571), 1293. (86) Tao, Y.; Lin, Z. J.; Chen, X. M.; Chen, X.; Wang, X. R. Anal. Chim. Acta 2007, 594 (108) Pérez-Ruiz, T.; Martinez-Lozano, C.; Garcia, M. D. J. Chromatogr. A 2007, 1169, NanoDots (NCNDs). It was investigated for the first time the possibility to use carbon (67) Zhao, M.; Chen, A.-Y.; Huang, D.; Zhuo, Y.; Chai, Y.-Q.; Yuan, R. Anal. Chem. (2), 169. 151. nanodots with primary and tertiary amino functional groups, which are already known to be the best and the most used group as co-reactant for promoting Ru(bpy) 3 2+ ECL 2016, 88, 11527. (87) Miao, W.; Bard, a. J. Anal. Chem. 2004, 76 (18), 5379. (109) Forbes, G. A.; Nieman, T. A.; Sweedler, J. V. Anal. Chim. Acta 1997, 347, 289.
	generation. The system was evaluated for bioanalytical applications, reporting a simple (68) Ma, H.; Li, X.; Yan, T.; Li, Y.; Liu, H.; Zhang, Y.; Wu, D.; Du, B. Sci. Rep. 2016, (88) Zhang, L.; Dong, S. Electrochem. commun. 2006, 8 (10), 1687. (110) Li, Y.
	methodology to detect Epinephrine (EP), the important neurotransmitter studied for 6 (February), 1. (89) Zhang, L.; Dong, S. Anal. Chem. 2006, 78 (14), 5119.
	diagnosis of neurological disorders, such as the Parkinson's disease. (69) Valenti, G.; Rampazzo, E.; Bonacchi, S.; Petrizza, L.; Marcaccio, M.; Montalti, M.; (90) Qian, B. L.; Yang, X. Adv. Funct. Mater. 2007, 17, 1353.
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Table 2 .

 2 

1. Photophysical properties of Pt-Amide measured in THF and Acetone. a) ë exc =300 nm, b) Average scan

  •••Pt interactions lead to the formation of a new band in the absorption spectrum between 400 and 550 nm, assigned to a transition with 1 MMLCT character. More importantly, such assemblies are characterised by strong orange phosphorescence with longer lifetime (see data table 2.2) despite the air-equilibrated condition, which instead should promote an efficient quenching of the triplet manifold excited state by the dioxygen molecules (Figure 2.6 red trace). Such emission is indeed due to the establishment of a sizeable extent of close Pt•••Pt metallophilic interactions between neighbour molecules of Pt-PEG, 10,30-32 due to the fast -i.e., kinetically controlled -

formation of the emitting nanoparticles, as reported and demonstrated in the published work

29 

by DLS, SEM and confocal microscopy (Figure

2

.6 A).

  H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 9.04 (s, broad, 1H), 8.51 (d, J = 8 Hz, 2H), 7.62 (d,

	J = 8Hz, 2H), 4.14 (s, 2H), 3.72-3.80 (m, 6H), 3.60-3.62 (m, 2H), 3.38 (s, 3H); 13C NMR
	(CD2Cl2, 100 MHz, ppm) δ: 169.92, 151.18, 145.10, 114.28, 72.27, 72.00, 71.24, 70.94,
	70.52, 59.15. HR-ESI-MS (m/z): C 12 H 18 N 2 O 4 [M+Na] + , calcd. 277.115, found 277.115.

briefly 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (19.88 g, 111.57 mmol) and 4-aminopyridine (7.0 g, 74.38 mmol) were dissolved in 150 mL of CHCl 3 , then N,N'-dicyclohexylcarbodiimide (DCC), (23.0 g, 111.57 mmol) was added in consecutive little aliquots. During the addition, the solution warmed up and a

white precipitate was formed. The solution was stirred for one hour at room temperature then refluxed for four hours. After cooling down to room temperature, the solution was filtered and the filtrate concentrated in vacuo. The crude yellow oil was purified by column chromatography on silica gel using AcOEt to AcOEt:MeOH 9:1 obtaining the pure product as light yellow oil. Yield 12.0 g, 63%.

1 

  H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 8.6 (d, J = 6 Hz, 2H), 7.27 (d, J = 6 Hz, 2H), 3.97 (s, 2H), 3.87 (t, J = 5.5 Hz, 2H), 3.64-3.45 (m, 18H), 3.32 (s, 3H), 3.31 (s, 3H); ESI-MS (m/z): C 19 H 33 N 2 O 7 [M+H] + , calcd. 401.23, found 400.9.

	N,N-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)pyridin-4-amine (4)
	Intermediate 3 (540 mg, 1.35 mmol) dissolved in 2 mL of dry THF was stirred at 0 °C
	under nitrogen, then borane tetrahydrofuran complex solution (1 M in THF, 3 mL) was
	added slowly at 0°C and stirred overnight to RT. The reaction was quenched with careful
	addition of MeOH. After drying the crude was purified on silica with pure ethyl acetate
	then ethyl acetate MeOH 95/5. Yield 69 mg, 13%.
	Intermediate 2 (1.4 gr, 5.83 mmol) and 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid (2.07
	gr, 11.65 mmol) were dissolved in CHCl 3 (30 mL), then N,N'-dicyclohexylcarbodiimide 1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 9.07 (d, J = 7.2 Hz, 2H), 8.06 (t, J = 7.9 Hz, 1H),
	(DCC) (3.6 g, 11.65 mmol) was added in consecutive little aliquots. During the addition, 7.83 (d, J = 7.9 Hz, 2H), 6.81 (d, J = 7.2 Hz, 2H), 3.74 (s broad, 8H), 3.64-3.54 (m, 12H),
	the solution warmed up and a white precipitate was formed. The solution was then refluxed 3.50-3.45 (m, 4H), 3.31 (s, 6H); 19F NMR (CD2Cl2, 376 MHz, ppm) δ: 64.52 (s) HR-ESI-
	ovenight. After cooling down to room temperature, the solution was filtered and the filtrate MS (m/z): C 30 H 37 F 6 N 9 NaO 6 Pt [M+Na] + , calcd. 951.2313, found: 951.2366.
	concentrated in vacuo. The crude yellow oil was purified by column chromatography on

1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 8.12 (d, J = 8 Hz, 2H), 6.45 (d, J = 8 Hz, 2H), 4.74 (s, broad, 1H), 3.65-3.70 (m, 2H), 3.64-3.58 (m, 6H), 3.52-3.50 (m, 2H), 3.34-3.28 (m, 5H); 13C NMR (CD2Cl2, 100 MHz, ppm) δ: 154.01, 150.53, 108.16, 72.52, 71.02, 70.94, 69.61, 59.18, 42.86. HR-ESI-MS (m/z): C 12 H 20 N 2 O 3 [M+H] + , calcd. 241.154, found 241.115.

2-(2-(2-methoxyethoxy)ethoxy)-N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-N-(pyridin-4-yl) acetamide (3)

neutral allumina with pure DCM then DCM/MeOH 99/1. Yield 1.5 g, 64%. 1 1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 7.97 (d, J = 6.7 Hz, 2H), 6.65 (d, J = 6.7 Hz, 2H), 3.65 (s broad, 8H), 3.59-3.53 (m, 12H), 3.48-3.45 (m, 4H), 3.31 (s, 6H); ESI-MS (m/z): C 19 H 35 N 2 O 6 [M+H] + , calcd. 387.25, found 386.88 Platinum Complex: Pt-2PEG (5) According to the previous procedure, 29 in a 100 mL round bottom flask the tridentate ligand 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (250 mg, 0.71 mmol) and PtCl 2 (DMSO) 2 (302 mg, 0.71 mmol) were dissolved in 50 mL of acetonitrile, then N,Ndiisopropylethylamine (DIPEA) (249 μL, 1.43 mmol) was added and the resulting suspension stirred for 10 minutes. Compound 4 (331 mg, 0.85 mmol) dissolved in a minimum amount of MeCN was added to the solution and the resulting mixture stirred overnight at 80 °C under nitrogen. Then the solution was dried and extracted with DCM and water, the organic part is then washed with brine and dried with sodium sulfate. The residue is purified on silica pure ethyl acetate then ethyl acetate 5%MeOH. Yield 25 mg 4%.
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Table 3 . 1 .

 31 Photophysical data for Ir(pphen) 2 (mVbpy) in both aerated and degassed conditions. The measurements were performed on 10 -5 M CH 3 CN solution.

	λ abs (nm)	λ em (nm) t (ns) (χ 2 =1) PLQY (%)
	ACN (aer) 245, 364, 380, 416, 445	650	305	4
	ACN (degas)	650	2594	25

Table 3 .2. Apparent

 3 

film coverages for the reductive electropolymerisation of Ir(pphen) 2 (mVbpy) on FTO and Pt electrodes with different numbers of scan cycles at scan rate 0.1 V s -1 .

G (

nmolcm -2 ) on FTO G (nmolcm -2 ) on Pt

  

	1 st scan	1.52	0.42
	5 th scan	1.70	0.61
	10 th scan	1.85	0.95
	15 th scan	2.17	

Table 4 .

 4 

	E ox (V)

1. Electrochemical data of NCNDs, mNCNDs and different amines: E ox (V) vs SCE, 0.1 M TBAPF 6 /DMF. GC working electrode, 298 K, scan rate 0.1 Vs -1 .

Table 4 .2. Diffusion

 4 

	NCNDs

coefficients of NCNDs and mNCNDs, calculated with Randles-Sevcik equation, and of TPrA. 44 D ( cm 2 /s)

Table 5 . 1 .

 51 Photophysical data in ProCellÒ solution: a) l exc 375 nm/ l em 420 nm; b) l exc 440 nm/ l em 625 nm; c) l exc 440 nm/ l em 640 nm; d) l exc 300 nm; e) l exc 460 nm; f) l exc 380 nm.

		Lifetime / ns	PLQY / %
	NCNDs	t 1 =14.0 (2.3%) t 2 =5.1 (34%) t 3 =2.1 (63.7%) a	8 d
	Ru-COOSu	329.1 b	4 e
	Ru-NCNDs	t 1 =11.7 (11.8%) t 2 =3.6 (26.3%) t 3 =1.0 (61.9%) a	4 d,e
		363.0 b	
	Ir-COOH	734.4 c	14 f
	Ir-NCNDs	t 1 =9.9 (21.9%) t 2 =3.6 (62.7%) t 3 =1.1 (15.4%) a	12 f

Table 6 .1. cTnI

 6 

	detection limits (LOD) of immunoassays based on different types of materials using
	electrochemiluminescent detection.

Table 6 . 2 .

 62 Lifetime and anisotropy rotational time q in ns of Ir-COOH and the conjugates.

  Table reporting the charge passed during the reduction of Ir-COOH and the surface coverage for each concentration, according to equation 6.10.

Table 6 .

 6 3. R in W of gold bares modified with SAM and capture antibodies. The EIS were recorded in the presence of 1 mM DPBS at a frequency range between 0.01 Hz and 100,000 Hz using an ac amplitude of 25 mV amplitude and the dc potential set to the open circuit potential.

	Antibody (MAb) R of SAM+MAb (W)
	20b3	6800
	228	9000
	19c7	11700

  Allsurfaces were rinsed three times with DPBS (pH 7.4) to remove any non-specifically bound Ir-MAb. Luminescence images were recorded live on a Zeiss LSM510 Meta confocal microscope using a 40× oil immersion objective lens (NA 1.4) and a 488 nm argon ion laser applied for Iridium labelled antibody imaging.

	.16. Following incubation with Troponin (cTnI) concentrations
	ranging from 1ag/mL-1mg/mL and incubation with the Ir-MAb (100µg/mL stock
	concentration) conjugate for 1 hour at 37°C, the electrodes were washed thoroughly with

DPBS (pH 7.4) prior to confocal microscopy analysis. Non-specificity was also investigated by incubating gold electrodes modified with a 16-MHDA monolayer (no capture antibody) with Ir-MAb (100µg/mL stock concentration) for 1 hour at 37°C.
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Chapter 3

Solid-state ECL Films based on

Iridium(III) Complexes Abstract

Solid-state electrochemiluminescence (ECL) based on Ru(bpy) 3 2+ system has been widely explored for biosensing purposes. In order to broaden the scope of solid-state ECL, iridium(III) complexes were chosen as new ECL probes due to their outstanding luminescent properties and tunable emission wavelength. In this chapter, the synthesis of a novel electropolymerizable Ir(III) complexis reported, and its use in the facile preparation of a bright solid ECL emitting surface is described. 

Chapter 5 Transition Metal Complex-Nanoparticle

Hybrid Nanostructures for ECL

Applications Abstract

We report, for the first time, a nitrogen-doped carbon nanodots (NCNDs) covalently-linked system with transition metal complexes for ECL applications.

The preparation, as well as the morphological, photophysical and electrochemical characterizations of ruthenium and iridium complexes-NCNDs hybrids is discussed. To a deep investigation on their ECL properties, follow their evaluation as self-enhanced and multi-labels ECL platforms.

The work presented in this chapter has been accomplished with the aid of Ms. Francesca 

Summary of the Thesis

Sensitivity and reliability are fundamental requirements in bio-and medical assays. Many analytical techniques and detection methods are based on the use of fluorescence due to the sensitivity and rather inexpensive technology.

Electrogenerated Chemiluminescence (ECL) is for many applications more powerful and its use is extended also to sensing and detection of biomolecules. In ECL the light emission is generated by a process in which species generated at electrodes, with the support of a reducing or oxidizing agent, a co-reactant, undergo high-energy electron-transfer reactions to form emissive excited states. 1 Since the light intensity is usually proportional to the concentration of the emitting species, ECL has found wide application in diagnostics as a powerful analytical tool. 2,3 It offers very sensitive detection, down to sub-picomolar concentrations with an extremely wide dynamic range greater than six order of magnitude. As there is no need of light source, the system is simple and it can be easily combined with other technologies such as microfluidics and capillary electrophoresis to obtain complete detection systems. 2 In all the assay it is necessary to have a luminophore, that will report on the presence of the analyte, in the case of immunoassays, and is coupled with a redox species, a co-reactant.

The most common label for ECL has been a derivative of Ruthenium(II) tris(2,2'-bipyridyl) (Ru(bpy) 3 2+ ) because of its bright emission, an excellent stability, ideal redox properties, and the possibility to use a variety of co-reactants in combination with a positive or negative bias applied to the electrode. Recently however the need for a more sensitive label and the search of multicolor emitters for multiplex assays resulted in the investigation of different metal complexes, such as Ir(III) compounds [4][5][6] or dendrimers and small polymers that possess more than one label. 7 Concerning the co-reactant, Tri-(n)-propylamine (TPrA) is the most employed one, providing the optimum ECL signal when used in combination with Ru(bpy) 3 2+ . 8 Even in this case, it is desirable to replace TPrA, which is toxic, corrosive, volatile and needs to be used in high concentrations (usually up to 100 mM) to obtain good sensitivity. 9 This doctoral dissertation aims to develop new hybrid materials for ECL applications.

Due to its d8 electronic configuration, platinum (II) complexes have a square planar geometry, allowing them to self-assemble by non-covalent interactions such as p-p stacking (between the ligands) or metal-to-metal interactions (by the overlap of the 5d z2 orbitals). 14,15 A new electronic transition is hence formed, so-called triplet metal-metal to ligand charge transfer (MMLCT), as shown in Figure 2. This new transition results in dramatic changes in their luminescent properties. 13,16,17 

Figure 2. Simplified frontier molecular orbital showing the effect of interactions and intermolecular orbital overlap (top); Schematic representation of Pt(II) complex aggregation (bottom).

Despite the great interest in the photophysical properties of luminescent platinum (II) complexes and their assemblies, there are only few reports of their ECL properties. [18][19][20] Taking inspiration from the phenomenon of Aggregation-Induced Emission (AIE), typical for such self-assemblies, 13,17,21 we classified the ECL emission of these aggregates as

Aggregation-Induced ECL (AIECL)

, not yet reported up to now in the field.

The investigated platinum complexes, called for their chemical features Pt-Amide, Pt-PEG and Pt-2PEG (Figure 3a-b-c), display very interesting ability to emit orange phosphorescence via ECL upon aggregation (Figure 3d), which is due to the establishment of Pt•••Pt metallophilic interactions by electrical or mechanical stimuli or by spontaneous aggregation.

silicon NPs, has been investigated in the framework of ECL hybrid system with transition metal complexes as emitter. [29][30][31][32] However, carbon nanodots-based hybrid ECL system has not so far been explored.

For this purpose, in the context of the use of nanoparticles aimed to obtain ECL signal enhancement, which represents the most interesting research line for the development of the ECL technique, we investigate the use of carbon nanodots as carrier for ECL labels.

Indeed, our NCNDs presents outstanding advantages over other common nanoparticles.

Their easily functionalizable surface without the need of additional treatments after the synthesis and their small size, together with all the above mentioned appealing characteristics, make NCNDs a particularly valuable carrier for ECL active species.

We present NCND-based nanohybrids bearing multiple ruthenium or iridium complexes as ECL labels (Figure 7a). An extensive study shows their redox and photophysical properties (Figure 7b-c) in order to evaluate the NCNDs effect on the ECL active units.

The major concern about nanomaterial-based hybrid systems is associated to the proximity of the redox centers to the electrode surface, their ability to diffuse to it and the occurrence of quenching phenomena affecting their optical and electrochemical properties.

To conclude, the novel systems demonstrates to be an ECL self-enhancer platform, which is a promising ECL reaction pattern with enhanced luminous efficiency (Figure 7d).

Additionally, the immobilization of these hybrids on the electrode surface prove signal intensity enhancement due to the presence of a plurality of signal-generating units on each NCNDs (Figure 7e). concentration of cTnI electrochemical methods and confocal images can be useful to calculate the electrode surface coverage (Figure 8d-e). EIS is used as analytical technique in the range of concentration 1 ag/mL-1 ng/mL of cTnI. Changes in the EIS spectra can show the change in resistance and capacitance of the interface thus providing insight into the effect of surface modification (Figure 8b-c).

The LOD by applying this technique results 10 ag/mL (Figure 8c) that can be additionally This great result is coming from the improvement in the employed label, which results better than the standard Ru(bpy)