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The cyclodextrin modified electrodes with enhanced analytical performances represent an attractive promise for the future development of electrochemical (bio)sensors and remain a very active field of research for a wide range of applications in many areas, including pharmaceutical and biomedical analysis. The aim of this study was to develop novel cyclodextrin modified electrodes for pharmaceutical and biomedical applications. The β-cyclodextrin influence was investigated both in solution and immobilized at the electrode surface.

The influence of β-cyclodextrin on the electrochemical behavior of some pharmaceuticals (ascorbic acid, uric acid, caffeine, theophylline, aminophylline, and acetaminophen) in aqueous solutions was studied by using electrochemical and spectral methods, which highlighted the inclusion complexes formation.

Various techniques were used for the electrode modification with β-cyclodextrin, such as: the incorporation in carbon paste and the entrapment in polymeric films (polyethylenimine). These sensors allowed the simultaneous determination of ascorbic and uric acids. The modified electrodes were also applied for the dosage of ascorbic acid in two pharmaceutical products and for the ascorbic and uric acids quantification in human urine with good performances.

Two types of biosensors based on a new nanostructured graphene framework were developed with reduced graphene oxide, β-cyclodextrin and tyrosinase by using either layer by layer method or electropolymerization. These new nanocomposites were characterized by spectral, microscopic and electrochemical techniques. The optimized biosensors were successfully applied for catechol and dopamine determination in pharmaceutical products, serum and urine samples with good recoveries.

The solubilization in water of some new fluorophores (four new synthesized tetrazines) by using -cyclodextrin and gold nanoparticles modified with β-cyclodextrin was reported. The redox supramolecular assemblies were characterized in water by electrochemical and fluorescence measurements. The immobilization of tetrazines onto various types of electrodes modified with polypyrrole-cyclodextrin was also achieved and examined by electrochemical, microscopic and spectroscopic techniques.

Another original contribution is the combination of nanosphere lithography by using latex beads with different diameters (900 and 100 nm), with the electropolymerization of a Ru(II)-pyrrole monomer. The achievement of highly organized micro and nanostructures showed enhanced features for the photosensitive electrogenerated poly-[Ru II -pyrrole] films. Furthermore, poly-[Ru II -pyrrole] film was modified with other types of pyrrole derivatives presenting complexation properties in order to immobilize biomolecules at the electrode surface.
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RÉSUMÉ

Nouvelles électrodes modifiées avec cyclodextrines pour applications pharmaceutiques et biomédicales

Les électrodes modifiées avec cyclodextrines ayant des grandes performances analytiques représentent une alternative intéressante pour le développement de (bio)capteurs électrochimiques dans un domaine attractif de la recherche pour différentes applications, et notamment les analyses pharmaceutiques et biomédicales. Le but de cette étude a été de développer de nouvelles électrodes modifiées avec β-cyclodextrine pour des applications biomédicales et pharmaceutiques. L'influence de la β-cyclodextrine a été étudiée en solution et à la surface d'électrodes.

L'influence de la β-cyclodextrine en solution aqueuse sur le comportement électrochimique de certaines substances pharmaceutiques (l'acide ascorbique, l'acide urique, la caféine, la théophylline, l'aminophylline et l'acétaminophène) a été étudiée en utilisant des méthodes électrochimiques et spectrales, mettant en évidence la formation de complexes d'inclusion.

Diverses techniques ont été utilisées pour la modification des électrodes avec β-cyclodextrine: l'incorporation de la β-cyclodextrine dans la pâte de carbone et le piégeage dans des films polymères de polyéthylèneimine. Ces capteurs ont permis la détermination simultanée de l'acide ascorbique et de l'acide urique. Les électrodes modifiées ont été aussi appliquées pour le dosage de l'acide ascorbique dans deux produits pharmaceutiques et pour l'évaluation quantitative de l'acide ascorbique et de l'acide urique dans l'urine humaine avec de bonnes performances.

Deux types de biocapteurs basés sur une nouvelle nanostructure de graphène ont été élaborés avec de l'oxyde réduit de graphène, de β-cyclodextrine et de tyrosinase en utilisant la méthode couche par couche et l'électropolymérisation. Les nouveaux nanocomposites ont été caractérisés par des techniques spectrales, microscopiques et électrochimiques. Les biocapteurs optimisés ont été appliquées avec succès pour la détermination du catéchol et de la dopamine dans des produits pharmaceutiques et des échantillons biologiques avec une bonne récupération.

La solubilisation dans l'eau de certains nouveaux fluorophores (quatre nouvelles tétrazines) en utilisant la -cyclodextrine et de nanoparticules d'or modifiées avec β-cyclodextrine a été signalée. Les assemblages supramoléculaires redox ont été caractérisés dans l'eau par analyses électrochimiques et de fluorescence. L'immobilisation de tétrazines sur différents types d'électrodes modifiées par polypyrrole-cyclodextrine a été également réalisée et examinée par techniques électrochimiques, spectroscopiques et microscopiques.

Une autre contribution originale est la combinaison de la lithographie avec de nanosphères utilisant des billes de latex avec différents diamètres (900 et 100 nm), avec l'électropolymérisation du monomère pyrrole-Ru(II). Des micro et nanostructures très organisées ont été réalisées en présentant de meilleures propriétés pour le film photosensible de poly [Ru(II)-pyrrole]. Par ailleurs, le film de poly [Ru(II)-pyrrole] a été modifié avec d'autres types de dérivés de pyrrole qui présentent de propriétés de complexation utiles pour l'immobilisation des biomolécules à la surface de l'électrode.

Mots-clés : -Cyclodextrine, Polymère, Graphène, (Bio)capteurs, Tetrazine, Electrochimie "A thinker sees his own actions as experiments and questions -as attempts to find out something. Success and failure are for him answers above all."
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INTRODUCTION

Cyclodextrins, in their native form or chemically modified, are the subject of extended research in electrochemistry and this is mainly due to their properties, such as: variable size and hydrophobic cavities. The research interest is focused both on their behavior in solutions and embedded in thin films formed at the electrode surface.

The cyclodextrins applications in electrochemistry are based on the inclusion complexes formation, molecular recognition and selective preconcentration of the analyte at the electrode surface leading to the development of highly selective sensors and biosensors. Many techniques can be used for designing the molecular architecture of the electrode/solution interface which supplies various and attractive methods for the preparation of cyclodextrins based electrochemical sensors. The most significant modification methods that involve cyclodextrins are: Langmuir-Blodgett and Self-Assembly method; the incorporation in plasticized membranes; the deposition of a film at the surface of solid electrodes; the inclusion in carbon paste; the use of cyclodextrins for the decoration of metal particles; and cyclodextrins embedded in different polymer films.

The cyclodextrins modified electrodes with enhanced analytical performances represent an attractive promise for the future development of electrochemical (bio)sensors and remain a very active field of research for a wide range of applications in many areas, including pharmaceutical and biomedical analysis.

The first objective of this work was to investigate the influence of β-cyclodextrin in aqueous solutions, on the electrochemical behavior of some pharmaceutical substances: ascorbic acid, uric acid, caffeine, theophylline, aminophylline, and acetaminophen. Electrochemical and spectral studies were used in order to study the formation of inclusion complexes between β-cyclodextrin and these molecules.

Another objective was the elaboration of various types of cyclodextrin based modified electrodes. The first technique used for the electrode modification was the incorporation of β-cyclodextrin in carbon paste, electrodes which were used for the determination of ascorbic acid and uric acid. The second modification method consisted in β-cyclodextrin incorporation in polymeric films of polyethylenimine. This approach aimed to obtain a good separation of the ascorbic and uric acids oxidation peaks for accurate determination of ascorbic acid from pharmaceutical products and for the simultaneous detection and quantification of the two compounds from urine samples. Dopamine is an important neurotransmitter which is implicated in several nervous system disorders. Many efforts were focused on the development of electrochemical sensors for the fast and sensitive dopamine detection. Another goal of this work consisted in dopamine determination in pharmaceutical products, serum and urine samples. Glassy carbon electrodes were modified with graphene and β-cyclodextrin through two methods. First modification consisted in layer by layer deposition of reduced graphene oxide, β-cyclodextrin, tyrosynase and polyethileneimine. The second one used a new nanostructured graphene framework reinforced by a polymer film of pyrrole-cyclodextrin.

Reversible electrochemistry of organic molecules accompanied by an optical change is an important issue nowadays because of the possible applications like electrochromic displays, electro-optical switches or optical sensors. Tetrazines substituted with heteroatoms display interesting fluorescence properties that can be electrochemically monitored, aspect which makes them especially attractive in view of sensing applications. The solubilization in water of some new fluorophores (new synthesized tetrazines) using -cyclodextrin and their immobilization onto electrodes modified with polypyrrole-cyclodextrin was another aim of this thesis. The formation of supramolecular assemblies between -cyclodextrin and tetrazine derivatives can be one promising alternative for their occurrence in aqueous medium.

Another interest was the micro and nanostructuration of the photosensitive electrogenerated metallopolymers by using latex beads with different diameters. The combination of nanospheres lithography and electropolymerization represents a powerful technique for the achievement of highly reproducible and homogenous photosensitive nanostructures and interesting platforms for biosensing applications.

Cyclodextrins in pharmaceutical and biomedical electroanalysis 1.Introduction

Cyclodextrins (CDs) are non-reducing cyclic oligosaccharides consisting of six (α-cyclodextrin), seven (β-cyclodextrin), eight (γ-cyclodextrin) or more glucopyranose units (chair conformation) linked by α- (1,4) bonds (Figure 1). CDs are also known as cycloamyloses, cyclomaltoses and Schardinger dextrins. They were first obtained by starch digestion with Bacilus amylobacter and Bacilus macerans by Schardinger after their discovery by Villiers in 1891. They are seminatural products produced by a relatively simple enzymatic conversion (cyclodextrin glucosyl transferase enzyme, CGT-ase). The CDs structures were determined by X-ray crystallography showing that the "truncated cone" has the narrow side formed by the primary hydroxyl groups (C6) and the wider side by secondary hydroxyl groups (C2, C3), the cavity is lined by the hydrogen atoms and the glycosidic oxygen bridges. This results in a relatively hydrophobic (nonpolar) cavity compared to water and with a hydrophilic outside described as a 'micro heterogeneous environment' (Figure 2 and 3) [START_REF] Valle | Cyclodextrins and their uses[END_REF][START_REF] Abd-Elgawad | Electrochemistry of cyclodextrin inclusion complexes of pharmaceutical compounds[END_REF][START_REF] Dodziuk | Cyclodextrins and their complexes[END_REF][START_REF] Szejtli | Comprehensive supramolecular chemistry[END_REF][START_REF] Szejtli | Past, present and futute of cyclodextrin research[END_REF][6][7][START_REF] Fritea | First occurrence of tetrazines in aqueous solution[END_REF] . CD molecules have numerous hydroxyl groups (18, 21 and 24 respectively in α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin) which can be derivatized in various ways giving more than 1500 synthesized derivatives. The primary hydroxyl groups are the most reactive, readily modified to other functional groups. Secondary hydroxyl groups at carbons C-2 and C-3 have different reactivities such as: the reactivity of the hydroxyl group at C-3 is much lower than that at C-2. Hydroxyl group at C-2 is the most acidic, OH at C-6 is sterically favored, and OH at C-3 is the least reactive (apparently because of the internal hydrogen bonds). Free electron pairs of oxygen are directed towards the interior of the cavity which produces a high electron density and lending to Lewis base characteristics. The interior cavity is nonpolar in comparison with water.

The hydroxyl groups at C-2 and C-3 carbon atoms of the adjacent glucopyranose units form hydrogen bonds that stabilize the shape of the molecule and, at the same time, significantly influence the water solubility of the cyclodextrin. Through the study of the hydrogen-deuterium exchange in DMSO by NMR spectroscopy, it appears that intramolecular hydrogen bonds are formed by the secondary hydroxyl groups. It was noticed that the strength of the hydrogen bonds increases in the following order: α-, βand γ-cyclodextrin. This behavior is due to the fact that the α-CD and β-CD protons of hydroxyl groups have lower chemical shifts according to the NMR spectroscopy investigations performed in DMSO-d6 at 25 °C and 80 °C9 . The mechanism of simultaneous and reversible change of directions of hydrogen bonds HO2->O3 and O3H->O2 called ''flip-flop'' was elucidated by X-ray studies [START_REF] Dodziuk | Cyclodextrins and their complexes[END_REF] . Larger CDs (with more than 8 glucose units) have a restricted utilization because they present a "collapsed cylinder" structure, so their real cavity is even smaller than that of γ-cyclodextrin 6 .

The main physico-chemical properties of the native CDs are summarized in Table I 6,7,[START_REF] Zhou | Cyclodextrin functionalized polymers as drug delivery systems[END_REF] . The most notable characteristic of CDs is the inclusion complexes formation with various organic and inorganic molecules (solid, liquid and gaseous compounds) in aqueous, nonaqueous and mixed media. The complex formation consist in a dimensional fit between host cavity and guest molecule when the high enthalpy water molecules from the host cavity are displaced by the more hydrophobic guest molecules leading to a nonpolar-nonpolar association and a decrease of cyclodextrin ring strain with a more stable lower energy state. The main driving forces for the inclusion complexes include Van der Waals interactions, hydrophobic interactions between the guest hydrophobic moiety and the CD cavity, hydrogen bonding between the polar groups of the guest molecules and the CDs hydroxyl groups and electrostatic interactions for ionic guests.

The inclusion of the guest (G) within the host cyclodextrin is not permanent but rather is a thermodynamic equilibrium.

G + CD  GCD

The most applied analytical method to calculate the stability constants (K c ) or the dissociation constants (K d ) is the phase-solubility method described by Higuchi and Connors [START_REF] Higuchi | Phase-solubility techniques[END_REF] (Figure 4). β-cyclodextrin often produces type B curve due to its low solubility in water, while its derivatives give soluble compounds of type A. For 1:1 molar ratio the association constant K a:b can be determined from the equation [START_REF] Higuchi | Phase-solubility techniques[END_REF] : S 0 is the intrinsic solubility of the drug.

The inclusion complexation leads to a significant change of the characteristic physico-chemical properties of the guest (solubility, volatility, taste, stability, chemical reactivity, electrochemical and spectral properties) entrapped inside the CD cavity. This unique behavior is responsible for the widespread applications of CDs in agriculture, food, toilet articles, textile industry, environment monitoring, analytical chemistry, pharmaceutical and medical areas [START_REF] Singh | Biotechnological applications of cyclodextrins[END_REF] The inclusion complexes can be also characterized in solid state by thermoanalytical methods, scanning electron microscopy (SEM), X-ray crystallography, IR spectroscopy, dissolution tests, and thin layer chromatography [START_REF] Mura | Analytical techniques for characterization of cyclodextrin complexes in aqueous solution: A review[END_REF][START_REF] Singh | Characterization of cyclodextrin inclusion complexes -A review[END_REF] .

CDs and their derivatives, with or without templates, are widely used as building blocks involved in the construction of one or multidimensional nanostructures such as helix, (pseudo)polyrotaxane, nanotube, nanowire, dendrimer, network, vesicle, nanoparticle with diverse size and morphology. Due to their physico-chemical properties and their ability to interact with bioelements, the CD based nanoarchitectures constructed by molecular assembly became a powerful platform in supramolecular chemistry and nanotechnology [START_REF] Chen | Multidimensional nanoarchitectures based on cyclodextrins[END_REF] .

In the last decades, CDs and their derivatives received considerable and increasing attention in the pharmaceutical and biomedical field due to their multiple applications in drug solubility, bioavailability, stability, safety, and delivery.

CDs are also widely used in analytical chemistry as catalysts, enantioselectors and molecular receptors. They were employed for the determination of certain analytes and many results concerning electrochemical sensing devices were published [START_REF] Valle | Cyclodextrins and their uses[END_REF][START_REF] Abd-Elgawad | Electrochemistry of cyclodextrin inclusion complexes of pharmaceutical compounds[END_REF][START_REF] Dodziuk | Cyclodextrins and their complexes[END_REF] . CDs (natural or chemically modified) with their variable size hydrophobic cavities are the subject of expanded electrochemical research including both their behavior in homogeneous solutions and in thin films attached to the electrode surfaces.

The electrochemical study of cyclodextrins in solution

The electrochemical investigations of CDs in solution rely on the formation of inclusion complexes using potentiometric titrations and cyclic voltammetry when the binding constants can be determined. The influence of the CD upon the electrochemical behavior of the guest consists in decreased peak currents and shifts in the oxidation and reduction potentials in cyclic voltammetry due to the smaller diffusion coefficients of the complexes than that of the guest alone, and to the relatively high stability of these complexes [START_REF] Abd-Elgawad | Electrochemistry of cyclodextrin inclusion complexes of pharmaceutical compounds[END_REF] .

The inclusion of many pharmaceutical substances having various pharmacological effects such as: barbitone sodium, phenylhydrazine hydrochloride, 1,4-benzoquinone, 9,10-anthraquinone, phenothiazine, indomethacin, nalidixic acid, irisquinone, catecholamines (adrenaline, dopamine), hexamethylenetetramine, lumazine, rutin, β-lapachone, steroids (estrone, estradiol), methyl violet and ethyl violet, gliclazide, Pb, chloramine T, chlorpromazine, vitamin K 3 , ascorbic acid) within CDs has been investigated using various electrochemical methods (potentiometry, cyclic voltammetry, differential pulse stripping voltammetry, differential liner sweep voltammetry, differential pulse voltammetry using glassy carbon electrodes, hanging mercury drop electrodes or ion-selective electrodes). The interactions of drugs with CDs caused pronounced changes in the electrochemical behavior of the drug. The stoechiometry of most complexes formed in solution is inferred to be 1:1. In the presence of CDs a decrease of the cathodic/anodic peak current with the increase of the amount of CDs was noticed in all experiments, variation which is attributed to the decrease of concentration of free drug, and to the lower diffusion coefficients of inclusion complexes compared with the free guest [START_REF] Abd-Elgawad | Electrochemistry of cyclodextrin inclusion complexes of pharmaceutical compounds[END_REF][START_REF] Ferancová | Cyclodextrins as electrode modifiers[END_REF][START_REF] Song | Study on the supramolecular systems of two basic violets with cyclodextrins by MWNTs/Nafion modified glassy carbon electrode[END_REF][START_REF] Roa-Morales | Electrochemical study on the selective formation of [Pb(cyclodextrin) 2+ ] surface inclusion complexes at the carbon paste electrode/ClO 4 -1M interphase[END_REF][START_REF] Radi | Electrochemical study of gliclazide and its complexation with β-cyclodextrin[END_REF] .

The electrochemical oxidation of the guests in aqueous solutions is not only reduced, but even greatly suppressed by CDs [START_REF] Gao | Spectroscopic and electrochemical studies of phenylhydrazine β-cyclodextrin inclusion complex and its adsorption behaviors[END_REF][START_REF] Gao | Study of the inclusion complexes of catecholamines with β-cyclodextrin by cyclic voltammetry[END_REF] , behavior which can be useful for the protection of the easily oxidative molecules.

The experimental results suggest that both the dimension and polarity of the guest and host molecules influence the inclusion complex stability. Indomethacin presented a higher affinity for β-CD because the guest-host interaction was the most exergonic [START_REF] Shehatta | Binding of anti-inflammatory drug indomethacin with cyclodextrin and DNA: Solubility, spectroscopic, and voltammetric studies[END_REF] . The same observation was noticed for nalidixic acid revealing 2 recognition elements in the binding process: hydrophobic interaction between 2 methylpyridine sides and the β-CD cavity, and a hydrogen bond between the carboxyl group which remained outside the cavity and the secondary hydroxyl group of β-CD [START_REF] Shehatta | The antimicrobial nalidixic acid as a probe for molecular recognition of αand β-cyclodextrins[END_REF] . Lumazine had a greater affinity for α-CD than for β-CD [START_REF] Ibrahim | Voltammetric studies of the interaction of lumazine with cyclodextrins and DNA[END_REF] .

The influence of the cosolvent on the inclusion complexes formation was also studied. In the presence of acetonitrile, the interactions between steroids and CDs were weakened suggesting a competition of the cosolvent molecules with the guest for CD cavity [START_REF] Yáñez | In Electrochemical study of inclusion complexes cyclodextrin/steroids[END_REF] . In DMF, CDs generated head-to-tail coupling between the electrogenerated acetophenone anion radicals acting as weak proton donors towards them, meanwhile in water the inclusion complexes formation is favored. Another aspect which was evidenced by experiments is that CDs stabilized the electrogenerated chloroacetophenone and chlorobenzophenone anion radicals and not the bromobenzophenone anion radical (a lower r* C-X orbital) [START_REF] Amatore | Supramolecular effects of cyclodextrins on the electrochemical reduction and reactivity of aromatic carbonyl compounds[END_REF] . Mertins et al. showed that the complexation between the ferrocene moiety of the tamoxifen derivative and the CD cavity became stronger as the solvent polarity increased [START_REF] Mertins | Further insights into hydrophobic interactions between ferrocenyl-tamoxifen drugs and non-polar molecular architectures at electrode surfaces[END_REF] .

Cyclodextrins as electrode modifiers

The CDs applications in electrochemistry are based on the inclusion complexes formation, molecular recognition and selective preconcentration of analyte at the electrode surface leading to the development of highly selective sensors and biosensors. Many techniques can be used for designing the molecular architecture of the electrode/solution interface which offer various and attractive methods for the preparation of CDs electrochemical sensors.

Langmuir-Blodgett technique and Self-Assembly Method

Langmuir-Blodgett (L-B) monolayers are obtained by transferring the monolayers from the air-water interface onto solid substrates requiring amphiphilic CD molecules 2 . CDs modified with organo-sulfur compounds (thiols, disulfides, silanes) are able to chemisorb on metal electrodes (especially gold) forming highly organized monolayers (self-assembled monolayers -SAMs). The number of the thiol groups and the spacer length between the thiol group and the CD cavity influence the density and permeability of CD films: the film of monothiolated CDs is less permeable than multithiolated films, the packing density of the titled CD cavities increases with spacer length [START_REF] Chen | Multidimensional nanoarchitectures based on cyclodextrins[END_REF] . The formation of "nanotube" structures of β-CD was found to be induced by potential-controlled adsorption on Au(III) surfaces 2 . These types of CDs modified electrodes have many applications in pharmaceutical and medical analysis. A highly sensitive and reproducible sensor based on a cyclodextrin modified gold electrode was elaborated for the measurement of ultra-trace lead concentrations in blood [START_REF] Li | Highly sensitive and reproducible cyclodextrin-modified gold electrodes for probing trace lead in blood[END_REF] .

A novel genosensor platform based on CD supramolecular interactions has been developed for the detection of DNA [START_REF] Ortiz | Amperometric supramolecular genosensor self-assembled on cyclodextrin-modified surfaces[END_REF] , while the transglutaminase activity was determined by using an electrochemical sensor based on the patterning of gold electrodes with a mixed self-assembled monolayer of perthiolated β-cyclodextrin and 1-octanethiol [START_REF] Fernández | Gold surface patterned with cyclodextrin-based molecular nanopores for electrochemical assay of transglutaminase activity[END_REF] . The construction of nanoporous assemblies based on single self-assembled monolayer of mono-(6-deoxy-6-mercapto)-β-cyclodextrin (β-CDSH) and two-component monolayers of β-CDSH and 11-mercaptoundecanoic acid was described and was applied for the investigation of the tricyclic antidepressants drugs, chlorprothixene and imipramine [START_REF] Damos | Electrochemical properties of self-assembled monolayer based on mono-(6-deoxy-6-mercapto)-β-cyclodextrin toward controlled molecular recognition[END_REF] . A chemically modified electrode based on a suitable thiolate β-cyclodextrin derivative in the form of SAM was elaborated and was used for the evaluation of trimethylcetylammonium ion and ursodeoxycholic acid. The sensor can work as channel sensor being used for the detection of non electroactive analytes forming a strong inclusion complex with β-CD if a suitable marker able to permeate the β-CD cavity is used [START_REF] D'annibale | Preparation and electrochemical characterization of a β-cyclodextrin-based chemically modified electrode[END_REF] .

A molecular imprinting method involving a three-step sequential self-assembly procedure was applied to prepare gold electrodes responsive towards ibuprofen based on the competition of ferrocene and ibuprofen for the cyclodextrin cavities in the monolayer [START_REF] Chmurski | Measurement of ibuprofen binding to mixed monolayers containing β-cyclodextrin active sites[END_REF] . The gold electrodes modified with cyclodextrin monolayers prepared by sequential method were elaborated for the detection of some selected guest molecules: ferrocene, ibuprofen, methylene blue, dopamine and menadione [START_REF] Chmurski | Analytical applications of gold electrodes modified with monolayers of thiolated cyclodextrins[END_REF] .

β-cyclodextrin coated Au electrodes were used for a reversible immobilisation of adamantane modified phenylalanine dehydrogenase by a supramolecular association: the formation of inclusion complexes between CD and adamantane. The biosensor showed a linear amperometric response up to 3•10 -3 mol L -1 L-phenylalanine with a detection limit of 15•10 -6 mol L - 1 36,37 . Dopamine was selectively detected in the presence of ascorbic acid at a gold electrode modified by a β-cyclodextrin/thioctic acid mixed monolayer and on a gold electrode with self-assembled D,L-cysteine grafted β-cyclodextrin sulfonic acid [START_REF] Fragoso | A supramolecular approach to the selective detection of dopamine in the presence of ascorbate[END_REF][START_REF] Li | Self-assembled sulfonated β-Cyclodextrin layer on gold electrode for the selective electroanalysis of dopamine[END_REF] . Dopamine which was included in the α-CD cavities anchored to the gold electrode surface by SAM acted as a mediator for the dopamine molecules from the bulk buffer solution diffusing to the electrode [START_REF] Majewska | Dopamine oxidation at per(6-deoxy-6-thio)-α-cyclodextrin monolayer modified gold electrodes[END_REF] . The inclusion complexes between cortisol and cortisone and a self assembled β-cyclodextrin derivative monolayer has been evaluated using electroactive species permeable and impermeable in the β-CD cavity [START_REF] Frasconi | Electrochemical and surface Plasmon resonance characterization of β-cyclodextrin-based self-assembled monolayers and evaluation of their inclusion complexes with glucocorticoids[END_REF] .

Cyclodextrins in plasticized membranes

The lipophilic CDs can be incorporated in plasticized PVC membranes and used as ionophores in potentiometric ion-selective electrodes for the detection of a wide range of pharmaceutical/medical analytes (ephedrinium ions, tetraalkylammonium ions, dopaminium ion, local anesthetics, tricyclic antidepressants as imipramine, desipramine, trimipramine, propranolol, ephedrine, amphetamine, guanidinium ions as metformin, phenformin, guanidine, creatinine, choline, acethylcholine, lidocaine); enantioselection for ephedrinium ions and (+) propanolol were also defined. Voltametric and amperometric sensors for dopamine and tricyclic antidepressant drugs were obtained by depositing alkylated CDs in plasticized polymer matrix on screen-printed electrodes. A screen-printed electrode with layers of ferrocene-based redox mediator, enzymes (horseradish peroxidase, choline oxidase and acetylcholine esterase) and alkylated-β-CD in plasticized polyurethane was prepared and applied for the measurement of acetylcholine at subpicomolar levels with negligible interference from ascorbic acid, dopamine and atropine [START_REF] Ferancová | Cyclodextrins as electrode modifiers[END_REF] .

The benzodiazepine (diazepam and midazolam) ion-selective electrodes for the analysis of pharmaceutical formulations were elaborated by incorporating within polymeric membranes β-cyclodextrin or (2-hydroxypropyl)-γ-cyclodextrin as ionophores, 2-fluorophenyl or 2-nitrophenyl ether as plasticizer and potassium tetrakis(p-chlorophenyl) borate as ionic additive [START_REF] Amorim | Cyclodextrin-based potentiometric sensors for midazolam and diazepam[END_REF] .

Novel cyclodextrin-based dextromethorphan potentiometric sensors were developed using 3 types of electrodes: silver coated wire electrode, coated graphite electrode and the conventional PVC membrane electrodes. These electrodes based on CDs ionophores shown a considerable selectivity towards dextromethorphan with Nernstian slopes depending on the type of the electrode and the ionophore used. Silver coated wire electrode incorporated with heptakis (2,3,6-tri-O-methyl)-β-CD and sodium tetrakis(4-fluorophenyl) borate with o-nitrophenyloctylether as membrane plasticizer, showed the best electroanalytical performances (linear concentration range from 10 -7 to 10 -2 mol L -1 , Nernstian compliance 59.0 ± 0.22 mV decade -1 and detection limit of 7•10 -8 mol L -1 ) [START_REF] Khaled | Cyclodextrin-based dextromethorphan potentiometric sensors[END_REF] .

Potentiometric ephedrine-selective membrane sensors were developed using triacetyl-β-cyclodextrin as neutral ionophore, dioctylsebacate as a plasticizer, Na tetraphenyl borate as an anionic excluder and PVC as a polymeric matrix. It provided good analytical performances: wide linear response range (3.1•10 -5 -7.9•10 -3 mol L -1 ), low detection limit (5.7•10 -6 mol L -1 ), wide working pH range (3 -8), fast response (10 s) and better selectivity than those previously reported for ephedrine sensors [START_REF] Hassan | New potentiometric sensors based on selective recognition sites for determination of ephedrine in some pharmaceuticals and biological fluids[END_REF] .

For ibuprofen monitoring in pharmaceuticals and natural water a potentiometric sensor was developed comprising 1.2 % α-cyclodextrin, 65.6 % o-nitrophenyloctylether as plasticizer, 42 % mol (relative to the molar concentration of the ionophore) of tetradodecylammonium bromide and 32.8 % PVC. The sensor presented a constant sensitivity of -59.0 mV decade -1 in the concentration range of 3.87•10 -6 to 10 -2 mol L -1 at pH 9 with a practical detection limit of 3.34 ± 0.03•10 -6 mol L -1 for ibuprofen [START_REF] Sousa | Cyclodextrin based potentiometric sensor for determination of ibuprofen in pharmaceuticals and waters[END_REF] .

The preparation of diclofenac-selective membrane electrodes incorporating β-cyclodextrins as ionophores: (2-hydroxypropyl)-β-cyclodextrin, heptakis (2,3,6-tri-omethyl)-β-cyclodextrin, and heptakis(2,3,6-tri-o-benzoyl)-β-cyclodextrin was also reported. After the optimisation of the membrane composition, the best results were obtained by using a heptakis (2,3,6-tri-o-benzoyl)-β-cyclodextrin based membrane electrode. The electrode was characterized by a near-Nernstian response slope of -60.0 mV/decade over the linear range of 5.0•10 -5 -10 -2 mol L -1 and a detection limit of 1.4•10 -5 mol L -1 . The proposed electrode can easily discriminate diclofenac ions from several inorganic and organic interferents and some common drug excipients [START_REF] Lenik | A new potentiometric electrode incorporating functionalized β-cyclodextrins for diclofenac determination[END_REF] .

A high sensitive dopamine potentiometric sensor was elaborated using ultra-thin cobalt oxide (Co 3 O 4 ) nanowires grown on gold coated glass substrates, polyvinyl chloride as plasticized polymer and β-cyclodextrin as ionophore [START_REF] Elhag | Dopamine wide range detection sensor based on modified Co 3 O 4 nanowires electrode[END_REF] .

Cyclodextrins modified screen-printed electrodes

Carbon-based screen-printed electrodes (SPEs) were modified with thin films of the condensation polymers of β-cyclodextrin (β-CDP) or carboxymethylated β-cyclodextrin (β-CDPA) for determination of tricyclic antidepressive drugs from serum samples. A simple two-step procedure was used comprising a preconcentration step followed by the differential pulse voltammetry quantification. The accumulation properties (120 s accumulation) of the β-CDPA film appeared to be favorable as compared to those of the β-CDP film [START_REF] Ferancová | Electrochemical sensors using screen-printed carbon electrode assemblies modified with the β-cyclodextrin or carboxymethylated β-cyclodextrin polymer films for determination of tricyclic antidepressive drugs[END_REF] .

A screen printed graphite electrode with α-CD modified graphite ink has been developed for a simple and sensitive determination of phenolic compounds in an aqueous solution by using cyclic voltammetry, differential pulse voltammetry and square wave voltammetry. Phenols formed inclusion complexes with the α-CD immobilized at the carbon-based SPE surface. The detection limit for phenols was 500 ± 7•10 -9 mol L -1 for DPV, in a linear range of 0.5 -25•10 -6 mol L -1 and 30 ± 2•10 -9 mol L -1 for SWV, in a linear range of 30•10 -9 -50•10 -6 mol L -1 , respectively [START_REF] Kim | α-Cyclodextrin modified screen printed graphite electrodes for detection of phenols[END_REF] . Dopamine quantification was achieved using a screen-printed electrode modified by electropolymerization of cyclodextrin with glucose oxidase (SPE/MWCNT/β-CD-GOX). The biosensor displayed a detection limit of 0.48•10 -6 mol L -1 in a linear range of 10 -50•10 -6 mol L -1 with a sensitivity of 0.0302 A L mol -1 . Dopamine quantification can be performed in the presence of interfering agents such as ascorbic and uric acids 50 .

Cyclodextrins modified carbon paste electrodes

Carbon paste electrodes (CPEs) for a wide range of anodic and cathodic applications can also be modified with cyclodextrins.

A selective and sensitive hydroxypropyl-β-cyclodextrin modified carbon paste sensor was elaborated for the quantification of (+) catechin in some commercial drinks (tea, cocoa, and coffee) and urine samples with recoveries between 98-102 %. Anodic and cathodic voltammetry was used for the electrochemical characterization of the catechin behavior at the modified electrochemical sensor obtaining linear ranges up to 7.20 and 4.20 µg mL -1 , 0.12 and 0.30 ng mL -1 , detection limits of 1.10 and 2.80 ng mL -1 , quantification limits, respectively [START_REF] Da | Selective and sensitive hydroxypropyl-β-cyclodextrin based sensor for simple monitoring of (+)-catechin in some commercial drinks and biological fluids[END_REF][START_REF] El-Hady | Selective square wave voltammetric determination of (+)catechin in commercial tea samples using β-cyclodextrin modified carbon paste electrode[END_REF] .

Nitrendipine determination was achieved with a carbon paste electrode modified with β-cyclodextrin. The stripping differential pulse voltammetric analysis presented a significant increase in the peak current of the nitrendipine reduction, probably due to formation of an inclusion complex between β-cyclodextrin and nitrendipine [START_REF] Yanez | Determination of nitrendipine with βcyclodextrin modified carbon paste electrode[END_REF] .

A β-cyclodextrin modified carbon paste electrode presented significantly increased sensitivity and selectivity for donepezil. Thus, donepezil voltammetric determination led to a linear response in the concentration range 3.2•10 -9 to 4.2•10 -8 mol L -1 , with a detection limit of 1.2•10 -9 mol L -1 and a quantification limit of 0.40•10 -8 mol L -1 54 .

Carbon paste electrodes modified with αand β-cyclodextrins (CPEα-CD, CPEβ-CD) were obtained by applying 30 potential cycles in HClO 4 media, thus forming on the substrate a film with electroactive characteristics. The modified electrodes were used to determine Pb(II) ions in solution within the range from 10 -5 up to 10 -3 mol L -1 55 .

Ascorbic acid was electrocatalytically oxidized at the β-CD-Ferrocene inclusion complex modified carbon paste electrode. The anodic current was proportional to the concentration of ascorbic acid in the range 10 -3 -5.0•10 -7 mol L -1 with the detection limit of 10 -7 mol L -1 56 . The electrochemical behavior of the tricyclic antidepressants (imipramine, trimipramine and thioridazine) was investigated on carbon paste electrodes modified with β-cyclodextrin by differential pulse voltammetry with 120 s of accumulation leading to detection limits down to nanomolar concentrations. The modified electrode was applied to the determination of imipramine and thioridazine in pharmaceutical products [START_REF] Ferancová | Determination of tricyclic antidepressants using a carbon paste electrode modified with β-cyclodextrin[END_REF] .

The interaction of dopamine with cyclodextrin on a carbon paste electrode formed with different membranes at different experimental conditions (such as concentrations of perchloric acid and β-cyclodextrin) was studied [START_REF] Ramírez-Silva | Dopamine electrochemical behavior onto an electrode modified with a β-cyclodextrin polymer[END_REF] .

A voltammetric determination of sparfloxacin, ofloxacin, norfloxacin, gatifloxacin and lomefloxacin at a β-cyclodextrin modified carbon paste electrode was described and the increase in the reduction peak currents were attributed to the complex formation of the quinone group of the drugs with β-cyclodextrin at an accumulation time of 160 s. The metal ions interference in the peak current response for the quoted fluoroquinolones was studied. The modified carbon paste electrode exhibited good sensitivity and stability which allowed its application to the determination of the pharmaceutical substances in both commercially available drugs and spiked human urine samples 59,60 . Sensitive and accurate voltammetric studies of prednisolone, dexamethasone and hydrocortisone were carried out at β-cyclodextrin modified carbon paste electrode by using cyclic voltammetry and differential pulse voltammetry. The formation of the inclusion complex between the keto-group from the corticosteroid drug and β-cyclodextrin determined the enhancement of the peak current [START_REF] Balaji | Determination of prednisolone, dexamethasone and hydrocortisone in pharmaceutical formulations and biological fluid samples by voltammetric techniques using β-cyclodextrin modified carbon paste electrode[END_REF] .

A carbon paste electrode modified with a β-cyclodextrin-azomethine-H inclusion complex was developed for the potentiometric determination of H 3 BO 3 in aqueous solution where azomethine-H plays the role of molecular recognition agent. Glutaraldehyde and nafion were used to avoid the loss of the recognition agent [START_REF] Ramirez | Development a boron potentiometric determination methodology using a carbon paste electrode modified with a β-Cyclodextrine-Azomethine-H inclusion complex[END_REF] .

A cyclodextrin modified carbon paste electrode exhibited an increased sensitivity and selectivity for anagrelide, the voltammetric method being successfully applied for the drug determination in spiked serum sample, urine samples and pharmaceutical formulations [START_REF] Narasimha | Electrochemical behavior of anagrelide and its determination[END_REF] .

An electrochemical sensor for fluoroquinolones (ciprofloxacin, ofloxacin, norfloxacin and gatifloxacin) based on polymerization of β-cyclodextrin and l-arginine (l-arg) modified carbon paste electrode was elaborated. The successful modification of the electrod surface was demonstrated by scanning electron microscope images. Electrochemical impedance spectroscopy indicated that the β-CD and l-arg copolymer efficiently decreased the charge transfer resistance value of the electrode and improved the electron transfer kinetic. This sensor was successfully applied to detect the concentrations of each drug in pharmaceutical formulations and human serum samples with good reproducibility, long-term stability and fast current response [START_REF] Zhang | A novel sensor based on electropolymerization of β-cyclodextrin and l-arginine on carbon paste electrode for determination of fluoroquinolones[END_REF] .

The tenoxicam oxidation was studied at a carbon paste electrode modified with a β-cyclodextrin polymer, showing that it is an adsorption controlled process due to formation of a surface inclusion complex with the β-CD molecules from the surface of the polymer. The surface concentration of the tenoxicam's reduced form and the surface inclusion constants were also determined [START_REF] Guzmán-Hernández | Electrochemical quantification of the thermodynamic equilibrium constant of the tenoxicam-β-cyclodextrin inclusion complex formedon the surface of a poly-β-cyclodextrin-modified carbon paste electrode[END_REF] .

A sensor with high sensitivity, low detection limit and excellent reproducibility has been developed for the electrochemical determination of nifedipine using β-CD and CNTs as modifiers in a carbon paste electrode. Cyclic voltammetry, electrochemical impedance spectroscopy and differential pulse adsorptive stripping voltammetry were employed to study the electrochemical behavior of the drug and scanning electron microscopy was utilized for the characterization of the surface morphology of the modified electrodes. The analytical application consisted in determining the concentration of nifedipine in pharmaceutical formulations and biological fluids (urine and serum) [START_REF] Gaichore | Voltammetric determination of nifedipine using a β-cyclodextrin modified multi-walled carbon nanotube paste electrode[END_REF] .

A CPE modified with a conducting polymer produced by electrochemical polymerization of β-cyclodextrin, influenced drastically the electrochemical response of the dopamine, increasing the peak current density and diminishing the peak potential as a result of the supramolecular interactions between the dopamine and the poly-β-CD. The CPE/poly-β-CD changed the dopamine's redox behavior, from an initially diffusion-controlled process (at the bare CPE) to an adsorption-controlled one. This sensor was tested for the dopamine detection in real samples with 99% recovery, showing satisfactory results even in the presence of its major interfering agent, ascorbic acid [START_REF] Palomar-Pardavé | Supramolecular interaction of dopamine with βcyclodextrin: An experimental and theoretical electrochemical study[END_REF] .

Nanoparticles coated with cyclodextrins

The recent development of gold nanopaticle based biosensors is accomplished due to the unique properties of gold nanoparticles: immobilization of biomolecules retaining their biological activity and efficient conducting interfaces with electrocatalytic ability generating an intensive used tool for the electrochemical biosensors construction [START_REF] Pingarron | Gold nanoparticle-based electrochemical biosensors[END_REF][START_REF] Guo | Synthesis and electrochemical applications of gold nanoparticles[END_REF] . Other type of metal nanoparticles, such as Co, Fe, Zn, Ti, Cu, Ag with excellent electric conductivity were also functionalized with CDs resulting in new materials with multiple applications in the fields of biosensors, especially for biomedical applications, due to their biocompatibility and to the special inclusion ability of the CD molecules.

A bienzymatic nanoassembly was prepared by the immobilization of catalase modified with 1-adamantane carboxylic acid on β-cyclodextrin-coated gold nanospheres via supramolecular associations and by co-immobilization of β-cyclodextrin-modified superoxide dismutase. The pH range of catalase was increased and the thermal stability was improved, meanwhile the superoxide dismutase was 90-fold more resistant to inactivation by H 2 O 2 after co-immobilization on gold nanoparticles [START_REF] Villalonga | Supramolecular assembly of β-cyclodextrin-modified gold nanoparticles and Cu, Zn-superoxide dismutase on catalase[END_REF] .

An electrochemical sensor based on β-cyclodextrin-cobalt ferrite nanocomposite was developed showing an enhanced electrochemical response and excellent analytical performance for catechol detection due to the high catechol-loading capacity on the electrode surface mediated by CD and to the great electric conductivity of cobalt ferrite nanoparticles [START_REF] Han | β-cyclodextrin-cobalt ferrite nanocomposite as enhanced sensing platform for catechol determination[END_REF] .

Magnetic particle of Fe 3 O 4 encapsulated within a shell of SiO 2 and functionalized with folate ligand, fluorescence tag and CD was able to perform a quadruple of activities: magnetic manipulation, bioimaging, cancer cell-targeting and drug storing-and-releasing [START_REF] Badruddoza | β-cyclodextrin conjugated magnetic, fluorescent silica core-shell nanoparticles for biomedical applications[END_REF] .

Monochlorotriazinyl-β-cyclodextrin was grafted onto the surface of ZnO nanoparticles through nucleophilic substitution reactions. Characterization of functionalized ZnO nanoparticles were carried out by FTIR, elemental analysis, thermogravimetric analysis, X-ray diffraction, field emission scanning electron microscopy and transmission electron microscopy [START_REF] Abdolmaleki | Tailored functionalization of ZnO nanoparticle via reactive cyclodextrin and its bionanocomposite synthesis[END_REF] . Fe 3 O 4 nanoparticles surface was modified with mono-6-deoxy-6-(p-tolylsulfonyl)cyclodextrin and were employed for detecting uric acid by using cyclic voltammetry. The new materials exhibited excellent molecular recognition ability and shown high electrochemical response due to the combination of individual advantages of magnetic nanoparticles and CDs [START_REF] Zhu | A facile and flexible process of βcyclodextrin grafted on Fe 3 O 4 magnetic nanoparticles and host-guest inclusion studies[END_REF] .

Highly fluorescent and water-soluble CdTe quantum dots (QDs) using β-cyclodextrin as surface-coating agents were fabricated simultaneously possessing unique optical properties of QDs and excellent molecular recognition ability of β-CD [START_REF] Chen | Novel synthesis of βcyclodextrin functionalized CdTe quantum dots as luminescent probes[END_REF] . β-cyclodextrin modified CdTe quantum dots were used as fluorescent nanosensor for acetylsalicylic acid determination, also studying the interference effects of its metabolites and ascorbic acid [START_REF] Algarra | Novel β-cyclodextrin modified CdTe quantum dots as fluorescence nanosensor for acetylsalicylic acid and metabolites[END_REF] .

The self-assembly of TiO 2 nanoparticles with cyclodextrin molecules into a self-supporting fiber network was studied pointing out the role of dehydration of the cyclodextrin molecules in solution supplying the force that drives self-assembly [START_REF] Yoon | Cyclodextrin directed self-assembly of TiO 2 nanoparticles[END_REF] . Silver nanoparticles surface was modified with β-CD surrounding layer showing a promising bactericidal activity against the microorganism Escherichia coli [START_REF] Andrade | Structural and morphological investigations of β-cyclodextrin-coated silver nanoparticles[END_REF] .

Gold nanoparticles embedded in amine functionalized silicate and β-cyclodextrin composite were prepared using a single step synthetic method and were used for the GCE modification. β-CD played a major role both in the synthesis of smaller size nanopartciles and electrocatalytic reduction and sensing of nitroaromatics [START_REF] Manivannan | Synthesis of cyclodextrin-silicate sol-gel composite embedded gold nanoparticles and its electrocatalytic application[END_REF] .

The use of β-cyclodextrin gold nanoparticles as an intermediate layer for the specific anchoring of adamantane tagged enzyme has led to efficient amperometric glucose biosensors with the highest sensitivity and maximum current density. The β-cyclodextrin-modified gold nanoparticles were attached onto the poly(adamantane-pyrrole) functionalized SWCNTs coatings, 3D composite configuration which offers a high-specific surface with an excellent accessibility for the anchoring of enzymes via affinity interactions and represents an attractive way to develop multilayered enzyme assemblies 80 (Figure 5). Au nanoparticles with adjustable sizes (10-50 nm) were controlled synthesized by reducing hydrochloroauric acid with β-cyclodextrin in an alkaline aqueous solution and were used as effective catalyst to activate the reduction of 4-nitrophenol [START_REF] Huang | Facile synthesis and one-dimensional assembly of cyclodextrin-capped gold nanoparticles and their applications in catalysis and surfaceenhanced Raman scattering[END_REF] . The synthesis of nanometer-sized organic hollow spheres was achieved by the oxidation of gold nanoparticles protected by thiolated β-cyclodextrin molecules. These water-soluble poly-cyclodextrin nanocapsules held together by S-S bonds can find numerous applications in drug delivery, extraction and as nanoreactors [START_REF] Sun | Preparation of polycyclodextrin hollow spheres by templating gold nanoparticles[END_REF] .

An amperometric glucose sensor based on inclusion complex of mono-6-thio-βcyclodextrin/ferrocene capped on gold nanoparticles (GNPs/CD-Fc) and glucose oxidase was elaborated with an excellent sensitivity possibly attributed to the presence of the GNPs/CD-Fc film that can provide a convenient electron tunneling between the protein and the electrode. The sensor showed analytical performances such as: a relatively fast response time (5 s), low detection limit (15•10 -6 mol L -1 , S/N = 3), high sensitivity (ca. 18.2•10 -3 A L mol -1 cm -2 ) with a linear range of 0.08 -11.5•10 -3 mol L -1 of glucose. The biosensor exhibited a good stability and allowed the detection of glucose at 0.25 V (versus SCE) without almost any interferences [START_REF] Chen | Electrochemical study of mono-6-thio-β-cyclodextrin/ferrocene capped on goldnanoparticles: Characterization and application to the design of glucose amperometric biosensor[END_REF] .

Graphene decorated with gold nanoparticles and CDs were deposited on GCE obtaining a sensor with good stability, sensitivity and selectivity to determine dopamine and uric acid in the presence of ascorbic acid. The oxidation peaks of the 3 analytes were well separated by applying SWV which allowed their simultaneous determination [START_REF] Tian | Simultaneous determination of l-ascorbic acid, dopamine and uric acid with gold nanoparticlesβ-cyclodextrin-graphene-modified electrode by square wave voltammetry[END_REF] .

A superparamagnetic nanomaterial with molecular receptor properties prepared by attaching CD moieties on the surface of silica core-shell Fe 3 O 4 nanoparticles was employed as support for the supramolecular immobilization of two different adamantane-modified enzymes, tyrosinase and xanthine oxidase, through host-guest interactions. These biosensors showed excellent electroanalytical behaviors, with linear ranges of 1•10 -7 -12•10 -6 mol L -1 for catechol and 5.0 -120•10 -6 mol L -1 for xanthine, sensitivities of 12•10 -3 A L mol -1 and 130•10 -3 A L mol -1 , and low detection limits of 22•10 -9 and 2.0•10 -6 mol L -1 , respectively [START_REF] Díez | Supramolecular immobilization of redox enzymes on cyclodextrin-coated magnetic nanoparticles for biosensing applications[END_REF] .

For the ultrasensitive detection of carcino-embryonic antigen (CEA), a non-enzymatic immunoassay was designed using β-cyclodextrin functionalized Cu@Ag(Cu@Ag-CD) core-shell nanoparticles as labels and β-cyclodextrin functionalized graphene nanosheet as sensor platform. The fabricated immunoassay shows excellent analytical performance for the measurement of CEA with wide linear range, low detection limit, good sensitivity, reproducibility and stability, providing a promising application for CEA in clinical diagnostics [START_REF] Gao | Ultrasensitive electrochemical immunoassay for CEA through host-guest interaction of β-cyclodextrin functionalized graphene and Cu@Ag core-shell nanoparticles with adamantinemodified antibody[END_REF] .

Gold nanorods and gold nanoparticles, both of them functionalized with β-CD, were employed in the elaboration of a sandwich-type immunosensor for β-fetoprotein detection in a linear range from 0.5 pg mL -1 to 0.5 ng mL -1 with a detection limit down to 32 fg mL -1 . The in situ gold superstructures assembly showed excellent performance for the signal amplification 87 .

Cyclodextrins in polymeric films

CDs can form polymers by their own electropolimerization or polycondensation with dialdehyde (giving poly-CD) and they also can be attached to other polymers: poly(N-acetylaniline), polypyrrole, poly(N-methylpyrrole), polyaniline, poly-3-methylthiophene; polyethyleneimine, chitosan, Nafion (in which CDs are whether covalent bonded to the monomer, or only entrapped in the polymer matrix).

A β-CD modified poly(N-acetylaniline) (PAA) electrode has been developed for cinchonine (CCN) sensing using 1,4-hydroquinone (HQ) as a redox probe. Competitive inclusion equilibrium with β-CD was established between HQ and CCN, the decrease in the peak current of HQ is directly proportional to the amount of CCN [START_REF] Yu | Electrochemical sensor for cinchonine based on a competitive host-guest complexation[END_REF] .

A β-cyclodextrin based Pt sensor (obtained by pyrrol electropolymerization) has been elaborated for a simple and sensitive determination of rifampicin using amperometry. The sensor was applied for the drug determination in pharmaceutical preparations and biological samples with no interferences from other tuberculostatic drugs [START_REF] Alonso | Optimization of a cyclodextrin-based sensor for rifampicin monitoring[END_REF] .

A polypyrrole/β-cyclodextrin (Ppy/β-CD) film was prepared by a simple electropolymerization of a 20:1 mixture of the CD and the pyrrole monomer resulting in a functionalized polymer film with interesting electrochemical properties such as selective, simultaneous and quantitative detection of some polyhydroxyphenyls and neurotransmitters derived from pyrogallol and catechol. The detection limit was 4•10 -7 and 1.8•10 -6 mol L -1 for catechol and pyrogallol, respectively [START_REF] Izaoumen | Electrosynthesis and analytical performances of functionalized poly(pyrrole/βcyclodextrin) films[END_REF] .

The same authors investigated the selective electrocatalytic activity toward the electrochemical oxidation of dopamine and norepinephrine on a glassy carbon electrode modified with an electropolymerized film, made of pyrrole and β-cyclodextrin 1:1. The selectivity of the sensor was achieved even at a concentration 20 times higher than the neurotransmitters [START_REF] Izaoumen | The electrochemical behavior of neurotransmitters at a poly (pyrrole-β-cyclodextrin) modified glassy carbon electrode[END_REF] . The same film was synthesized on gold electrode and used for the electrochemical detection of neurotransmitters giving well resolved and reversible cyclic voltammograms with a negative shift of their oxidation potentials in comparison with the bare electrode. It presented very good selectivity toward interferences such as ascorbic acid at a concentration of more than 500-fold for some neurotransmitters. The same sensor was used to detect concentrations of the muscle relaxant rocuronium bromide with a detection limit of 1 ppm [START_REF] Bouchta | Electroanalytical properties of a novel PPY/γ-cyclodextrin coated electrode[END_REF][START_REF] Luk | Novel electrochemical impedance detection for rocuronium by using polypyrrole and cyclodextrin as the sensing material[END_REF] .

Carboxymethylated β-cyclodextrin polymer film was used for the fabrication of a highly selective and sensitive electrochemical sensor for the determination of dopamine in the presence of ascorbic acid, analytical performance which was based on the combination of electrostatic and inclusion interaction of the film for analyte [START_REF] Yang | Highly selective dopamine determination by using carboxymethylated β-cyclodextrin polymer film modified electrode[END_REF] .

Conducting polymer membranes consisting of polypyrrole (PPy) doped with sulfated α-cyclodextrin (α-CDS) or sulfated β-cyclodextrin (β-CDS) were prepared electrochemically providing electrical conductivities of 0.7 S cm -1 and 0.4 S cm -1 , respectively. Electrochemically controlled transport of alkali metal ions, alkaline earth metal ions and transition metal ions was demonstrated across composite membranes prepared by depositing PPy•α-CDS or PPy•β-CDS onto platinum sputter-coated polyvinylidene filters. PPy•β-CDS coated membranes proved to be significantly more permeable towards most metal ions examined than either PPy•α-CDS coated membranes (excepting copper ions) [START_REF] Reece | Metal transport studies on inherently conducting polymer membranes containing cyclodextrin dopants[END_REF] .

A multi-walled carbon nanotube with incorporated β-cyclodextrin (β-CD-MWNTs) and a polyaniline (PANI) film-modified glassy carbon (GC) electrode has been successfully developed for determination of dopamine in the presence of ascorbic acid. The PANI film showed lack of interference and long term stability. Sensitive detection of dopamine was improved by the acid-treated MWNTs with carboxyl groups which promoted the electron transfer reaction of dopamine and by the preconcentration effect of a supramolecular complex between β-CD and dopamine [START_REF] Tanji | Selective detection of dopamine in the presence of ascorbic acid by use of glassy-carbon electrodes modified with both polyaniline film and multi-walled carbon nanotubes with incorporated β-cyclodextrin[END_REF] .

Conducting polypyrrole (PPy) and poly (pyrrole-2,6-dimethyl-β-cyclodextrin) [poly(Py-β-DMCD)] films were prepared by electrode potential cycling on a gold electrode in aqueous and nonaqueous (acetonitrile) electrolyte solutions. The results show that in both solutions in the presence of cyclodextrin, the oxidation potential of pyrrole monomers increased. In situ conductivity measurements of the films show that films prepared in acetonitrile solution are more conductive than those synthesized in aqueous solutions. The same results were obtained for poly (N-methylpyrrole) and poly(N-methylpyrrole-cyclodextrin) films [START_REF] Arjomandi | Spectroelectrochemistry of conducting polypyrrole and poly(pyrrole-cyclodextrin) prepared in aqueous and nonaqueous solvents[END_REF][START_REF] Arjomandi | In situ characterization of N-methylpyrrole and (N-methylpyrrolecyclodextrin) polymers on goldelectrodes in aqueous and nonaqueous solution[END_REF] . This seems to indicate the possible insertion of pyrrole groups within the hydrophobic CD cavities in aqueous solutions yielding its oxidation and hence its polymerization more difficult.

A biocompatible hybrid film of β-cyclodextrin and ionic liquids (ILs), 1-butyl-3methylimidazolium tetrafluoroborate was used for the development of an electrochemical biosensor by immobilizing the horseradish peroxidase (HRP). The electrocatalysis of this biosensor to both quercetin and hydrogen peroxide was characterized. β-CD provided a biocompatible microenvironment for HRP, and ILs accelerated the electron transfer between the enzyme and the electrode. The biosensor exhibited a low operating potential (-0.05 V vs. SCE), fast amperometric response, high sensitivity, good selectivity and submicromolar detection limit [START_REF] Cao | Biocompatible hybrid film of β-cyclodextrin and ionic liquids: A novel platform for electrochemical biosensing[END_REF] .

A stable film of poly-3-methylthiophene combined with γ-cyclodextrin was electropolymerized on gold electrode using a potentiostatic mode. The resulting modified electrode exhibited high sensitivity and selectivity toward electrochemical qualitative and quantitative detection of chlorpromazine and neurotransmitters with low detection limits of 2•10 -7 , 10 -6 , and 10 -7 mol L -1 , respectively 100 . Simultaneous quantification of serotonin (5-HT) and dopamine using a β-cyclodextrin/poly (N-acetylaniline)/carbon nanotube composite (CD/PNAANI/CNT) modified carbon paste electrode was achieved. Synergistic effect of multi-walled carbon nanotube in addition to the preconcentrating effect of β-cyclodextrin, as well as its different inclusion complex stability with 5-HT and dopamine was used to construct an electrochemical sensor for their quantification. The CD/PNAANI/CNT modified CPE exhibited remarkable enhancement effects on the oxidation peak currents, negatively shift of the oxidation potentials and resolved the overlapping anodic peaks of the neurotransmitters into two well-defined peaks. The developed method was tested for their determination in plasma samples with acceptable recoveries 101 .

Insoluble β-CD polymer was synthesized by β-CD using epichlorohydrin as crosslinking agent under basic conditions. The polymer presented excellent thermal stability, insolubility and catalytic activity for the oxidation of benzyl alcohol to benzaldehyde 102 .

Recently, considerable attentions have been paid to molecular imprinting technology which provides a promising alternative to create highly specific recognition sites within a synthetic polymer network via the template polymerization process. CDs have been incorporated in the molecularly imprinted polymers (MIPs) structure improving their selective recognition ability. Formation of MIPs with CD has a major advantage over other MIP polymers due to the benefits brought by the CDs: binding capacity and binding selectivity. Thus, artificial receptors for versatile nanometer scaled guests can be obtained.

Polymeric receptors for cholesterol and stigmasterol were synthesized by crosslinking β-cyclodextrin and 2,6-di-O-methyl-β-cyclodextrin with hexamethylene diisocyanate or toluene 2,4-diisocyanate in dimethyl sulfoxide. These templates promoted the formation of dimers and trimers of β-CD 103,104 .

A selective MIP for tryptophan was prepared using bonded β-CD and acrylamide by developing a method for chiral amino acid separation and purification 105 . A surface plasmon resonance sensor for dextromethorphan detection was elaborated based on thin layer imprinted β-cyclodextrin polymer 106 . The analytical determination of N-phenyl-1-naphthylamine was successfully achieved on a molecularly imprinted β-cyclodextrin polymer using β-CD as the building units in the development of an optical sensor receptor 107 .

A MIP with good selective adsorption performance for dipenthylphthalate from cow milk was prepared using allyl-β-CD and methacrylic acid as the binary functional monomers 108 . Another molecularly imprinted photonic polymer using maleic anhydride modified β-cyclodextrin and acrylic acid as functional monomers was developed for l-phenylalanine sensing 109 .

A protein MIP with cyclodextrin pseudo-polyrotaxanes (CD-PPRs) as pseudosupports was elaborated demonstrating a highly effective recognition capacity. The recognition specificity of the template relied on the spatial configuration constructed by CD-PPR and metal ions 110 .

A MIP based on β-CD-MWNTs composite material with imprinted sol-gel film on the PANI layer modified carbon electrode was elaborated for the selective determination of l-phenylalanine in blood samples. The response mechanism of the imprinted sensor was based on the inclusion interaction of β-CD and molecular recognition capacity of the imprinted film for l-phenylalanine. The interconnected β-CD-MWNTs composites film and the PANI layer possessed superior conductivity, high stability and excellent electrocatalytic ability and inclusion interaction for the determination of l-phenylalanine. The electrochemical behavior of the sensor was investigated by cyclic voltammetry, differential pulse voltammetry and amperometry. A linear calibration plot was obtained over the concentration range from 5.0•10 -7 to 10 -4 mol L -1 and a detection limit of 10 -9 mol L -1 . The electrochemical imprinted sensor presented excellent sensitivity, selectivity, stability, reproducibility and recovery 111 .

A molecularly imprinted electrochemical sensor based on gold electrode decorated by β-CD incorporated multiwalled carbon nanotube, gold nanoparticlespolyamide amine dendrimer nanocomposites (Au-PAMAM) and chitosan derivative was developed for selective and convenient determination of chlortetracycline. The electrochemical behavior of the developed sensor was characterised by cyclic voltammetry and amperometry. The linear range of the sensor was from 9.0•10 -8 to 5.0•10 -5 mol L -1 , with the detection limit of 4.95•10 -8 mol L -1 112 .

Carbon nanomaterials modified with cyclodextrins

Carbon nanomaterials consist in various members such as: 0-D nanomaterials (fullerenes) 1-D nanomaterials like carbon nanotubes (CNTs), 2-D nanomaterials (graphene) and 3-D nanomaterials like graphite (Figure 6). CNTs are formed by one (single-walled carbon nanotubes, SWCNT) or multiple cylindrical layers of graphene sheets (multi-walled carbon nanotubes, MWCNT). Their unique properties such as: high electronic conductivity, high mechanical resistance, increased electrode active surface area which gives rise to enhanced electrochemical responses and a demonstrated anti-fouling capability of electrode surfaces modified with CNTs, allowed their significant applications in many fields, such as: electroanalytical chemistry, including electrochemical (bio)sensors, electronics, medicine, aerospace industry, etc. The CNTs coupling with other materials, possessing well known electrochemical properties (polymers, metal nanoparticles, cyclodextrins, microparticulates, ionic liquids), led to hybrid composite electrode materials that exhibit special properties due to the synergic effect of the individual components. Therefore, CNT based sensors generally have higher sensitivities, lower detection limits, and faster electron transfer kinetics. The electrode performances depend on the nanotube synthesis method, CNT functionalization, addition of electron mediators, and the immoblilization method of the CNTs at the electrode surface. The funtionalization of CNTs can be achieved by physical (ultrasonic, milling, crushing and friction) and chemical (covalent and non-covalent) approaches. Non-covalent modification uses conjugated polymers, bioactive molecules (DNA, enzyme, and protein) and conjugated polycyclic aromatic hydrocarbons (pyrene and its derivatives) and will not damage the π system of the tubes. Covalent modification in tip mainly includes carboxylation and subsequent derivatization, such as amidation and esterification reaction. Covalent modification in side wall generally includes fluorination, alkylation reaction and cycloaddition. Covalent modification can improve the CNTs properties, but to a certain extent it will destroy the sp 2 structure of the CNTs, thus influencing their stability and conductivity. Different types of electrochemical methods are used in CNT-based (bio)sensors, including the direct electrochemical detection by amperometry or voltammetry, the indirect detection of an oxidation product using enzyme sensors, and the detection of conductivity changes using CNT-field effect transistors (FETs). CNT-based (bio)sensors are considered to be a next generation building block for ultrasensitive and ultrafast (bio)sensing systems. CNTs technology is one of the most exciting areas in current material sciences and the development of CNTs for biomolecule detection is particularly important for bioengineering and biomedical applications [114][115][116][117][118] .

Graphene is a two-dimensional (2-D) sheet of carbon atoms in a hexagonal configuration with atoms bonded by sp 2 bonds; it is a one-atom-thick material which resembles a large polyaromatic molecule of semi-infinite size. This configuration is responsible for their extraordinary properties: a very large surface area, a tunable band gap, room-temperature Hall effect, high mechanical strength, high elasticity and thermal conductivity. In comparison with CNTs, graphene is a biocompatible nanomaterial, it does not contain metallic impurities, and its production needs graphite (which is cheap and accessible). Graphene can be functionalized by covalent grafting (using diazonium salts, dienophile compounds, 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) or N,N'-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS), heteroatom doping (N 2 , B)), by non-covalent (π-π stacking, hydrophilic and hydrophobic interactions) and also by other methods, which meet the specific requirements of different kinds of sensors. The applications of graphene in (bio)sensing are based on electrodes modified with graphene powder or graphene-composite electrodes. Graphene oxide (GO) has been successfully employed in bioelectrochemistry. Proteins retain their structural integrity and biological activity when they form mixtures with GO; this nanomaterial acts as an "electron wire" between the redox centers of the enzyme or protein and the electrode surface, feature which predicts promising applications for GO/protein complexes in biosensor and biofuel cell development. Graphene can be also used as a conductive support for the deposition of electrocatalytic nanoparticles (Pd, Au). Because of its interesting properties, graphene has been used as a transducer in bio-FETs, electrochemical biosensors, impedance biosensors, electrochemiluminescence, and fluorescence biosensors, as well as biomolecular labels 113,[119][120][121][122] .

Fullerenes represent a promising class of spheroidally shaped molecules made exclusively of carbon atoms with unique characteristics: broad light absorption in the UV-Visible region, photothermal effect, structural angle strain, the ability to accommodate multiple electrons and endohedral metal atoms, long-living triplet state, singlet oxygen production, as well as ability to act as an electron acceptor with a dual nature of electrophilic and nucleophilic characteristics. Fullerene core enables the design of new macromolecular architectures in order to modify their properties in self-assembled nanostructures. Fullerenes can form well-ordered 2D nanostructures on most semiconductor and metal surfaces; they are also able to form other low dimensional nanostructures such as nanospheres, nanovesicles, nanorods, nanotubes, and even liquid crystals. Fullerene solubility in polar solvents (especially in water) is quite low. So the methods found for their solubilization include: formation of inclusion complexes with cyclodextrins and calixarenes, solubilization using Tween 20, phospholipids, micelles, liposomes, vesicles, polyvinylpyrrolidone and synthesis of some water soluble fullerene derivatives (having polyamino/polyhydroxy groups, polar side chains). C60, the most representative among fullerenes with his spherical shape, unequalled in nature, may be reversibly reduced by up to 6 electrons due to its low lying triply degenerate LUMOs (due to their high molecular symmetry, the HOMO-LUMO transition of fullerene is forbidden showing a weak luminescence at room temperature, fullerene have a relatively low energy gap of about 1.8eV). Fullerenes present specific biological application such as: photoinduced enzyme inhibition, antiviral activity, DNA cleavage, photodynamic therapy, electron transfer. Fullerenes have been implemented successfully in biosensors to detect glucose, urea, hemoglobin, immunoglobulin, glutathione in real sample, to identify doping abuse, to analyze pharmaceutical preparations and even to detect cancer and tumor cells at an earlier stage. The main role of fullerene in biosensing devices is as a mediator. Due to their novel structures of high symmetric carbon cages, fullerenes have extensive applications on electronics, magnetics, superconducting materials, medicines, biochemistry, electrochemistry and photophysics [123][124][125][126][127] .

Carbon nanotubes, graphenes and fullerenes with their enhanced chemical stability and electrical conductivity, in combination with CDs lead to the improvement of sensing performance with enhanced sensitivity for detecting various analytes taking advantages of the promising properties of both materials. These nanostructured carbon materials can be modified with CDs by two different ways: non covalent (usually sonication) and covalent functionalization (covalent attachement).

Carbon nanotubes with cyclodextrins

Multiwalled carbon nanotubes (MWCNTs) were sonicated together with β-CD forming β-CD-MWCNTs nanocomposite which was assembled on GCE using layer-by-layer (LBL) method based on electrostatic interaction of positively charged biopolymer chitosan and negatively charged MWCNTs. The SEM indicated that the β-CD presence lead to the obtaining of more compact multilayer. According to the cyclic voltammetry results, the assembled MWCNTs with β-CD on GCE exhibited lower capacitive background current and higher electrocatalytic activity toward dopamine than the assembled MWCNTs without β-CD. These results may be ascribed to the relatively compact three-dimensional structure of the MWCNTs multilayer films with β-CD and to the excellent molecule recognition function of β-CD 128 .

Glassy carbon, gold and indium tin oxide electrodes were covered by a conductive composite film containing functionalized multi-walled carbon nanotubes (fMWCNTs), gold nanoparticles with hydroxypropyl-β-cyclodextrin (HPβCD) as catalysts which was synthesized by potentiostatic methods. The presence of gold nanoparticles produced an increase in the sensitivity of the modified electrodes and the presence of fMWCNTs and HPβCD in the composite film enhanced the active surface coverage concentration of Au by almost 400 %. These modified electrodes presented well separated voltammetric peaks for tyrosine, guanine, adenine and thymine 129 . For the simultaneous or individual determination of guanine and adenine other electrodes modified with β-CD incorporated carbon nanotubes were proposed with an accumulation at open circuit for 1 minute presenting a peak potential difference of 300 mV. The marked electrocatalytic activity permitted effective low potential amperometric biosensing of DNA with the detection limits of 0.1 µg mL -1 for guanine and 0.2 µg mL -1 for adenine 130 . ITO electrodes coated with β-cyclodextrin modified MWCNTs showed enhanced and selective electrocatalytic effect on the reduction of sodium cholate, while electrochemical response of deoxycholate was not observed 131 . Electrochemical oxidation of norepinephrine was studied on β-CD incorporated CNT modified electrode and the simultaneous determination of norepinephrine and ascorbic acid was successfully achieved, due to a separation peak potential of about 264 mV 132 . An α-cyclodextrin (α-CD) incorporated carbon nanotube-coated electrode with strong catalytic effects for the simultaneous determination of dopamine and epinephrine with a peak potential separation of 390 mV was reported 133 . Another MWCNTs/β-cyclodextrin based sensor was elaborated for rutin determination by cyclic voltammetry, showing better analytical performances for the electrocatalytic oxidation and reduction of rutin in comparison with the MWCNTs film and bare glassy carbon electrodes 134 . The selectivity to quercetin and rutin was obtained on succinyl-β-CD-modified MWCNT coated glassy carbon electrode. Succinyl-β-CD separated the peak potential of the two substances by 110 mV and a more favorable complexation between succinyl-β-CD and quercetin was attributed 135 .

MWCNTs were ultrasound-dissolved in 10 % β-CD solution and then were used to modify the glassy carbon electrode elaborating a dopamine electrochemical sensor. β-CD as molecular receptor and MWCNT as enhancer of electron transfer improved the analytical performances and the catalytic oxidation of dopamine with a negatively shifted oxidation potential, a more reversible dopamine redox process, a selectivity toward ascorbic acid, and an excellent sensitivity, repeatability and stability 136 . Aligned carbon nanotubes were functionalized with β-CD diazonium salt through diazotization reaction and the resulting electrode was used to detect DNA hybridization in homogeneous solution based on host-guest recognition. The DNA probe had both ends modified: one with dabcyl (4-((4-(dimethylamino)phenyl)azo) benzoic acid) as guest molecule for the modified electrode capture, and the other end was labeled with a CdS nanoparticle as an electrochemical tag to indicate the occurrence of DNA hybridization. This electrochemical biosensor has high sensitivity and specificity with a detection limit of 5.0•10 -13 mol L -1 for the determination of sequence-specific DNA 137 .

Carbon nanomaterials (including fullerenes, SWCNTs, MWCNTs and graphene sheets) were functionalized with β-cyclodextrin polymer (CDP) obtaining CDP-carbon nanomaterials whit high solubility and stability in water. The integrity of carbon nanomaterials was significantly preserved by this noncovalent modification. Furthermore p-aminothiophenol used as a guest was trapped in the CDP-modified carbon nanomaterials, after that these complexes interacted with Au or Pt nanoparticles by the formation of thio-Au or thio-Pt bond allowing the highly efficient nanoparticle assembly onto the surface of MWCNTs. Pt-decorated CDP-carbon nanomaterials can be applied in methanol fuel cells. These carbon nanomaterialbased hybrid materials presented not only the good electrical and large surface area properties of carbon nanomaterials, but also displayed high supramolecular recognition and enriching properties of CDs 138 (Figure 7). Gold nanoparticles-poly(luminol) (Plu-AuNPs) hybrid film and multi-walled carbon nanotubes with incorporated β-CD were explored to modify glassy carbon electrode for simultaneous determination of dopamine and uric acid exhibiting good selectivity and sensitivity with well-separated peaks. The gold nanoparticles were dispersed into the porous polymer matrix of poly(luminol) generating additional electrocatalytic sites; β-CD was used as a dispersing reagent for carbon nanotubes. The DPV response of the modified electrode was about 8-fold greater compared to that of the Plu-AuNPs/GCE with a lower detection limit for dopamine. Interferences from ascorbic acid and uric acid were efficiently eliminated and bioanalytical applications such as real sample analysis were investigated 139 .

An insoluble conducting composite film of polycyclodextrin (CDP) and carbon nanotube was obtained by dissolving MWCNTs in a mixed aqueous solution of β-CD and β-CD prepolymer (pre-CDP). For biosensing purpose, glucose oxidase was immobilized on the film, the biosensor presented good sensitivity to glucose within a wide concentration range. β-CD provided a large surface for enzyme and mediator loading, and also a desirable microenvironment to enzyme, while the CNTs could promote the redox reaction of the active center of the oxidase 140 .

Graphene with cyclodextrins

Hydroxypropyl-β-cyclodextrin-reduced graphene oxide hybrid nanosheets (HP-β-CD-RGO) synthesized by microwave irradiation, Nafion and in situ deposited bismuth film, were used as the sensing material for the simultaneous determination of Pb 2+ and Cd 2+ . This sensor exhibited high sensitivity (the LOD obtained for Pb 2+ and Cd 2+ were 9.42 •10 -11 and 6.73•10 -11 mol L -1 , respectively), good stability and reproducibility. It successfully combines the host-guest recognition and enrichment properties of HP-β-CD, the large 2-D electrical conductivity and large-surface-area properties of RGO, the ion-exchange capacity of Nafion and the ability of bismuth film to form easily alloys with heavy metals in a synergistic effect which improves the analytical performances of the sensor 141 .

Hydroxypropyl-β-cyclodextrin (HPCD) was covalently grafted onto the surface of graphene oxides (GO) via ester bonds by nucleophilic addition between HPCD and thionyl chloride modified GO. FTIR, Raman and TGA spectra confirmed the synthesis of β-CD functionalized graphene material. The electrochemical interactions between hemoglobin (Hb) and tetraphenyl-porphyrin (TPP) were investigated by cyclic voltammetry showing a detection limit to Hb of 5.0•10 -9 mol L -1 , indicating high biorecognition capability 142 . β-CD@CRG nanocomposite prepared via a simple sonication-induced assembly, in combination with Nafion, was used for the development of a sensitive electrochemical sensor for rutin detection. Its excellent analytical performance was attributed to the high rutin loading capacity on the electrode surface and the outstanding electric conductivity of graphene 143 .

The same simple wet-chemical strategy was used for preparing CD-Gr nanocomposite which was employed for the fabrication of enzyme electrodes via host-guest supramolecular interactions between adamantane-modified horseradish peroxidase (HRP-ADA) and CD-Gr nanocomposites. The biosensor showed good reproducibility and high sensitivity to H 2 O 2 with the detection limit of 0.1•10 -6 mol L -1 in the range of 0.7 -35•10 -6 mol L -1 , revealing that such an electrochemical platform not only preserved the native structure of the immobilized enzyme, but also exhibited good electron transfer properties for HRP 144 , (Figure 8). The electrochemical behavior of dopamine seemed to be more reversible on the electrode modified by β-CD/graphene sheet (GS) compared to GS/GCE (the difference between the two ∆Ep was about 42 mV revealing a faster electron transfer process). By using CV method, the linear current response range of the β-CD/GS/GCE covered the range from 9.0•10 -9 to 12.7•10 -6 mol L -1 , with a detection limit of 5.0•10 -9 mol L -1 . The sensor also showed a good ability to suppress the background current due to the large excess ascorbic acid 145 . A simple method for water-phase synthesis of β-CD modified RGO reduced by l-ascorbic acid at room temperature was reported and the β-CD-RGO was used as enhanced material for sensitivity determination of diethylstilbestrol. The developed electrochemical sensor exhibited high selectivity, good stability and reproducibility, performances due to the excellent electronic properties of RGO sheets and also to the high supramolecular recognition capability of β-CD 146 .

A novel method consisting in a cooperation of potentiostatic technique and CV has been employed to prepare the electrodeposited graphene/polymerized β-cyclodextrin (E-Gr/P-βCD) nanocomposite film. Based on the synergistic effect of E-Gr and P-βCD, a highly sensitive electrochemical sensor for quercetin was fabricated with a linear range from 0.005 to 20•10 -6 mol L -1 , and a detection limit of 1•10 -9 mol L -1 147 . The electrochemical behaviors of 2-chlorophenol (2-CP) and 3-chlorophenol (3-CP) were investigated on β-CD functionalized graphene modified carbon paste electrode. Well separated oxidation peaks recorded by CVs and DPVs and a higher sensitivity for the oxidation of 3-CP were obtained. These effects may be due to the adsorption of 3-CP into the caves of β-CD. This sensor may also provide a promising new application to detect other isomers 148 . Monodisperse AuNPs were anchored onto carboxylic graphene nanosheets (CGS). A dual β-CD functionalized Au@CGS nanohybrid was then fabricated: the NH 2 -β-CD was covalently bonded to Au@CGS by combining the amine group of NH 2 -β-CD and the carboxyl group of CGS, with the aid of an EDC/NHS coupling agent and then the NH 2 -β-CD was strongly attached to the surface of the Au@CGS because of the strong coordinating capability between Au and thiol. The performances of this nanohibrid, for the simultaneous determination of two phenol compounds, hydroquinone and p-nitrophenol, were tested by DPV. The proposed electrochemical sensor showed a low detection limit and high selectivity caused by the large surface area, the excellent conductivity, and the high host-guest molecular recognition capability of the β-CD-Au@CGS nanohybrids 149 .

A β-CD functionalized graphene nanosheets (GN-CD) assembly was prepared by in situ thermal reduction of graphene oxide with hydrazine hydrate in the presence of β-CD, then cytochrome c (Cyt c) was intercalated to the GN-CD assembly to form a layered self-assembled structure, GN-CD-Cyt c, through electrostatic interaction. This assembly combined the specific properties of the modifiers, namely the high conductivity of graphene nanosheets, the selectively binding properties and electronegativity of CDs and the electropositivity of Cyt c. The sensor displayed improved electron transfer rate and high supramolecular recognition capability toward six amino acid probes, among which glycine was chosen as a representative analyte 150 . An enhanced electrochemical sensing platform based on the integrating properties of graphene and 2,6-dimethyl-β-cyclodextrin (DM-β-CD) was elaborated for the determination of isoquercitrin and baicalin in real serum samples. The homogeneous graphene oxide dispersion (0.5 mg mL -1 ) was mixed with 20 mL of DM-β-CD aqueous solution (80 mg) and 300 µL of ammonia solution, followed by the addition of 20 µL of hydrazine solution forming well dispersed graphene suspension which showed high supramolecular recognition properties to enrich guest molecules. The linear ranges of isoquercitrin and baicalin were 10•10 -9 mol L -1 -3.0•10 -6 mol L -1 and 0.04•10 -6 mol L -1 -3.0•10 -6 mol L -1 , with the detection limits of 4•10 -9 mol L -1 and 10•10 -9 mol L -1 . The characteristic properties of graphene (large surface area and high conductivity) and of DM-β-CD (high supramolecular recognition and enrichment capability) improved the electrochemical features of the nanocomposite 151 .

A non-enzymatic electrochemical sensor for micromolar detection of cholesterol was obtained using Graphene-β-Cyclodextrin (Gr-β-CD) hybrid system as the sensing matrix. The graphene oxide was treated with β-CD in presence of ammonia and NaOH, and then the complex was reduced with hydrazine, forming Gr-β-CD. Methylene blue, used as redox probe, was replaced by cholesterol from the host-guest complex formed with β-CD, being detected electrochemically by differential pulse voltammetry 152 .

Fullerenes with cyclodextrins

Fullerenes have specific and unique chemical and physical features which make them an attractive tool for biological applications. Their well-known lack of solubility in polar solvents can be solved by chemical or supramolecular approaches. The last technique, supramolecular complexation, employed the fullerene entrapment in γ-CD cavity in a molar ratio of 2:1 (CD:fullerene) to form water-soluble fullerene derivatives. The CD ability to mask the fullerene sphere is very important in enhancing solubility in polar solvents and in decreasing aggregation 153,154 . C70 solubility was improved by complexation with δ-cyclodextrin using the ballmilling method based on a solid-solid mechano-chemical reaction; the stoichiometric ratio of the complex was 1:2 (C70:δ-CD) 155 . PEG/CD-modified dendrimers have been synthesized and applied for the solubilization of C60 fullerene, obtaining an aqueous solution of fullerene with a concentration of 2.8•10 -6 mol L -1 , taking into account that the solubility of C60 in pure water was reported as 2•10 -24 mol L -1 156 . Stable solutions of fullerene C60 with human serum albumin (C60/HSA) were prepared via the formation of C60/HP-β-CD nanoparticles, in particular by transferring C60 molecules from HP-β-CD to HSA molecules. The resulting C60/HSA presented an excellent stability, antioxidant activity and substantial phototoxicity properties 157 .

A supramolecular inclusion complex of C60 and β-CD (1:2) was synthesized; it interacted then with bovine serum albumin giving a (β-CD) 2 /C60-BSA water-soluble complex which was characterized by spectroscopic and electrochemical methods in aqueous solutions 158 . Triazole-methoxypyridyl γ-CD was used as a successful hydrosolubilizing reagent for C60 resulting in hydrosoluble inclusion complex of C60 with a concentration of more than 70•10 -3 mol L -1 which is approximately 90 times greater than that with non-substituted γ-CD 159 . C60 was immobilized through host-guest interaction into the SAMs of bis-pyridine-substituted γ-CD preserving its electronic properties and stabilising the fullerene against photopolymerisation and aggregation 160 .

The separation of the different regioisomers of fullerene derivatives using host-guest complexes has been reported. Bis-N-methyl-fulleropyrrolidine fullerene derivatives were separated by complexation with γ-CD by controlling the relative amounts of γ-cyclodextrin and dimethyl sulfoxide (DMSO). Using small amount of γ-CD, the trans-1 and trans-2•γ-CD complexes were separated from the trans-3•γ-CD complex. The explanation for the observed regioselective separation was a competition between the relative stabilities and solubilities of the complexes in water and water-DMSO mixture 161 . It was proved that host-guest complexes of C60 and its conjugates maintained the electrochemical activity of the fullerene moiety. The determination of redox potentials allowed drawing conclusions on the formation of complexes and determining the binding enhancement due to the redox change on the C60 core 162 . CD-fullerene conjugates were also synthesized by covalent functionalization. In particular, C60 with a notable electron acceptor capability, it was conjugated with azido-CDs via 1,3-dipolar cycloaddition in chlorobenzene, resulting the corresponding azafulleroid with 40-49 % yields. These CD-C60 conjugates are soluble in all the common organic solvents and in THF/H 2 O mixtures with up to 90 % of water. Their redox properties determined by cyclic voltammetry in ortho-dichlorobenzene/ acetonitrile (4:1, v:v) mixture and by adding ferrocene as an internal reference, remained totally unaltered. The four reduction processes corresponding to the four quasireversible reductions of the fullerene sphere were displayed in the azafulleroid voltammograms 163,164 . A bridged bis(β-cyclodextrin)-fullerene conjugate was also synthesized and characterized by UV-Vis, FTIR, NMR, fluorescence, and circular dichroism spectroscopy, techniques which showed that the bis(β-cyclodextrin)fullerene conjugate displayed an intramolecular capsule type conformation in aqueous solution. Beyond its satisfactory water solubility at physiological temperature and DNA-cleaving ability under visible light irradiation, a specific advantage of the capsule type CD-fullerene conjugate is that the CD cavity can selectively form complexes with certain fragments of the biological substrates, enabling the site specific interaction between the fullerene and target substrate 165 .

Another method for synthesizing a water soluble cyclodextrin-fullerene conjugate was based on the Diels-Alder reaction between anthryl-cyclodextrin and fullerene in DMF/toluene solution. The CD-C60 conjugate exhibited water solubility up to 2.5 g L -1 at 25 o C and it could remain stable for several weeks when stored at -10 o C 166 . A water-soluble complex of fullerene and β-cyclodextrin [C60(β-CD) 2 ] was found to act as the mediator for the electrocatalytic conversion of dinitrogen to ammonia, the rate determining step being the reduction of the fullerene-cyclodextrin complex. The EIS data showed a decrease of the charge transfer resistance in the presence of nitrogen 167 . A glassy carbon electrode was modified with CD-C60 for p-nitrophenol detection. The CD-C60 conjugate was synthesized by 1,3 cycloaddition and 8 µL of its dichloromethane solution (1 mg mL -1 ) were casted on the electrode surface. The developed device presented a detection limit of 1.2•10 -9 mol L -1 calculated by square wave voltammetry. The high electrocatalytic performance of the sensor was due to synergetic properties of C60 (microelectrodes) and β-cyclodextrin (acceptor-host system) 168 .

Cyclodextrins tagged biomolecules

Various biomolecules were labelled with CDs whether to be attached at the sensor surface (which will further on express their biological activity when included in the biosensor) or to explore the analytical properties of the inclusion complexes.

An artificial enzyme having a cyclodextrin-peptide hybrid with multiple functional groups on the peptide backbone has been synthesized as a catalyst for ester hydrolysis 169 . Another cyclodextrin-peptide conjugates was designed with two β-hairpin peptide chains arranged at the primary hydroxyl group side of β-CD so as to form a hydrophobic site as an additional recognition site 170 . For the steroid molecules detection, a cyclodextrin conjugated peptide with two different fluorophores, coumarin and pyrene, was reported 171 .

A fluorescent thrombin binding aptamer was conjugated with dansyl probe and β-cyclodextrin residue at its extremities. This bis-conjugated aptamer fully retains its G-quadruplex formation ability and thrombin recognition properties resulting in a fluorescence enhancement, due to inclusion of dansyl, attached at the 3'-end, into the apolar cavity of the β-cyclodextrin at the 5'-end 172 .

Cosnier et al. synthesized glucose oxidase conjugated with β-CD which showed affinity towards adamantane-polypyrrole/pyrene, thus mimicking the biological avidin-biotin interactions. This approach led to the construction of high-performance amperometric biosensors [START_REF] Holzinger | Adamantane/β-cyclodextrin affinity biosensors based on single-walled carbon nanotubes[END_REF]173,174 .

Cyclodextrins as biomimetic receptors and the comparison with other affinity systems

The bioreceptor, consisting in the biological recognition system is the most important part of a biosensor. Many bioelements, such as: enzymes, DNA, RNA, antibodies, aptamers, microorganisms, and living cells, were used in biosensor construction, based on different types of interactions between the bioreceptor and the analyte. The major disadvantage of all these biomolecules (poor chemical and physical stability) was the main reason for developing an alternative approach which involves the use of biomimetic receptor systems, capable of binding target molecules with affinities and specificities as natural receptors do. These chiral macrocyclic receptors are also able of stereoselective molecular recognition. Among the biomimetic receptors, the most used are crown ethers, calixarenes, cyclodextrins and molecularly imprinted polymers representing a topic of current interest in supramolecular chemistry [175][176][177] .

The immobilization of bioelements through affinity systems represents a powerful and promising tool in biological devices as biosensors and biofuel cells preserving their biological activity. Affinity systems consist in supramolecular interactions, including hydrophobic or electrostatic interactions, and coordination chemistry with metal complexes 178 .

The first used affinity system is biotin-(strept)avidin system with an association constant comparable to covalent bonds (K ass. =10 15 L mol -1 ) because avidin forms a highly stable and specific complex with 4 biotin units. Avidin can thus be used to form a bridge between biotinylated proteins or supports. It is still the most used system for the almost irreversible immobilization of many types of bioreceptors. Many (bio)molecules were biotinylated in order to bind an intermediate avidin layer for the biomolecules attachment to the electrode surface. Electrogenerated biotinylated polypyrrole film covered by an avidin bridge formed by affinity interactions was used for the anchoring of biomolecules [179][180][181][182][183][184][185][186][187][188][189][190] . The second affinity system developed was based on immobilization on metal ions. At the beginning, specific interactions between a chelated Ni 2+ and histidine tags were observed, lately a new strategy was developed: the coordination of the electropolymerized poly(pyrrole-nitrilotriacetic-acid)-(NTA) film with Cu 2+ and the coordination of biotin/histidine group [191][192][193][194] . The advantage of this concept is the fact that, in water, the strength of coordinative metal-ligand bonds is superior to almost all other noncovalent interactions. For example, the association constants between carboanhydrase (with 6 surface histidine residues located at specific distances from each other) and Cu 2+ ions is K ass = 10 5 L mol -1 . Proteins which have a different distribution of histidines groups bind more than 100-fold less tightly 195 . Another advantage of this affinity system consists in avoiding the intermediate layer of proteins (avidin).

Organic molecules that contain coordinating sites (ethylenediaminetetraacetic acid (EDTA), 1-(2-pyridylazo)-2-naphthol (PAN), 2-aminothiazole, dimethylglyoxime, N-phenylcinnamohydroxamic, 4-carboxyphenyl, 1,8-diamino-3,6-dioxaoctane, 4-methoxybenzene diazonium salt) are employed for the preconcentration of metals (Cu 2+ , Pb 2+ , Ni 2+ , Cd 2+ ) by complexation improving the sensibility and selectivity of the electrochemical methods for detection 196,197 . Other effective and specific ligands for metal ions are the olipeptides (Gly-Gly-His, glutathione, Glu-Cys-Gly, human angiotensin I, etc.) which contain a variety of electron donor atoms giving the ability to complex metallic ions 198,199 .

Antibodies are complex glycoproteins that specifically recognize and bind an antigen. Their affinity relies on the strength of electrostatic and hydrophobic interactions. An antibody fits its unique antigen in a highly specific way, their 3D dimensional structures being complementary. Immunosensors employ the high Ab/Ag specificity to detect the presence of its analyte by using electrochemical, thermometric, optical, piezoelectric and magnetic transducers. The various applications of these sensors include the biomedical (clinical analysis, diagnosis and treatment monitoring), environmental, public health and safety applications 200 .

Aptamers are artificial single stranded oligonucleic acid or peptide molecules which can specifically bind to a variety of targets such as: metal ions, pharmaceutical substances, organic dyes, aminoacids, nucleotides and cells. These "chemical antibodies", called like that due to their method of selection in vitro SELEX (Systematic Evolution of Ligands by EXponential enrichment), possess high selectivity and affinity toward their targets. Compared to antibodies, aptamers have more advantages such as: chemical synthesis, easy modification, high stability, target versatility, easy-to-stock, low immunogenesis and resistance to denaturation and degradation. Aptamers have been widely used as biorecognition elements in electrochemical, optical and mass-sensitive bioassays. The combination of aptamers with novel nanomaterials has significantly improved the performance of aptamerbased sensors. Aptamers show a very high affinity for their targets, with dissociation constants typically from the micromolar to low picomolar range, comparable to those of some monoclonal antibodies. Aptamers have also been selected with a high binding specificity, as demonstrated by an anti-theophyllin aptamer that displays a 10.000-fold discrimination against caffeine, or by an anti-L-arginine RNA aptamer which exhibits a 12.000-fold affinity reduction toward D-arginine. Aptasensors have been given an increasing attention for analytical, clinical diagnosis, environmental and food analysis [201][202][203] . Host-guest recognition between CDs and aptamers was used for the development of some biosensors applied for the detection of thrombin and adenosine triphosphate with good analytical performances [204][205][206][207] . Macrocyclic receptors have also been used for the immobilization of inorganic and organic molecules. Crown ethers were employed in preconcentration techniques due to their ability to selectively include molecules into their cage 208 . Calixarenes, cyclic oligomers of phenol-formaldehyde condensates, and their derivatives with a conformational and structural flexibility supply the basis for molecular and ionic recognition. They were widely used as ionophores increasing the membrane sensitivity and selectivity of the sensors [209][210][211] .

CDs with their particular structural properties have been widely used for the inclusion complexes formation with a variety of guest molecules that fitted in their cavity. The immobilization of enzymes through supramolecular complexation between β-CD and adamantane or pyrene tagged molecules was reported for the first time by Villalonga et al. 212 starting the great evolution of the sensors based on this affinity system [START_REF] Holzinger | Adamantane/β-cyclodextrin affinity biosensors based on single-walled carbon nanotubes[END_REF]173,213 . It is very well known that adamantane derivatives form 1:1 inclusion complexes with β-CD with high stability (association equilibrium constant between 10 4 -10 5 L mol -1 ). The association equilibrium constant of K ass = 5.2•10 4 L mol -1 for 1:1 inclusion complex between β-CD and adamantane labelled with a fluorescent probe (Ada-A488) was calculated by fluorescence correlation spectroscopy 213 . The pyrene-β-CD complex has an apparent association constant of 2.3 •10 4 L mol -1 173,214 . Biotin is also a suitable guest for CD forming host-guest complexes with an association constant of 300 L mol -1 used in order to immobilize biomolecules. Due to their high stability, the host-guest complexes have found several important applications in supramolecular chemistry and in biomedical fields [215][216][217] .

In the last few years, molecularly imprinted polymers (MIPs) have become an attractive tool for the development of artificial recognition agents. Molecular imprinting technique is achieved by the interaction, either noncovalent or covalent, between complementary groups in a template molecule and functional monomer units through polymerization or polycondensation. Owing to their advantageous properties (affinity and specificity towards the target molecules and high stability) over natural biological recognition agents, MIPs have been widely employed for diverse applications in diagnostics, separation, purification and quantification processes. One of the most promising applications of MIPs is their use as recognition elements in sensors allowing the highly specific detection of even very dilute molecules in mixtures. Computationally designed MIPs often possess affinity comparable with antibodies. The binding detection was realized using electrochemical, optical and piezoelectric transducers. Two principal types of MIP sensors were developed: affinity sensors (immunosensor and receptor-type sensor devices) and catalytic sensors [218][219][220] .

Conclusions

The cyclodextrins ability to form inclusion complexes is the main reason of their wide spread utilization in various areas such as: pharmaceutical technology, agriculture, food, toilet articles, textile industry and environment monitoring. During the last decades, cyclodextrins found an increasing interest in analytical chemistry, multiple applications in pharmaceutical and biomedical analysis being reported in literature. The interactions between cyclodextrins and/or their derivatives with many electroactive molecules (as guest) modify the electrochemical behavior of the last ones, determining the decrease of the anodic/cathodic peak currents and shifts in the oxidation/reduction potentials. This is the reason why cyclodextrins have been widely employed as electrode modifiers by using various methods for their immobilization onto the electrode surface. The cyclodextrin based (bio)sensors showed increased performances such as marked sensitivity, selectivity and molecular recognition.

Electrochemical and spectral study of some pharmaceuticals with β-cyclodextrin interactions in solution 1.Introduction

Cyclodextrins (CDs) find various applications in pharmaceutical formulations where they are used in order to enhance the solubility, stability and bioavailability of drug molecules [START_REF] Abd-Elgawad | Electrochemistry of cyclodextrin inclusion complexes of pharmaceutical compounds[END_REF][START_REF] Dodziuk | Cyclodextrins and their complexes[END_REF] . The main subject of many scientific articles consists in the study of the formation of inclusion complexes between CDs and various molecules [START_REF] Radi | Electrochemical study of gliclazide and its complexation with β-cyclodextrin[END_REF][221][222][223][224] . The formation of host-guest complexes with CDs was characterized by electrochemical, chromatographic, calorimetric and spectral methods such as: NMR [START_REF] Amatore | Supramolecular effects of cyclodextrins on the electrochemical reduction and reactivity of aromatic carbonyl compounds[END_REF]225,226 , UV-Vis spectrophotometry 226 , IR spectroscopy [START_REF] Amatore | Supramolecular effects of cyclodextrins on the electrochemical reduction and reactivity of aromatic carbonyl compounds[END_REF]226 , fast atom bombardment mass spectrometry 226 , X-ray crystallograpohy 227 , differential scanning calorimetry 228 , thermogravimetry/differential thermal analysis 221,229 and electrochemical methods [START_REF] Song | Study on the supramolecular systems of two basic violets with cyclodextrins by MWNTs/Nafion modified glassy carbon electrode[END_REF][START_REF] Radi | Electrochemical study of gliclazide and its complexation with β-cyclodextrin[END_REF][START_REF] Amatore | Supramolecular effects of cyclodextrins on the electrochemical reduction and reactivity of aromatic carbonyl compounds[END_REF]226,230 . Several electrochemical methods such as potentiometry, cyclic voltammetry, differential pulse voltammetry and square wave voltammetry were used for the investigation of CDs behavior in solution. The influence of the CD addition on the electrochemical behavior of the guest molecules mainly consists in the decrease of the peak current and also in a shift to more positive potential values, due to the formation of inclusion complexes with smaller diffusion coefficients [START_REF] Song | Study on the supramolecular systems of two basic violets with cyclodextrins by MWNTs/Nafion modified glassy carbon electrode[END_REF][START_REF] Radi | Electrochemical study of gliclazide and its complexation with β-cyclodextrin[END_REF] .

The influence of β-cyclodextrin (β-CD) in aqueous solutions, on the electrochemical behavior of some pharmaceutical substances, such as: ascorbic acid ((5R)-[(1S)-1,2-dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one), uric acid (7,9-Dihydro-1H-purine-2,6,8(3H)-trione), caffeine (1,3,7-

trimethyl-1H-purine-2,6(3H,7H)-dione-3,7- dihydro-1,3,7-trimethyl-1H-purine-2,6-dione), caffeine citrate (1,3,7-trimethylpurine-2,6- dione; 2-hydroxypropane-1,2,3-tricarboxylic acid), theophylline (1,3-dimethyl- 7H-purine-2,6-dione), aminophylline (1,3-dimethyl-7H-purine-2,6-dione; ethane- 1,2-diamine)
and acetaminophen (N-(4-hydroxyphenyl)acetamide) was investigated with carbon paste electrodes (CPEs) by using square wave voltammetry (SWV) 231 . The inclusion complexes were characterized by FTIR spectra 231 .

Experimental

β-CD was purchased from Merck, acetaminophen from Sigma, caffeine, caffeine citrate, theophylline, uric acid, ascorbic acid, aminophylline were purchased from Fluka. The 0.1 mol L -1 phosphate buffer solutions (PBS) at pH 7.4 and pH 7.2 were prepared using sodium dihydrogen phosphate and sodium monohydrogen phosphate from Fluka. The 0.1 mol L -1 acetate buffer at pH 4 was prepared using acetic acid and sodium acetate from Fluka. All the reagents were used without further purification and were of analytical grade. All aqueous solutions were prepared with ultrapure water. All the measurements were performed at room temperature (22 -25 °C ) 231 .

The electrochemical experiments were carried out with an Autolab PGSTAT 12 potentiostat equipped with GPES 4.9 software, using a traditional three electrodes system. The carbon paste electrode was used as the working electrode, with an Ag/AgCl, KCl 3 mol L -1 as reference electrode and a platinum wire as the counter electrode. The FTIR spectra were measured in a Jasco FT/IR-4100 spectrophotometer equipped with Jasco Spectra Manager Version 2 software on wavenumber 550 -4000 cm -1 . The solid samples were obtained after evaporation of the same solvent used in electrochemical analysis 231 .

The carbon paste (CP) was prepared by hand-mixing graphite powder with melted solid paraffin in a ratio of 3:1 (w/w) to ensure easy manipulation. The electrode was constructed by packing the carbon paste into the tip of the Teflon cavity (d = 4 mm; h = 5 mm), provided with a copper wire which assures electric contact. The surface was then smoothed with a smooth white paper while a light manual pressure was applied to the electrode tip until a shiny surface was obtained 231 .

The optimal parameters for SWV were: frequency 15 Hz, amplitude 25 mV and step potential 2 mV, and for cyclic voltammetry (CV) a scan rate of 100 mV s -1 was used. The mixtures were obtained by vortexing the solutions 5 minutes at 400 rpm in order to allow the formation of inclusion complexes. The uric acid solution was prepared by ultrasonication during 10 minutes and heating up to 60 °C to solve the powder. All the other solutions were prepared by ultrasonication for 3 minutes 231 .

Results and discussions 1.3.1. The electrochemical behavior of the studied pharmaceuticals in the presence of β-cyclodextrin

The square wave and cyclic voltammetry behavior of increasing concentrations of β-CD with 10 -3 mol L -1 solutions of uric acid, ascorbic acid, aminophylline, caffeine, caffeine citrate and theophylline was investigated with CPE. A shift towards positive values of potential and in the same time a decrease of the current intensity after β-CD addition in the solution, which can be attributed to the formation of inclusion complexes between the β-CD host cavity and the analyte guest molecule, are presented in Figures 9-12 The current intensity depends on the concentration of free molecules and on their diffusion coefficient. The decrease in current intensity after addition of β-CD is attributed to the decrease in concentration of free analyte molecules. It was observed that the guest molecules entrapment in the host cavity hinders their oxidation (electron transfer does not involve the encapsulated substrate, the complex dissociation usually takes place before the electron transfer step) 18,20 . The positive shift of the E p also indicates that the oxidation center of the analyte is included in the β-CD cavity leading to a more difficult oxidation. Another reason for the decrease in current intensity may be a smaller diffusion coefficient of the inclusion complexes compared to the free drug, taking into consideration that the complexes usually present smaller diffusion coefficients and the analyte reaches the surface electrode harder 18,20 .

The relationships between the oxidation peak currents and the concentration of caffeine in acetate buffer at pH 4 in the presence of 10 -4 mol L-1 β-CD was examined by SWV (Figure 13 A). The values of the maximum current intensity were read at different potentials according to the shift registered for each complex. The concentration shows a linear variation range from 10-4 to 5•10-4 mol L-1 expressed by the following equation: I p (μA) = 0.75 ± 0.158 + 6.30 ± 0.578 • C caffeine (mmol L -1 ); R2 = 0.983 (4 points), Figure 13 B. The current variation is not linear for concentrations greater than 5•10-4 mol L-1. The oxidation peak corresponding to the caffeine is growing proportional to the amount added suggesting that the molar ratio of 1:1 is convenient for the complexation (Figure 13 A). The plots of vs. /[β-CD] 0 are straight lines with the slopes being equal to the corresponding dissociation constants K D . The equations for these straight lines and the values for the binding constants for all the inclusion complexes are presented in Table II. The binding constant K i was calculated from the inverse of the slope K D . The obtained values for K i are in agreement with the results presented in literature for other inclusion complexes of β-CD 232 .

Infrared spectra of the inclusion complexes

FTIR measurements for β-CD, guests alone and also for the inclusion complexes were performed. The solid samples were prepared by evaporation of the same solvent used in electrochemical analysis. Two supplementary peaks, at 1583 cm -1 and 1400 cm -1 corresponding to the COO -asymmetric and symmetric stretches, can be observed when acetate buffer is used; meanwhile PBS presents no remarkable influence in FTIR spectra. Major modifications of the absorption bands such as shifts, attenuations and disappearances of some bands can be easily observed in the FTIR spectra of the inclusion complexes.

In the FTIR spectra of ascorbic acid inclusion complexes (in two molar ratio 1:1 and 1:4) can be observed that some bands of the guest are diminished: 1752 cm -1 (C=O stretch in carbonyl), 1652 cm -1 (-C=C-stretch), 1023 cm -1 (C-O stretch in alcohols and ethers), 754 cm -1 (=C-H bend), 628 cm -1 (C-O bend in ether). Other bands of ascorbic acid are not observable in complexes: 3005 cm -1 (=C-H stretch), 1496 cm -1 (C-C stretch in-ring), 1455 cm -1 (C-H bend), and 1312-1110 cm -1 (C-O stretch), 987-683 cm -1 (=C-H bend). The four small O-H stretches from 3523, 3406, 3310, 3206 cm -1 disappear in complexes being hidden in the broad band at 3277 cm -1 from β-CD. The specific bands of β-CD from 3313 cm -1 (O-H stretch, H-bonded), 2924 cm -1 (C-H stretch in alkanes), 1338-1020 cm -1 (C-O stretch in alcohols and ethers), 946-754 cm -1 (carbohydrates bends), 605-574 cm -1 (ether bend) are attenuated and shifted in the complexes spectra (Figure 14 A). The FTIR spectra of uric acid-β-CD complexes are presented in Figure 14 B where it can be easily observed the marked modifications of uric acid spectra: some bands of uric acid from 2986 cm -1 , 2916 cm -1 (CH 3 asymmetric and N-H stretch in imidazol), 1024 cm -1 (N-H stretching, C-N stretch in pirimidine), 874 cm -1 (N-H outof-plane bending) are strongly diminished and shifted in complexes, meantime other bands have disappeared: 2817-2024 cm -1 ( CH 3 asymmetric and N-H stretch, asymmetric stretch of C=C), 1652-1435 cm -1 (C=O stretch in unsaturated carbonyl, asymmetric deformation of NH 3 , CH 2 -CO bending,  CH 2 scissoring), 1398-1348-1299 cm -1 (CH 2 -CO deformation,  C=O,  CN in imidazole), 1120 cm -1 (N-H stretching, C-N stretch in pirimidine), 989-572 cm -1 (C-C stretch, N-H out-ofplane bending, C-N stretching of aromatic). The modification of β-CD absorption bands is almost the same like in the case of ascorbic complexes.

In the caffeine and caffeine citrate complexes spectra (Figures 15 A and15 B) some vibration bands of citrate caffeine from 1753-1696-1646 cm -1 (C=O stretch in unsaturated cetones, carboxilic acid), 1239 cm -1 (CN stretch in imidazole), 911 cm -1 (O-H bend in carboxilic acid), 849-673 cm -1 ( CH) are attenuated. Other peaks of citrate caffeine disappear in complexes: 3471-3215-3167 cm -1 (O-H, NH stretch, H-bonded), 3119 cm -1 (CH stretch in imidazole), 1761-1706 cm -1 (C=O stretch), 1374 cm -1 ( CH in citrate), 1313 cm -1 (C-N stretch in imidazole), 1208-1189 cm -1 (C-O stretch), 1172-1032 cm -1 (C-N stretch in pyrimidine), 977-763 cm -1 ( CH, NH, ring). In the case of inclusion complexes between caffeine and β-CD many bands of caffeine are strongly attenuated and shifted: 3112 cm -1 (C-H stretch in imidazole), 1692 cm -1 (C=O stretch), 1480-1455 cm -1 (C-C stretch in-ring), 1283-1237 cm -1 (C-N stretch in imidazole), 924 cm -1 ( NH), 758 cm -1 ( CH). Other bands disappear: 1598-1402 cm -1 ( CC), 1187-1073 cm -1 ( CN), 972-608 cm -1 ( CH, ring, NH). The β-CD's inclusion complexes with theophylline (Figure 16 A) also revealed that most of the theophylline bands are attenuated and shifted: 3120 cm -1 ( CH in imidazole), 2982-2924 cm -1 ( NH imidazole), 1705-1661 cm -1 (C=O stretch), 1284-1239 cm -1 (C-N stretch imidazole), 1186 cm -1 (C-N stretch pirimidine), 846-609 cm -1 ( CH, NH) 233 . Some peaks of theophylline from 3058-2822-2597 cm -1 (C-H stretch imidazole), 1047 cm -1 (C-N stretch in pirimidine), and 913 cm -1 ( NH) have disappeared in the complexes spectra. The spectral behavior of aminophylline complexes (Figure 16 B) is similar to that of theophylline ones. 

. Conclusions

The effect of β-CD on the electrochemical behavior of the guest molecules which were studied, namely uric acid, ascorbic acid, aminophylline, caffeine, caffeine citrate, theophylline and acetaminophen, highlights a decrease in the peak current and a positive shift in the anodic peak potential. The formation of inclusion complexes between β-CD and these molecules may be responsible for these results which can be explained by the concentration decrease of the free analyte and by the decrease of the diffusion coefficient for the inclusion complexes.

The FTIR spectra revealed the modifications of vibration bands of the analytes and of β-CD consisting in shift, attenuation and disappearance of some bands in the complexes spectra, thus confirming the formation of inclusion complexes.

β-cyclodextrin modified carbon paste electrodes for ascorbic and uric acids detection

Introduction

Cyclodextrins can be used as carbon paste electrodes modifiers with the purpose of enhancing the sensitivity and selectivity of the analyte determination in pharmaceuticals, biological samples and soft drinks. The preconcentration of the substance on the electrode surface is based on the formation of inclusion complexes between the cyclodextrin host and the analyte guest [START_REF] Da | Selective and sensitive hydroxypropyl-β-cyclodextrin based sensor for simple monitoring of (+)-catechin in some commercial drinks and biological fluids[END_REF][START_REF] El-Hady | Selective square wave voltammetric determination of (+)catechin in commercial tea samples using β-cyclodextrin modified carbon paste electrode[END_REF][START_REF] Yanez | Determination of nitrendipine with βcyclodextrin modified carbon paste electrode[END_REF][START_REF] Rao | Electrochemical reduction behaviour of donepezil at β-cyclodextrin modified carbon paste electrode[END_REF][START_REF] Morales | Carbon paste electrodes electrochemically modified with cyclodextrins[END_REF][START_REF] Guorong | β-cyclodextrin-ferrocene inclusion complex modified carbon paste electrode for amperometric determination of ascorbic acid[END_REF][START_REF] Ferancová | Determination of tricyclic antidepressants using a carbon paste electrode modified with β-cyclodextrin[END_REF][START_REF] Reddy | Electrochemical determination of sparfloxacin in pharmaceutical formulations and urine samples using a β-cyclodextrin modified carbon paste electrode[END_REF][60][START_REF] Balaji | Determination of prednisolone, dexamethasone and hydrocortisone in pharmaceutical formulations and biological fluid samples by voltammetric techniques using β-cyclodextrin modified carbon paste electrode[END_REF]234 . The advantages of carbon paste electrodes modified with β-cyclodextrin for the determination of ascorbic acid and uric acid are presented and commented 223 .

Experimental

The 5 % β-CD modified carbon paste was prepared in two different ways. Solid β-CD powder was mixed with graphite powder and melted solid paraffin (3:1) until the paste was homogenous. This composition was packed into the tip of Teflon tube. The electrode surface is brushed up whenever necessary by removing a small layer of carbon paste and replacing with a new one 231 .

An aqueous solution of β-CD 10 -2 mol L -1 (2.2 mL of β-CD solution was added to 475 mg of carbon paste in order to obtain 5 % β-CD modified carbon paste) was added to melted solid paraffin and graphite powder in a ratio of 1:3. The mixture was homogenized in a mortar and the aqueous phase was allowed to evaporate at about 70 °C.

The optimal parameters for SWV were: frequency 15 Hz, amplitude 25 mV and step potential 2 mV, and for CV a scan rate of 100 mV s -1 was used. The mixtures were obtained by stirring the solutions 5 minutes at 400 rpm in order to allow the formation of inclusion complexes. The uric acid solution was prepared by ultrasonication during 10 minutes and heating up to 60 °C to solubilize the powder. All the other solutions were prepared by ultrasonication for 3 minutes 231 .

Results and discussions

Ascorbic acid and uric acid were analyzed at β-CD/CPEs by using SWV. Ascorbic acid was detected at carbon paste electrode having a peak height of 5.14 µA and a peak potential of 0.414 V (Table III). With both β-CD/CPEs the peak height increased significantly and the potential was strongly shifted to more negative values indicating the formation of inclusion complexes between the β-CD and the analytes, complexation which leads to a preconcentration of the analyte on the electrode surface. Ascorbic acid accumulation within the β-CD cavity is revealed by the increase of the anodic peak currents with 0.39 µA and 0.93 µA compared to those obtained at unmodified electrode. The results indicate that the best response was achieved with the β-CD/CPE prepared with β-CD solution, suggesting higher complexation efficiency due to the higher homogeneity of the carbon paste than the one prepared with β-CD added as powder 231 . In the case of uric acid determination, the peak height is higher with 0.50 µA only on the β-CD/CPE obtained with the addition of β-CD as solution and the potential shift is about 0.042 V (Table IV) in comparison with the unmodified electrode. These differences can be attributed to the immobilization of β-CD on the carbon paste which leads to the modification of the electrode surface, that cause an increased signal due to the substance accumulation, probably by formation of uric acid-β-CD inclusion complex. The inclusion complex formed may be responsible for the preconcentration of the uric acid to the electrode surface, thus facilitating the oxidation 231 . Even if the best response concerning the current intensity for the ascorbic acid determination is obtained on β-CD(solution)/CPE, it can be noticed that the negative potential shift is bigger on β-CD(powder)/CPE (∆E = 0.134 V). The anodic potential in the case of ascorbic acid is shifted with 0.134 V and 0.091 V to more negative values in comparison with the bare CPE. This behavior can be explained by the formation of inclusion complexes which maintain the analyte to the electrode surface, making it easier to be oxidized. Briefly, both β-CD/CPEs present better electrochemical signals for ascorbic and uric acids, compared with the unmodified CPE (Figure 18 A and B) 231 . 
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Conclusions

Among the β-CD/CPEs advantages for the determination of ascorbic and uric acids can be mentioned: enhanced sensitivity, simple, fast and low cost procedure. Neither accumulation time, nor accumulation potential is required for the sensitive measurements of ascorbic and uric acids. No electrochemical pretreatment of the electrode is necessary. The increase of current intensity and negative potential shift are attributed to the inclusion complexes formation which leads to the preconcentration of the analytes at the electrode surface.

Glassy carbon electrodes based on β-cyclodextrin entrapped in polyethyleneimine film for ascorbic and uric acids determination

Introduction

Ascorbic acid has a tremendous antioxidant effect playing an important role in bioelectrochemistry, neurochemistry and clinical diagnostics applications 235 . Uric acid, the primary end product of purine metabolism, is a marker for diseases such as gout, hyperuricaemia and Lesch-Nyhan syndrome in abnormal concentrations. Colorimetric, enzymatic and electrochemical methods were used for the detection and quantification of the two substances 236 . The electrochemical methods are less expensive, less time consuming and more sensitive, but less selective. The major problem is the interference between ascorbic and uric acids due to the very close oxidation potential values 237 . This inconvenient was overcome by developing various modified electrodes for simultaneous selective determination of the two species with and without other interferences . In many cases, the cyclodextrins inclusion as electrode modifier generated an enhancement of the sensitivity and selectivity of ascorbic acid and uric acid determinations [START_REF] Tian | Simultaneous determination of l-ascorbic acid, dopamine and uric acid with gold nanoparticlesβ-cyclodextrin-graphene-modified electrode by square wave voltammetry[END_REF]139,256,257 . For their detection and quantification in biological samples, various ascorbic acid and uric acid analytical procedures have been reported, including high-performance liquid chromatography (HPLC) methods with UV-Vis and electrochemical detection [258][259][260] . Polyethyleneimine (PEI), a cationic polymer, was often used for the entrapment of several molecules in various biosensors due to its advantages: retaining the biomolecule at the surface of the electrode without stressing it with any supplementary electropolymerization process, and partial solubility in water [261][262][263] .

A simple method for the modification of GCE with the polymeric films of PEI with β-cyclodextrin (β-CD) for the analysis of ascorbic and uric acids, separately and in mixture, is reported. A very good separation of the ascorbic acid and uric acid peaks, increased signals and shifted oxidation potentials to more negative values were obtained, results which highlight the advantages of this modified electrode compared with the bare one. These modified electrodes were applied successfully to the monitoring of ascorbic acid from pharmaceutical products and for the quantification of ascorbic and uric acids in urine offering possible applications in biomedical analysis 264,265 .

Experimental

Materials and methods

β-CD was purchased from Merck, uric acid, ascorbic acid, sodium dihydrogen phosphate, sodium monohydrogen phosphate and methanol for HPLC (≥ 99.9 %) were purchased from Sigma. The 0.1 mol L -1 phosphate buffer solution (PBS) at pH 7.2 was used. The uric acid solution was prepared by 10 minutes ultrasonicating and heating it up to 60 °C. All the reagents were used without further purification and they were all of analytical grade. All aqueous solutions were prepared with ultrapure water. All the measurements were performed at room temperature 264 .

The electrochemical experiments were carried out with an Autolab PGSTAT 12 potentiostat equipped with GPES 4.9 software, using a traditional three-electrode system. GCE purchased from Bioanalytical Systems (BAS), was used as the working electrode, with Ag/AgCl as reference electrode and a platinum wire as the counter electrode. For SWV experiments, a frequency of 15 Hz and amplitude of 25 mV were employed. CV was performed by sweeping the potential between -0.1 V and 0.6 V vs Ag/AgCl for uric acid, and between 0 V and 0.8 V for ascorbic acid, at different scan rates. The mixtures were obtained by vortexing the solutions for 3 minutes at 400 rpm. For the real sample analysis the square wave voltammograms were obtained by scanning potential from -0.3 V to 1.0 V with frequency of 25 Hz and amplitude of 25 mV 264 .

The FTIR spectra were measured with Jasco FT/IR-4100 spectrophotometer equipped with Jasco Spectra Manager Version 2 software in the wave number range of 550 -4000 cm -1 . The solid samples were obtained after evaporation of the same solvent used in the electrochemical analysis. The RAMAN spectra of the modified electrodes were obtained using a confocal Raman microscope (Alpha 300R from WiTec) with 532 nm wavenumber of the laser and 60 seconds time accumulation. For the chromatographic method a LC-10AS Shimadzu was used. The conditions for the chromatographic analysis were: reverse phase (RP) C 18 column (5µm), mobile phase -isocratic elution with methanol 2.5 % in NaH 2 PO 4 pH 4.75, UV detection at 265 nm for ascorbic acid, 292 nm for uric acid, temperature 35 °C, flow rate 0.5 mL min -1 258-260,265 . The spectrophotometry determinations were performed with SPECORD 250 PLUS spectrophotometer (Analitik Jena Germany) equipped with WinAspect software. Ascorbic acid was determined in UV domain at 243 nm. The microscopic characterization of the modified electrodes surface was achieved by using a confocal Raman microscope (Alpha 300R from WiTec) 264,265 .

Preparation of the working electrodes

Solutions of PEI 5 mg mL -1 and PEI 1 mg mL -1 were prepared by dissolving the necessary weight of PEI in the solvent composed of water: alcohol 1:1. The solution of 5 mg mL -1 PEI and 1 % β-CD was obtained by dissolving the necessary amount of β-CD in the solvent in which then PEI was dissolved. The other solution of 1 mg mL -1 PEI and 0.2 % β-CD was prepared by diluting 5 times the above mentioned solution 264,265 . 5 types of working electrodes were used: bare GCE, GCE modified with 5 mg mL -1 PEI, GCE modified with 1 mg mL -1 PEI, GCE modified with 5 mg mL -1 PEI and 1 % β-CD, and GCE modified with 1 mg mL -1 PEI and 0.2 % β-CD. 6 µL of the PEI solution, simple and modified with β-CD, were dropped on the electrode and then was dried for 30 minutes at room temperature 264,265 .

Real samples preparation and analysis

The 10 -2 mol L -1 ascorbic acid stock solution was prepared by mixing together for homogenization ten vials of Vitamina C ® injectable solution (Arena), by adding the appropriate volume of PBS (pH 7.2, 0.1 mol L -1 ). In the case of ascorbic acid oral solution from the second analyzed pharmaceutical formulation, Vitamina C ® (Biofarm), five bottles were mixed together following the same procedure mentioned above for the injection solution. The stock solutions were prepared daily and maintained in the dark, protected from light and at constant temperature. In order to quantify the ascorbic acid concentration from the pharmaceutical samples, the analytical data obtained from the calibration curves were used 264 . Urine samples were collected from healthy voluntaries before and during the treatment with ascorbic acid (1 g/day, 7 days) (UPSAVIT VITAMIN C 1g, Bristol-Myers Squibb ® , Hungary). The urine probes were collected each day at 6 hours after medicine administration. Before analysis, the urine was filtered with dense, narrow pores filter (FILTRAK 390, Germany), then diluted 1:500 with phosphate buffer (0.1 mol L -1 , pH 7.2) 265 .

Results and discussions

Electrochemical, spectral and microscopic analysis

Square wave voltammetry of uric and ascorbic acids at β-CD/PEI modified GCEs and FTIR spectra of their inclusion complexes

When the two acids were tested at GCEs modified with β-CD/PEI films using SWV, obvious differences in peak potential and peak height were noticed in comparison with bare GCEs and PEI/GCEs. Uric acid was detected on bare GCE at 0.684 V vs Ag/AgCl, the peak potential was shifted with 0.150 V vs Ag/AgCl at 1 % β-CD/PEI(5 mg mL -1 )/GCE and with 0.144 V at 0.2 % β-CD/PEI(1 mg mL -1 )/GCE (Figure 19 B), due to the complexation between β-CD from the film and uric acid from solution. The guest molecule, uric acid, entrapped in the cavity of the CD is easier to oxidize because it is retained on the film at the surface of the electrode. Concerning the peak height and peak area of uric acid on bare GCE, they were bigger than those obtained on the modified GCEs. In the case of uric acid, even the 1 % β-CD/PEI (5 mg mL -1

)/GCE did not improve the current response (Table V), in contrast with the ascorbic acid behavior 264 . Ascorbic acid presented an oxidation peak at 0.611 V vs. Ag/AgCl and an intensity current of 3.81 μA at bare GCE. At the modified GCEs the peak potential was shifted to more negative values, the most remarkable shift being noticed for 1 % β-CD/PEI(5 mg mL -1

)/GCE with a value of 0.316 V vs. Ag/AgCl, (Figure 20) 264 . For the ascorbic acid oxidation peak, M. Ramirez Berriozabal et al. have reported a negative shift of 0.260 V by using β-CD/CPE, while J. J. Colleran )/GCE with 0.82 A compared to bare GCE indicating that β-CD concentration plays an important role. This behavior can be explained by the inclusion complexes formed between ascorbic acid and β-CD, complexation which seems to be more effective for ascorbic acid than for uric acid. The increase of the current intensity can be attributed to the preconcentration of the analyte at the electrode surface due to the complexation with cyclodextrin which retains more molecules at the surface of the electrode. The negative shift of peak potential can be explained by the mediator effect of cyclodextrin: its cavity acts like a "tunnel" which directs the electrons to the electrode surface for the redox process 264 . Spectral studies were performed in order to understand the electrochemical behavior of the two analytes at the β-CD/PEI modified GCEs. In the spectra of the two complexes presented in Figure 21, it can be observed that some specific bands of cyclodextrin were attenuated and shifted: 3313 cm -1

(O-H stretch, H-bonded), 2924 cm -1 (C-H stretch in alkanes), 1338-1020 cm -1 (C-O stretch in alcohols and ethers), 946-754 cm -1 (carbohydrates bends), 605-574 cm -1 (ether bend) 264 .

4000 3500 3000 2500 2000 1500 1000 500 Some bands of ascorbic acid were diminished and shifted in the inclusion complex spectra (1652 cm -1 (C=C stretch), 683 cm -1 (=C-H bend)), while many bands disappeared: 3523, 3406, 3310, 3206 cm -1

(four O-H stretches are hidden in the broad band at 3277 cm -1 from β-CD), 3005 cm -1 (=C-H stretch), 1752 cm -1 (C=O stretch in carbonyl), 1496 cm -1 (C-C stretch in-ring), 1455 cm -1 (C-H bend), 1387 cm -1 (C-H rock in alkanes), 1312-1110 cm -1 (C-O stretch), 987-683 cm -1 (=C-H bend) (Figure 21 A). In the case of uric acid, some absorption bands were diminished and shifted in the spectra of the complex: 2986 cm -1

, 2916 cm -1 (CH 3 asymmetric and N-H stretch in imidazole), 1024 cm -1

(N-H stretching, C-N stretch in pirimidine), 874 cm -1

(N-H out-of-plane bending). Other bands of the analyte have disappeared: 2817-2024 cm -1 ( CH 3 asymmetric and N-H stretch, asymmetric stretch of C=C), 1652-1435 cm -1 (C=O stretch in unsaturated carbonyl, asymmetric deformation of NH 3 , CH 2 -CO bending,  CH 2 scissoring), 1398-1348-1299 cm -1 (CH 2 -CO deformation,  C=O,  CN in imidazole), 1120 cm -1 (N-H stretching, C-N stretch in pirimidine), 989-572 cm -1 (C-C stretch, N-H out-ofplane bending, C-N stretching of aromatic) (Figure 21 B). The modifications in the FTIR spectra indicate the formation of inclusion complexes between uric acid and β-CD, ascorbic acid and β-CD respectively 264 .

Square wave voltammetry of ascorbic and uric acids mixture at β-CD/PEI/GCEs and FTIR spectra of their inclusion complexes

0.2 mmol L -1 solutions of ascorbic acid and uric acid were analysed with 3 types of electrodes: bare GCE, GCE modified with polyethyleneimine film and GCE modified with β-cyclodextrin and polyethyleneimine film (Figure 22). In the case of ascorbic acid solution, the PEI film deposition leads to a decrease of the oxidation peak intensity. At the electrode modified with β-CD and PEI film, the ascorbic acid peak potential is negatively shifted of about 350 mV and for uric acid the potential shift being about 250 mV (Figure 22 A andB) 265 .

The electrochemical behavior of an equimolar mixture of ascorbic acid and uric acid in phosphate buffer at a bare GCE is illustrated by a single peak corresponding to the two merged oxidation peaks. The coverage of GCE by a PEI film leads also to a merged peak, negatively shifted by almost 50 mV but with a lower intensity than at bare GCE, which may reflect the steric hindrances towards the permeation of uric acid and ascorbic acid. In contrast, at the β-CD and PEI/GCE, the voltammogram presents two obvious peaks separated by more than 250 mV corresponding to ascorbic and uric acids oxidation (Figure 22 )/GCE (green)

265

The scan rate influence on the current intensity and the potential of the oxidation peaks was investigated, in the range 5 -500 mV s -1 , for the two analytes. The current intensity increased linearly with the square root of the scan rate while the peak potential is shifted in anodic direction, suggesting that both processes are controlled by the diffusion of molecules towards the electrode surface. Also in both cases during the cathodic potential scan no significant currents were detected indicating that both electrochemical oxidation processes are irreversible. The mechanisms related to the irreversible oxidations of ascorbic acid and uric acid imply the 2 protons and 2 electrons transfer in each case being similar with those obtained by other authors using other working electrodes 265,266 .

The equation obtained in the case of ascorbic acid is: I p (A) = 6.83•10 -7 ± 7.66 •10 -8 + 3.21•10 -7 • v 1/2 ± 6.61•10 -9 (V 1/2 s -1/2 ), R 2 = 0.999; while for uric acid the equation is: I p (A) = 7.54•10 -7 ± 1.48 •10 -7 + 4.53•10 -7 • v 1/2 ± 1.28•10 -8 (V 1/2 s -1/2 ), R 2 = 0.996) (Figure 23). 

uric acid with different concentrations of ascorbic acid

The interference between ascorbic and uric acids is the main problem in the electrochemical analysis of biological samples. In order to overcome this drawback and to separate the electrochemical signal of the two compounds in the same solution, GCEs modified with β-CD/PEI films in two concentrations were used. First time these modified electrodes were tested in solutions of a constant concentration in uric acid and at different concentrations of ascorbic acid (Figure 24). The results were compared with those obtained with other electrodes (bare GCE, PEI/GCE, β-CD/CPE). Voltammograms with the two separate peaks corresponding to these two analytes were obtained only with β-CD/PEI/GCEs 264 .

The peaks separation noticed on the GCEs modified with 1 % β-CD/PEI(5 mg mL -1 ) films was greater than 0.42 V, namely for mixture 1 it was 0.422 V and grew up until 0.695 V for mixture 5 (Figure 24 A). The first peak, corresponding to ascorbic acid oxidation, grew linearly with the concentration in ascorbic acid (I p (μA) = 1.637 + 638.167 • C ascorbic acid (mmol L -1 ); R 2 = 0.996). The second peak attributed to uric acid which maintained the same concentration in all mixtures, remained almost constant (relative deviation for mixtures 2-5 was ± 2.38 %) 264 . At 0.2 % β-CD/PEI(1 mg mL -1 )/GCE the peak potential separation is of more than 0.43 V: for mixture 2 the difference was 0.432 V and it reached 0.742 V in mixture 5 (Figure 24 B). The ascorbic acid peak height was not as large as at the 1 % β-CD/PEI(5 mg mL -1 )/GCE, the slope of the calibration line being 2.5 times smaller (I p (μA) = 1.464 + 256.173 • C ascorbic acid (mmol L -1 ); R 2 = 0.994). The uric acid peak remained almost constant only in the first 3 mixtures and then it raised, behavior which may be interpreted as follows: if the CD concentration is low and the ascorbic acid concentration is increased, ascorbic acid is forming more easily the complex with CD than the uric acid, then increasing concentrations of uric acid remain in solution and the uric acid, in its uncomplexed form, is detected by the electrode 264 . Different sensors developed by other authors were able to discriminate between the voltammetric signals of ascorbic acid and uric acid, but most of them needed a laborious method of modification: carbon paste electrode with β-CD incorporated (ΔE = 0.376 V) 237 ; gold nanoparticles-β-cyclodextrin-graphene-modified electrode (ΔE = 0.324 V) [START_REF] Tian | Simultaneous determination of l-ascorbic acid, dopamine and uric acid with gold nanoparticlesβ-cyclodextrin-graphene-modified electrode by square wave voltammetry[END_REF] and β-cyclodextrin modified copolymer of sulfanilic acid and N-acetylaniline on glassy carbon electrode (ΔE = 0.275 V) 257 . The formation of inclusion complexes which were electrochemically analyzed before was also investigated by spectral method. From the FTIR spectra it can be observed that the growing concentration of ascorbic acid determined the growth of the band from 1590 cm -1 which was the shift of the uric acid peak from 1580 cm -1 (asymmetric deformation of NH 3 ) (Figure 25 B). A possible explanation could be the fact that ascorbic acid is preferentially allowed to enter the cavity of the CD leading to an increasing accumulation of uncomplexed uric acid. The bands of ascorbic acid molecules inside the cavity are screened, meanwhile the uric acid molecules which were left outside to the cavity (partially or totally), present bands which become stronger with the ascorbic acid increasing concentration (Figure 25 A) 264 .

b) Interference study for 10 -3 M ascorbic acid with different concentrations of uric acid

The peak potential separation was 0.411 V for the first mixture, reaching 0.575 V for the fifth mixture when the solutions were analyzed at 1 % β-CD/PEI (5 mg mL -1 )/GCE. For the first three mixtures the current intensity of uric acid grew linearly (I p (μA) = 3.695 + 1275 • C uric acid (mmol L -1 ); R 2 = 0.976) (Figure 26 A). When the voltammograms were recorded at 0.2% β-CD/PEI(1 mg mL -1 )/GCE, the difference in peaks potential was 0.457 mV for the second mixture and 0.611 mV for the last one. The increasing current intensity of uric acid was linear having the following equation: I p (μA) = 3.146 + 638.076 • C uric acid (mmol L -1 ); R 2 = 0.992 (Figure 26 In the FTIR spectra for the five complexes formed in the mixtures can be observed two bands (at 1600 cm -1 and 1660 cm -1 ) that were increasing gradually with the concentration of uric acid. The uric acid peaks from 1580 cm -1

(asymmetric deformation of NH

3 ) and 1640 cm -1 (C=O stretch) were shifted in the case of the complexes and appeared at 1600 cm -1 and 1660 cm -1 (Figure 27) 264 . 

Microscopic images and RAMAN spectra of the modified electrode surface

The 5 mg mL -1 PEI/GCEs and 1 % β-CD/PEI(5 mg mL -1 )/GCEs were characterized by using a confocal Raman microscope (Figure 28 A andB). The images reveal an obvious difference between the two types of modified electrodes due to the presence of β-CD. In the case of the electrode modified with 1 % β-CD/PEI(5 mg mL -1

) it can be observed that the β-CD structures were uniformly and homogenously distributed in the PEI film 264 . )/GCE 264The Raman spectra recorded before and after the modification of GCE by PEI film with or without β-CD are presented in Figure 29. The deposition of the PEI film on the GCE does not induce the appearance of a novel peak compared to the Raman spectrum of GCE (Figure 29 A), but the two sharp peaks recorded for glassy carbon at 1345 cm -1 and 1597 cm -1 are diminished indicating a complete coverage of the GCE surface by PEI film (Figure 29 B). The homogenous incorporation of β-CD inside the PEI film is clearly indicated by the intensity increase of its characteristic peaks [START_REF] Majewska | Dopamine oxidation at per(6-deoxy-6-thio)-α-cyclodextrin monolayer modified gold electrodes[END_REF][START_REF] Frasconi | Electrochemical and surface Plasmon resonance characterization of β-cyclodextrin-based self-assembled monolayers and evaluation of their inclusion complexes with glucocorticoids[END_REF][START_REF] Amorim | Cyclodextrin-based potentiometric sensors for midazolam and diazepam[END_REF] from 2906 cm -1 to 2944 cm -1 (Figure 29 E), while those related to GCE and PEI drastically decreased (Figure 29 C). In the case of β-CD/PEI/GCE (Figure 29 C) the signals are even weaker. The characteristic peaks of β-CD (Figure 29 E) between 0-1250 cm -1 (C-H bending and C-O stretch) decreased and the region 3200-3400 cm -1 (OH and H bonded stretches) is much flattened. The peaks of β-CD from 2906 cm -1 and 2944 cm -1 (ν C-H) are strongly diminished, but two shoulders still remain. The GCE peak from 2687 cm -1 is the most reduced (Figure 29 A) 265,[267][268][269] . 

A B

Electrochemical impedance spectroscopy analyses

The impedance spectroscopy determinations confirmed the modification of the electrode surface with β-CD/PEI. Figure 30 shows the Nyquist plots of bare and modified GCEs in the range 100 kHz to 10 mHz. An equivalent circuit was modeled for the bare and modified GCE in contact with the redox probe consisting in 10 mmol L -1 K 3 [Fe(CN) 6 ] and K 4 [Fe(CN) 6 ] prepared in phosphate buffer (0.1 mol L -1 ; pH 7.2). The circuit is: R sol (C dl (R ct [R f W])), (see the inset of Figure 30), and contains the solution resistance (R sol ), the double layer capacitance (C dl ), the charge transfer resistance (R ct ), a resistance related to the diffusion process (R f ) and the Warburg impedance (W).

The Nyquist plots obtained for all types of electrodes show a semicircle portion at higher frequencies (lower Z values), corresponding to the electron transfer limited process, and a linear part in the lower frequency range (higher Z values) for the diffusion limited process. The semicircle diameter is related to charge transfer resistance. In the proposed equivalent circuit, C dl with R ct and with Warburg impedance (W) express the accessibility of ions within the porous structures and surface functionalities or polarization resistance. A series resistance (R sol ) is introduced in order to quantify the resistance of the electrolyte and the contact resistance of the current collector [270][271][272] .

The EIS spectra showed that the bare GCE has the lowest conductivity, while the charge transfer resistance (R ct ) decreased in the case of the modified electrodes (Figure 30 A). For the bare GCE the value of R ct is 922.3 Ω and it decreases at 112.5 Ω when PEI film covers the surface of the electrode (Figure 30 B). The sharp decreasing of the R ct value in the case of the electrode modified with PEI can be explained by the positive charge of the polyethyleneimine which facilitates the negative charged species accumulation at the interface. In the case of β-CD/PEI/GCE an additional decrease of the R ct to 95.1 Ω is observed, probably due to the fact that the β-CD presence disturbes the film homogeneity which becomes more permeable (Figure 30 C). 

Real samples analysis

Pharmaceutical samples analysis

The electrodes modified with β-CD/PEI were applied for the assay of ascorbic acid in two commercial drug formulations: oral solution Vitamina C ® Biofarm (dietary supplement) and injectable solution Vitamina C ® Arena.

The ascorbic acid injectable solution from Arena Group SA ® contains in 1 vial of 5 mL: 750 mg vitamin C, NaOH, 3.75 mg sodium metabisulphite and water for injections. A study of electrochemical interference from sodium metabisulphite was initiated in the same ratio as in Vitamina C ® Arena: 215.26 µmol L -1 solution of ascorbic acid with 116 µmol L -1 solution of sodium metabisulphite. We considered that the interference was negligible if the average signal for ascorbic acid in the presence of the interferent was altered by less than ± 5 % in comparison with the one for ascorbic acid alone [273][274][275] . In this case the sodium metabisulphite slightly influenced the ascorbic acid signal decreasing it with 2.61 % (Figure 31 A), so its interference was negligible. This is the reason why the calibration curve was obtained using standard ascorbic acid without sodium metabisulphite. The calibration curve was determined by adding equal aliquots of ascorbic acid pro analysis (2•5 µL and 10•10 µL) obtaining the following equation for the calibration curve: I p (μA) = 0.035 + 0.007 • C ascorbic acid (µmol L -1 ); R 2 = 0.999 (Figure 31 of sodium metabisulphite (green) compared with the blank (0. In Romanian Pharmacopoeia the method specified for the dosage of ascorbic acid from the injectable solution is polarimetry. Ascorbic acid concentration calculated with this method gave a result of 95.3 % compared with the quantity declared by the manufacturer, in agreement with the imposed limits (± 5 % deviation) 276 .

Ascorbic acid from Vitamin C ® oral solution (Biofarm) contains in one vial of 10 mL: 1000 mg vitamin C dissolved in 10 mL propylene glycol and water. Another calibration curve obtained in the presence of propylenglycol was used in this case because this cosolvent influenced the oxidation peak of ascorbic acid shifting it to a more negative potential with almost 0.04 V and increased the peak intensity with 1.87 % (Figure 32 A). The equation for the calibration curve was: I p (μA) = -0.031 + 0.008 • C ascorbic acid (µmol L -1 ); R 2 = 0.999 (Figure 32 B) 264 .

The recovery rates found were between 97.29 % and 99.06 % in good accordance with the Romanian Pharmacopoeia specification (± 5 % deviation) (Table VI) (B) SWVs for different concentrations of ascorbic acid: 0 (1), 9.99 (2), 19.96 (3), 39.84 (4), 59.64 (5), 79.36 (6), 99 (7), 118.5 (8), 138.06 (9), 157.48 (10), 176.81 (11), 193.07 (12) and 215.26 µmol L -1 (13) in the presence of propylene glicol; (Inset: calibration curve)
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This sensor presented a detection limit of 0.22 μmol L -1 (S/N = 3) over the concentration range of 9.99 -215.26 μmol L -1 264 . The detection limit value is comparable with the lowest LOD reported in literature, being 50 times lower than other methods employing electrodes modified with CDs, Table VIII [START_REF] Tian | Simultaneous determination of l-ascorbic acid, dopamine and uric acid with gold nanoparticlesβ-cyclodextrin-graphene-modified electrode by square wave voltammetry[END_REF]139,235,[240][241][242][243][244][245][246][247][248][249][250][251][252][253][254][255][256][257] . Spectrophotometric studies at 266 nm (the characteristic ascorbic acid wavelength) were done in order to compare the electroanalytical results obtained for ascorbic acid solutions (standard and obtained with the investigated pharmaceutical Vitamina C ® Arena). The calibration curve in the range 1 -100 μmol L -1 had the following equation: A = 0.151 + 0.145 (R 2 = 0.994; RSD = 2.22 %). The recovery rates for the pharmaceutical samples were between 100.23 % and 103.89 %, RSD = 3.21 %, results which were in good agreement with those obtained by the electrochemical method 264 . The UV-Vis method for the determination of the ascorbic acid in solution is the standard method recommended also by European Pharmacopoeia and used by the pharmaceutical companies 277 .

Real samples analysis

Ascorbic acid presents a characteristic pharmacokinetic feature: it is eliminated by kidney filtration predominantly unchanged and another part as metabolites, especially as oxalic acid 278 .

The β-CD/PEI/GCE based sensor was applied for urine samples monitoring during the ascorbic acid treatment for 7 days. Real samples were analysed in order to quantify the ascorbic and uric acids. In Figure 33 it can be noticed that before the treatment with ascorbic acid there is a lack of any electrochemical signal for ascorbic acid at β-CD/PEI/GCE. The performance of this sensor consisting in simultaneous detection of ascorbic acid and uric acid due to the obvious anodic peak separation of the two studied substances (ΔE = 0.22 V) permitted their quantification. The SWVs of the diluted urine samples showed a continuous increase in ascorbic acid concentration until the fifth day 265 . )/GCE 265The addition of increasing concentrations of ascorbic acid induces the proportional increase of the corresponding oxidation peak (Figure 34). )/GCE

The concentrations of ascorbic acid and uric acid in the diluted urine samples in PBS 0.1 mol L -1 , pH 7.2 were calculated using the following equations: I p (μA) = 0.007 • C ascorbic acid (µmol L -1 ) + 0.035; (R 2 = 0.999); I p (µA) = 0.008 • C uric acid (µmol L -1 ) + 0.097, (R 2 = 0.994), respectively (Table IX). The real samples were spiked with 30 μL and 50 μL of 10 -2 mol L -1 ascorbic acid solution and then, taking into account the initial detected concentration, the total values were calculated. The recovery of the ascorbic acid in urine samples was between 95.45 % and 103.67 % (Table X) 265 . The diluted urine samples were also analyzed using reverse phase high performance liquid chromatography with ultraviolet spectroscopy detection. In the optimized conditions, the retention time for ascorbic acid (standard substance) was 2.5 minutes and for uric acid 4 minutes. The identification of the peaks in the real samples was made by comparing the retention times with those corresponding to the pure substances which were spiked to the urine sample. We were able to trace the following calibration curves for the two compounds: Area = 31341 • C ascorbic acid (μmol L -1 ) + 2452.1; (R 2 = 0.998); Area = 208039 • C uric acid (μmol L -1 ) + 11791; (R 2 = 0.999), in a linear range between 1.4 -50 μmol L -1 .

These equations were used to determine the concentrations of ascorbic acid and uric acid in urine samples. The recovery rates obtained for ascorbic acid were 97.66 ± 1.5 % and for uric acid 100.17 ± 0.31 %. The results of the electrochemical measurements for ascorbic acid and uric acid were in good agreement with those obtained by the chromatographic method 265 .

Conclusions

The glassy carbon electrodes modified with β-cyclodextrin in polyethyleneimine film were elaborated for the investigation of the electrochemical behavior of ascorbic acid and uric acid. This sensor allowed the separation of the voltammetric signals and the shifting to more negative of the oxidation peaks potential for the two compounds. The intensity of the oxidation peak for ascorbic acid increased linearly with its concentration at constant concentration of uric acid. When the concentration of the ascorbic acid was constant, the intensity of the oxidation peak for uric acid increased linearly with its concentration. An important performance of this sensor is the simultaneous determination of ascorbic acid and uric acid due to the well separation of signals corresponding to the electrochemical oxidation processes of these compounds.

The electrochemical behavior of ascorbic acid and uric acid in solution was also explained by FTIR measurements. The increasing concentration of ascorbic acid resulted in a growth of the band corresponding to the asymmetric deformation of N-H in uric acid. This behavior is probable due to the fact that ascorbic acid was "preferentially" incorporated into β-CD cavity forming an inclusion complex, while the uric acid concentration increased in solution.

These modified electrodes were applied for the detection and dosage of ascorbic acid in two pharmaceutical products with reliable performance: low detection limit, good linear range, the absence of interferences in the case of injectable solution. Taking advantage of the privileged permeation of ascorbic acid and uric acid through the β-CD and PEI film, via the host-guest interaction between β-CD and ascorbic and uric acids, the simultaneous detection of the two compounds from urine samples was successfully achieved. The sensor main advantage of clearly distinguishing binary mixtures of ascorbic acid and uric acid, allowed their simultaneous determination in real samples. Good recoveries were obtained using electrochemical methods which were confirmed by using spectrophotometric method in the case of the pharmaceutical samples and chromatographic method for the urine samples.

Novel biosensors for dopamine detection based on

GCEs modified with tyrosinase/β-cyclodextrin/ reduced graphene oxide composite

Introduction

Graphene, a two-dimensional carbon-based nanomaterial, has attracted tremendous interest in recent years. Its unique features, such as: exceptional thermal and mechanical properties, high specific surface area and excellent electrochemically catalytic activity, generated their broad use in electrochemical sensing and biosensing 113,279,280 .

They can be obtained by covalent functionalization (by using diazonium salts, dienophile compounds, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or N,N'-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS), heteroatom doping (N 2 , B)), and by non-covalent functionalization (π-π stacking, hydrophilic and hydrophobic interactions). Because of its interesting properties, graphene has been used as a transducer in bio-FETs, electrochemical biosensors, impedance biosensors, electrochemiluminescence and fluorescence biosensors, as well as biomolecular labels. The applications of graphene in (bio)sensing are based on electrodes modified with graphene powder or graphene-composite electrodes. Similar to CNTs, graphene is a biocompatible nanomaterial, it does not contain metallic impurities, and its production needs graphite (which is cheap and accessible) 113,[119][120][121][122] .

A challenging aspect in this area is the elaboration of hybrid electrodes based on the combination of graphene and conductive polymers leading to the design of novel nanocomposites with (bio)sensing properties. Up to now, electropolymerizable CNT-modified monomers were synthesized by using covalent and non-covalent functionalization with pyrrole derivates such as: pyrrole alcohol, pyrene-pyrrole and metallopolymers based on polypyridinyl ruthenium (II) 281,282 . Dopamine is an important neurotransmitter being related to several diseases such as schizophrenia, Parkinson's disease and Huntington's disease. Update, many electrochemical sensors were elaborated for dopamine detection. Many other biological molecules, normally found in biological samples, such as ascorbic and uric acids, glucose, etc. interfere in the accurate determination of dopamine 283,284 .

Many types of modifiers such as Nafion, organic redox mediators, nanoparticles, polymers, self-assembled monolayers, and carbon nanotubes were used to modify the electrodes for dopamine detection [283][284][285][286][287][288][289][290][291][292] .

In the last years, the electrodes modified with graphene and cyclodextrins have been widely employed for the detection of dopamine, alone or in the presence of various interferents [START_REF] Tian | Simultaneous determination of l-ascorbic acid, dopamine and uric acid with gold nanoparticlesβ-cyclodextrin-graphene-modified electrode by square wave voltammetry[END_REF]145,283,[293][294][295][296][297][298][299] .

In order to improve the thermal, mechanical and electrical properties, the graphene oxide (GO) was reduced with ascorbic acid, by a simple green chemistry method, avoiding thus the environmentally harmful reducing agents 146 .

The GCE was modified with reduced graphene oxide (RGO), β-CD and polyethylenimine (PEI) by using layer by layer method (LBL). The obtained nanocomposite was then characterized by Raman and FTIR spectroscopy and optical microscopy. The electrochemical behavior of dopamine was investigated by electrochemical methods with a series of modified electrodes during the optimization process and the best results were obtained with the GCE modified with single layers of RGO, β-CD and PEI. This nanoplatform was used to immobilize tyrosinase obtaining a biosensor applied for the dopamine determination in pharmaceutical products, serum and urine samples with good recoveries, enhanced sensitivity (LOD of 3.9 μmol L -1 ) and good selectivity (tested in the presence of glucose, ascorbic and uric acids) 300,301 .

A new non-covalent modification of RGO was obtained by using a new synthesized pyrrole derivate bearing a β-CD moiety which led to a non-destructive functionalization method: β-CD is involved in a better solubilization of graphene in aqueous medium as an efficient aqueous dispersant 302 and pyrrole is responsible for generating an electropolymerized coating, both aspects being important for the graphene electrodeposition. This new nanocomposite was characterized by spectral, microscopic and electrochemical techniques. Moreover, this functionalized graphene was used in combination with an amphiphilic pyrrole derivative and tyrosinase for catechol and dopamine determination 303 . [12-(pyrrol-1-yl) dodecyl] triethylammonium tetrafluoroborate (amphiphilic pyrrole) and N-succinimide-11-pyrrolyl-1-undecyl carboxylic acid ester (NHS-pyrrole) were synthesized according to Cosnier et al. [START_REF] Holzinger | Adamantane/β-cyclodextrin affinity biosensors based on single-walled carbon nanotubes[END_REF]304 .

Experimental

Synthesis

Synthesis of: β-cyclodextrin-11-pyrrolyl-1-undecyl carboxylic acid amide (Py-CD):

The NHS-prrole (90 mg, 0.26 mmol L -1 ) was dissolved in 5 mL of DMF. 1-adamantylamine (370 mg, 0.32 mmol L -1 ) and an excess of tetraethylamine (150 mg, 1.5 mmol L -1 ) were added and the resulting mixture was stirred overnight at 80 °C. The crude solution was evaporated to dryness and the residue was washed with water and Et 2 O. 330 mg (0.24 mmol L -1 ) of a white powder was obtained in 92 % yield 303 . 1 H NMR: δH/ppm (400 MHz, DMSO): 1.3-1.5 (m, 16H), 1.66 (t, j = 6.4Hz, 2H), 2.07 (t, J = 7.2Hz, 2H), 3.30 (m, 12H), 3.55(m, 28H), ), 3.63 (t, j = 6.4Hz, 2H), 4.42 (m, 7H), 4.82 (m, 7H), 5.64-5.70 (m, 14H), 5.92 (s, 2H), 1.44 (m, 2H), 6.71 (s, 2H), 7.55 (m, 1H) 303 .

MS (ESI+): 1367.5+ (M+)

Reagents and solutions

β-CD was purchased from Merck and graphene oxide, tyrosinase, normal human serum and dopamine hydrochloride from Sigma Aldrich. Phosphate buffer solutions were prepared with sodium dihydrogen phosphate, sodium monohydrogen phosphate from Sigma (pH 7.2; pH 6.5; 0.1 mol L -1 ). All aqueous solutions were prepared with ultrapure water (MilliQ Barnstead EASY pureRodi). All the measurements were performed at room temperature.

The RGO modified with β-CD (RGO-CD) was prepared as follows: 30 mg graphene oxide was dispersed in 60 mL water and were sonicated for 2 hours, 60 mL of β-CD solution (4 mg mL -1 ) was then added and stirred together for 30 minutes. Then 600 mg of ascorbic acid was dissolved and the final suspension was stirred for 48 hours. The preparation of the unmodified RGO was similar to the procedure mentioned above without the addition of β-CD 146,300,301,305 .

The suspension was centrifugated and washed with ultrapure water for the removal of ascorbic acid. The RGO powder was dried in oven and suspended in water (1 mg mL -1 ). The suspension was sonicated for 1 hour before its use for the electrode modification. The 1 mg mL -1 β-CD and 1 mg mL -1 tyrosinase solutions were prepared with ultrapure water, while 1 mg mL -1 PEI solution was prepared in water:ethanol (1:1) mixture 300,301 .

For preparing RGO/Py-CD solution, 1 mg mL -1 RGO and 1 mmol L -1 Py-CD were sonicated together for 3 hours in water to give a stable black solution. For preparing amphiphilic pyrrole/tyrosinase solution, 10 mg mL -1 enzyme was dissolved in 3 mmol L -1 amphiphilic pyrrole aqueous solution 303 .

Biosensor preparation

GCEs (d = 3 mm) were purchased from BASInc. (Lafayette, USA) and were polished using 2 μm diamond paste and then washed successively with water and ethanol. The electrode modification was carried out by LBL deposition of the different modifiers. Thus, two successive layers of 5 μL of 1 mg mL -1 RGO, 5 μL of 1 mg mL -1 β-CD, each of them followed by solvent evaporation in the oven at 40 °C for 10 -15 minutes, were dropped onto the electrode surface. After that, 5 μL of 1 mg mL -1 tyrosinase and 5 μL of 1 mg mL -1 PEI were dropped and dried at room temperature. Different configurations of bioelectrode materials were elaborated by varying the numbers of 5 μL RGO and tyrosinase layers 300,301 .

The GCEs were prepared by drop casting 5 µL of RGO/Py-CD aqueous suspension, dried under vacuum and then electropolymerized by controlled potential electrolysis (0.85 V, 5 min) in 0.1 mol L -1 LiClO 4 /ACN. A defined amount of tyrosinase/ amphiphilic pyrrole aqueous solution (containing 0.3 mg of enzyme) with and without RGO/Py-CD was spread on the electrode surface and dried under vacuum. The adsorbed coating was then electropolymerized by controlled potential electrolysis for 20 min at 0.85 V in 0.1 mol L -1 LiClO 4 /H 2 O 303 .

Electrochemical, spectral and microscopic analysis

Electrochemical measurements were carried out with an Autolab PGSTAT100 potentiostat (Metrohm/Eco Chemie Netherlands) controlled by Nova 1.10.4 software using a three-electrode cell with GCE as working electrode, Ag/AgCl and SCE as reference electrodes and a platinum wire as the counter electrode 300,301 .

The optimized parameters for SWV are: frequency 25 Hz, amplitude 25 mV, initial potential -0.3 V, end potential 1 V. The amperometric determinations were made at -0.2 V stirring the solution with 200 rpm. Electrochemical impedance spectroscopy (EIS) measurements were carried out in the presence of 10 mmol L -1 [Fe(CN) 6 ] 3-/4-in PBS (10 mmol L -1 , pH 7.4) as redox probe. The impedance was measured in a frequency range from 100 mHz to 100 KHz using the open circuit potential (OCP) and the experimental data were fitted with proper equivalent circuits using Nova 1.10.4 software 300,301 .

The Raman spectra of the modified electrodes were acquired with Alpha 300R (WiTec) confocal Raman microscope, at 532 nm for laser and 60 seconds time accumulation and using a WiTec Control software for data interpretation (1000 -3600 cm -1 , resolution > 0.5 cm -1 ). The microscopic images were obtained with the same microscope 301 .

The FTIR spectra of the GO and RGO were recorded with Jasco FT/IR-4100 spectrophotometer (Jasco) equipped with Jasco Spectra Manager Version 2 software in the wave number range from 550 to 4000 cm -1 301 . The FTIR spectra of Py-CD, Py-CD/RGO were recorded with a Thermo Scientific Nicolet iS10 in the wave number range from 650 to 4000 cm -1 . TEM images were recorded using a Philips CM200 microscope operating at an accelerating voltage of 200 kV 303 .

Real samples preparation

The solution from 10 vials of solution for injection of dopamine hydrochloride 0.5 % (Zentiva, Romania) was mixed together for homogenization and then were diluted to obtain a 10 -2 mol L -1 stock solution by adding an appropriate volume of PBS (pH 7.2, 0.1 mol L -1 ). The stock solutions were prepared daily and maintained in the dark, protected from light, at 4 °C to avoid dopamine oxidation. In order to quantify the dopamine hydrochloride concentration from the pharmaceutical samples, calibration curve was obtained using standard dopamine hydrochloride substance 301 .

The urine was collected from a healthy patient and was filtered (paper filter FILTRAK 390) before analysis, then diluted 1:100 with phosphate buffer (0.1 mol L -1 , pH 7.2). The human serum was prepared as follows: the lyophilized powder was dissolved in 2 mL of distilled water resulting 60 mg mL -1 of proteins and then diluted 1:100 with phosphate buffer (0.1 mol L -1 , pH 7.2) 301 .

Results and discussions

β-cyclodextrin/reduced graphene oxide biosensor 4.3.1.1. Spectral and microscopic characterization

In accordance with recent scientific papers 306 , the Raman spectra of GO revealed three characteristic bands: two strong bands close to 1353 cm -1 (D band) and 1598 cm -1 (G band), and a weaker one in the region 2500 -3000 cm -1 (2D band) (Figure 35 A). The reduction of oxygen containing groups from GO sheets may be responsible for the pronounced decreasing of D, G and 2D characteristic bands intensity in the Raman spectra of RGO/CD and RGO-CD, due to the restoration of the sp 2 graphene structure after the reduction reaction 145,307 .

Taking into consideration the GO FTIR spectra, some specific signals, corresponding to different functional groups: 1001 cm -1 υ(C-O), 1174 cm -1 υ(C-O, carboxyl, ethers, alcohols), 1507 cm -1 υ(C-C, aromatics), 1656cm -1 υ(C=C) and 1750 cm -1 υ(C=O, carboxyl), also reported by other authors, can be observed 306,[308][309][310] .

In the FTIR spectrum of the RGO the bands at 2908 and 2990 cm -1 υ(C-H) presents weaker intensities due to the disappearance of C-H bonds during the aromatization of the graphene core. The characteristic bands for oxygen containing groups (3500 -3900 cm -1 ), from the GO spectrum are diminished indicating that those groups were partially eliminated by reduction process 311,312 . All the modifications observed in the FTIR spectra of RGO and RGO-CD reveal that the GO sheets were successfully reduced (Figure 35 B). The electrodes modified with thin films of GO, RGO/CD and RGO-CD on PEDOT were characterized with a confocal Raman microscope (Figure 36). It can be observed the difference between the two types of modified electrodes due to the presence of RGO. In the case of the electrode modified with RGO, the graphene structure was more distinguishable covering the electrode surface (Figure 36 B).

On the electrode modified with RGO-CD, the graphene sheets were more homogenously distributed over the electrode surface (Figure 36 C) 301 .

The PEDOT substrate was used for Raman and optical microscopic characterization in order to avoid the superposition of the characteristic signals given by GCE and graphene at the same wavenumber value. 

. Electrochemical characterization of the nanostructured electrode material

The influence of different types of graphene: RGO, RGO modified with β-CD (RGO-CD) and RGO covered with a β-CD layer (RGO/CD), on the voltammetric response of dopamine was investigated. LBL method was chosen because the current intensity of dopamine peak was 4.5 times bigger in comparison with the spin coating method of deposition. The best sensitivity to dopamine electrooxidation was recorded with the configuration consisting in single layers of RGO/CD and PEI (RGO/CD/PEI), respectively (Figure 37 A) 301 . Comparing the RGO and the RGO/CD, it can be observed that the oxidation potential is slightly shifted towards cathodic values due to the cavity of β-CD which facilitate the dopamine oxidation, and the peak area is smaller because the graphene proportion is smaller in the β-CD/graphene nanocomposite 145 .

The effect of the number of RGO layers deposited on GCE towards dopamine oxidation current intensity was also examined. It appears that increasing the number of RGO layers, the height and area of the oxidation peak decreased, while the potential was slightly shifted towards more anodic potential (Table XI). This behavior may be due to a possible compaction of the graphene structure with the increasing deposited amount of graphene, slowing thus the electron transfer process. The most sensitive configuration for the direct determination without any preconcentration time is based on single layer of RGO (Figure 37 B) 301 . For three and five graphene layers, the intensity of the oxidation signal is higher after the accumulation at open circuit during 1 minute, indicating that the penetration of dopamine through the graphene layers is hindered. Taking into account that the quantity of enzyme immobilized at the surface influences the amperometric performance of the biosensor, different amounts of tyrosinase (15, 25 and 50 μg) were tested, the optimum configuration being obtained with 50 μg of tyrosinase (above this quantity the amperometric response is not significantly increased). The enzyme layer was finally covered by a PEI film in order to avoid the enzyme detachment during the amperometric analysis under stirring.

In addition, hydrophobic residues of appropriate size of the tyrosinase shell can lead to host-guest interactions with the β-CD groups reinforcing its adsorption onto the graphene layer 301 .

The biosensor elaboration process was studied using electrochemical impedance spectroscopy. Each step was followed by the variation of the charge transfer resistance (R ct ) represented in the Nyquist plots (Figure 39 A). The β-CD presence determined the increase of the R ct , while RGO layer increased the sensor conductivity (Figure 39 The performance of the elaborated biosensor for the detection of dopamine in pharmaceutical and biological samples was examined by potentiostating the modified electrode at -0.2 V. Figure 40 shows the resulting calibration curve exhibiting a linear part ranging from 3.9 to 328.8 μmol L -1 (I p (μA) = 0.0121 • C dopamine (μmol L -1 ); R 2 = 0.999), with a LOD of 3.9 μmol L -1 and a sensitivity of 12.1•10 -3 A L mol -1 . In the absence of β-CD, the LOD is markedly increased, namely 12.74 μmol L -1 , highlighting the sensitivity improvement conferred by the presence of the β-CD 301 . 

. Analytical performance of the biosensor in real samples

The optimized biosensor was tested for the amperometric detection of dopamine hydrochloride ® 0.5 % (Zentiva) at -0.2 V. The results are in good agreement with the Romanian Pharmacopoeia 314 and the recovery rates were between 96.96 % and 100.77 % (RSD ± 1.65 %). The potential interferences with the excipients in the same concentration as in the commercial product were also evaluated. Propylene glycol 25 % and ethanol 25 % did not shown any interference with the dopamine signal, meanwhile 0.01 % sodium metabisulphite decreased the dopamine electrochemical response with 2.2 % 301 .

The urine and human serum samples, prepared by 100 times dilution before testing, were spiked with different volumes of 10 -2 mol L -1 standard dopamine solution and the amperometric measurements revealed good recoveries (Table XII) 301 . No significant interferences were observed when dopamine was determined by using amperometry, in the presence of equal concentrations of uric or ascorbic acids, and for equal and 10 times higher concentrations of glucose (Figure 41) 301 . 

Spectral and microscopic characterization

The design of the graphene polymer framework is presented in Figure 42 A.

The Py-CD spectrum indicates the functionalization of pyrrole with β-CD; in comparison with β-CD spectrum, there appear some new peaks: 2850-2900 cm -1 (C-H stretch from the aliphatic chain of pyrrole), 1540 cm -1 (C-C stretch for aromatic ring of pyrrole). The characteristic peaks for N containing groups (amide and amine) from 3300 cm -1 are overlapped by the broad and intensive band of OH groups from β-CD. The other bands of β-CD ranging between 700 cm -1 and 1650 cm -1 can be noticed in the functionalized monomer spectrum. In the case of the RGO/Py-CD spectrum, the bands for hydroxyl groups (3313 cm -1 ) and for carboxylic groups (1633 cm -1 ) are diminished due to the reduction process of the graphene oxide. In addition, there appear some new bands at: 2928 cm -1 (C-H stretch in alkanes), 1201 cm -1 , 1148 cm -1 , 1075 cm -1 , 1020 cm -1 (C-O stretch in alcohols and ethers) attributed to β-CD molecule providing the evidence that the RGO were successfully functionalized with Py-CD (Figure 42 The TEM images also prove the RGO functionalization: reduced graphene oxide was compared with reduced graphene oxide modified with Py-CD. It was observed that the reduced graphene oxide sheets are more aggregated in "black flakes" in comparison with the reduced graphene oxide modified with Py-CD, aspect that could be also noticed for its solution which was darker. The RGO/Py-CD sheets are more exfoliated presenting an excellent individualization due to the presence of Py-CD which acts as a dispersing agent for graphene (Figure 43) 303 .

Electrochemical characterization of the nanostructured electrode material

After drop-coating of 5 µL RGO/Py-CD solution on GCE, electropolymerization was performed in 0.1 mol L -1 LiClO 4 /ACN by controlled potential electrolysis at 0.85 V for 5 min (Figure 44 A). The electrogeneration of poly-[RGO/Py-CD] is confirmed by the decrease of the irreversible oxidation peak corresponding to the irreversible pyrrole oxidation at Ep = 1.1 V. The appearance of a small reversible redox system at E 1/2 = 0.50 V is attributed to the polypyrrole electroactivity (Figure 44 A) 303 .

The electrochemical properties of poly-[RGO/Py-CD]/GCEs were investigated by using Ru(NH 3 ) 6 Cl 3 as redox probe (Figure 44 B). After the electropolymerization of several layers (1, 3, 5 and 10 layers) of poly-[RGO/Py-CD], it can be observed that the Ru(III)/Ru(II) redox peak intensities increase with the increasing number of layers. The maximum improvement for Ru(III)/Ru(II) peak intensity was achieved with 5 layers of RGO/Py-CD, after that no significant changes were observed (maybe too much layers of graphene lead to the graphite structure and behavior). The most notable difference for increased intensity was observed for 1 layer of RGO/Py-CD (almost twice in comparison with bare GCE). Using the Randles-Sevick equation, electroactive area was increased from 0.07 cm 2 (the geometrical area of GCE) to 0.2 cm 2 , which is obtained above 5 layers of poly-[RGO/Py-CD]. This is consistent with an increase of electroactive area caused by the immobilization of RGO by electropolymerization of Py-CD. ); (Inset: Electrode surface area increase with the number of layers) 303

Electrochemical performances of the biosensor

The electrochemical behavior of the electrodes towards dopamine (1 mmol L -1 in PBS pH 6.5) was also investigated by CV at bare GCE, poly-[RGO/Py-CD] and poly-Py-CD electrodes (Figure 45). For poly-[RGO/Py-CD], the reversible peak system of dopamine exhibits higher current intensities, accompanied with lower ∆E of 190 mV, compared to bare GCE (∆E = 260 mV). GCE modified with poly-Py-CD exhibits a higher ∆E value of 440 mV, which underlines the insulating properties of poly-Py-CD, compared to the RGO-doped poly-Py-CD 303 . , 0.1 mol L -1 PBS, pH 6.5)

303

The tyrosinase biosensor was elaborated by using two methods. The first twostep technique consisting in a single layer electrodeposition of poly-[RGO/Py-CD] onto GCE, followed by the co-electropolymerization of the amphiphilic pyrrole monomer and tyrosinase, was achieved according to Cosnier et al. 304 .

The second procedure was performed by electropolymerization of a mixture of RGO/Py-CD, amphiphilic pyrrole and tyrosinase. This poly-[RGO/Py-CD/amphiphilic pyrrole] composite bioelectrode was compared with the layer-by-layer electrodeposition and with the GCE modified with poly-[amphiphilic pyrrole]/tyrosinase (Figure 46). In Figures 46 A and46 C are presented the calibration curves for catechol and dopamine recorded by chronoamperometric measurements at Ep = -0.2 V after successive addition of substrates. The linear part of the calibration curves is displayed in Figures 46 B and 46 D for catechol and dopamine respectively 303 .

The combination of RGO/Py-CD with tyrosinase/amphiphilic pyrrole led to an improvement of the biosensor performances. First, in the case of layer-by-layer electrodeposition, the best configuration for the biosensor was obtained after the electrodeposition of a single layer of poly-[RGO/Py-CD]. For catechol oxidation the I max for monolayer of RGO/Py-CD was 12 µA, for three layers 11.23 µA and for ten layers 7.9 µA, respectively. In the case of dopamine oxidation, the monolayer of RGO/Py-CD generated an I max of 1.22 µA and three layers of RGO/Py-CD an I max of 0.8 µA. This effect can be attributed to the steric hindrances induced by thick electropolymerized films (consisting in many layers of RGO/Py-CD) towards the permeation of both substrate and oxygen, despite the higher electroactive area 284 . In both one-step and layer-by-layer configurations, the combination of poly-[RGO/Py-CD] and poly-amphiphilic pyrrole/tyrosinase at the electrode leads to a two fold increase in maximum current intensities (in the absence of RGO/Py-CD the I max was 6.7 µA for catechol oxidation and 0.5 µA for dopamine oxidation). This is explained by a higher quantity of immobilized enzyme per surface unit, thanks to the nanostructuration of the surface functionalized with poly-[RGO/Py-CD]. Especially in the case of dopamine sensing, the sensitivity and LOD were improved for these graphene-based electrodes 303 .

All the electrochemical parameters of the biosensors for the three different electrodes are presented in Table XIII andTable XIV. It is noteworthy that the addition of ascorbic acid, uric acid and glucose as interferents did not show any significant current change for all types of electrodes 303 . 

Conclusions

The biosensor elaborated through LBL deposition of reduced graphene oxide and β-cyclodextrin was tested for the sensitive and selective determination of dopamine. The optimization process included: the layers number and the type of graphene (reduced graphene oxide vs. β-cyclodextrin functionalized reduced graphene oxide), the accumulation time and the deposition method. The modification of graphene oxide and the formation of the nanocomposite at the surface of GCE were confirmed by spectral and microscopic techniques. The optimized biosensor was successfully applied for dopamine determination in pharmaceutical products, serum and urine samples with good recoveries.

A new nanostructured graphene framework reinforced by a polymer film was elaborated. Py-CD plays a double role due to its structure: β-CD is used in order to improve graphene dispersion in water, while the pyrrole group is used for its ability to form electropolymerized coatings. These electropolymerizable graphene sheets were electrodeposited on GCEs and demonstrate excellent nanostructured support for the fabrication of a tyrosinase-based composite bioelectrode for catechol and dopamine sensing. The controled electropolymerization of such nano-objects on surfaces is very promising for amperometric biosensors miniaturization, which can be applied for in vivo measurements of low levels of neurotransmitters.

Electrochemical and spectral behavior of tetrazines

Introduction

Tetrazines (TZ) are 6-membered aromatic heterocycles with 4 nitrogen atoms symmetrically arranged in the ring with a strong electron-deficient character. They have a very high electron affinity, making them reducible at high to very high potentials (potentials depending on the electron affinity of the substituent); actually they are the electron poorest C-N heterocycles. They can be electrochemically reduced to a stable anion radical state and a second time to an unstable dianion state in solution. There are three possible tetrazine isomers: 1,2,3,4-tetrazines, 1,2,3,5-tetrazines and 1,2,4,5-tetrazines.

One of the most remarkable aspects of tetrazine chemistry is the presence of a very low-lying π* molecular orbital, with as consequence a low energy n-π* transition in the visible range, which makes them highly colored. Tetrazines are colorful compounds ranging from purple to orange or red because of a weak n-π* transition located in the visible with its maximum between 510 and 530 nm. The position of the absorption band corresponding to this transition is weakly influenced by the nature of the substituents and was shown not to be solvatochromic. A second intense band appears in the UV region being a π-π* transition whose position is strongly dependent on the substituents, and it correlates linearly with their electron donating or withdrawing character. A large number of tetrazines are fluorescent. The position of the maximum of emission ranges between 550 and 590 nm. The quantum yields are strongly dependent on the nature of the substituents 315,316 .

Because of their optical and oxidizing properties, they are very promising candidates to examine electrochemical fluorescence switching, in which the fluorescence of the neutral state could be reversibly switched on and off by converting the molecules successively to their reduced form (possibly non fluorescent) and back to the neutral (fluorescent) state. An optical change is an important issue in organic electronics such as electrochromic displays or electrooptical switches and such devices might find application in large size display panels using UV light [317][318][319] . s-Tetrazines substituted with heteroatoms display interesting fluorescence properties that can be electrochemically monitored placing them among the smallest organic fluorophores in the visible range ever prepared. This makes them especially attracting in view of sensing applications [320][321][322] . Most 1,2,4,5-tetrazines are almost as reducible as quinones. The presence of at least four nitrogen donor atoms in tetrazines and their derivatives confers them rich coordination possibilities for metal complexes formation 323 . Organic compounds with high-nitrogen content currently attract significant attention from many researchers due to their novel energetic properties. Therefore, many symmetrical and unsymmetrical substituted tetrazines were synthesized 324 .

Tetrazines are widely used for industrial and medical applications as they exhibit particular coordination chemistries, characterized by electron and charge transfer phenomena. Some compounds containing the 1,2,4,5-tetrazine skeleton have been claimed for pharmaceutical effects due to their high potential for biological activity: antiiflammatory and analgesic (hexahydro-s-tetrazines), antimalarial (3-amino-6-aryl-1,2,4,5-tetrazines), antibacterial and antifungal (tetrahydro-s-tetrazines), antiviral and antitumoral activities (1,4-dihydro-s-tetrazine derivative) [325][326][327] . A covalent labeling of live cancer cells on the basis of the cycloaddition of a tetrazine to a highly strained trans-cyclooctene was reported 328,329 . s-tetrazine can be an excellent candidate for constructing anion receptors due to π-interaction of anions with the aromatic ring of the s-tetrazine unit 330 . New nanocomposites materials have been obtained by reaction of s-tetrazines with fullerene C60 or carbon nanotubes. Multi-walled carbon nanotubes have been modified with 3,6-diaminotetrazine under heating involving π-π interactions, cycloaddition (Diels-Alder) and cross-linking reactions. This functionalization can open new approaches for the preparation of carbon nanotube interconnects 331 . A conducting polymer with a tetrazine pendant functional group was obtained proving anti-corrosion efficiency 332 . The formation of supramolecular assemblies between -cyclodextrin and tetrazine derivatives can be one promising alternative. Four tetrazines were synthesized bearing different substituents specially adapted to the inclusion inside a cyclodextrin (Figure 47) 333. Tetrazines were functionalized with adamantane groups and naphthalimide antennas, organic anchoring groups which may also fit the requirements for inclusion within cyclodextrin [334][335][336] . On the other hand, the tetrazine itself is small enough to be efficiently included in the cyclodextrin cavity.

The solubilization of these new fluorophores in water, as well as the electrochemical behavior and the fluorescence of these compounds in aqueous solutions are presented 333 . The immobilization of tetrazines onto electrodes modified with polypyrrole-cyclodextrin is also presented. The immobilization of tetrazines was examined by electrochemical (on glassy carbon electrodes), microscopic (on gold microelectrodes) and spectroscopic methods (on indium tin oxide electrodes).

Experimental

Synthesis

All tetrazines derive from the reaction between dichlorotetrazine and alcohols. The first substitution is catalyzed by collidine 337 , while the second one is catalyzed by an additional equivalent of 4-dimethylaminopyridine 338 , sequentially added. For tetrazine 2, the monosubstitution product was not isolated. For tetrazine 3 and 4, the starting synthon was the naphthalimide tetrazine (NITZ) molecule, already described in several previous articles 333,339,340 .

The amphiphilic pyrrole derivative, [12-(pyrrol-1-yl) dodecyl] triethylammonium tetrafluoroborate (amphiphilic pyrrole) and β-cyclodextrin-11-pyrrolyl-1-undecyl carboxylic acid amide (Py-CD), were synthesized according to previously described procedures 303,304 .

Electrochemistry measurements

The electrochemical experiments were carried out in the three-electrode electrochemical cell under dry argon atmosphere using an Autolab PGSTAT 100 potentiostat. All potentials were measured against SCE or Ag/AgCl reference electrodes in aqueous solutions and against a silver wire immersed in 0.01 mol L -1 AgNO 3 and 0.1 mol L -1 LiClO 4 in ACN for organic solutions. The working electrodes are GCEs from BAS, diameter of 3 mm, Pt electrodes (Ø 5 mm), rotating disk electrodes (RDE, Ø 3 mm), polished with diamond paste (2 µm), then rinsed with ethanol and distilled water. The indium tin oxide (ITO) electrodes were modified and used for spectral studies.

The chemical products LiClO 4 , β-CD, K 2 HPO 4 , KH 2 PO 4 were purchased from Sigma Aldrich and used as received. ACN was purchased from HPLC -VWR Chemicals (HPLC grade).

UV-visible measurements and fluorescence measurements

Absorption spectra were recorded with a Perkin Elmer UV-Lamba 650 spectrophotometer in glass cuvettes (Huet, 1 cm, 1 mm) at room temperature. Fluorescence measurements were done by using the Fluorescence Spectrometer Perkin Elmer LS 55 in quartz cuvettes (Huet, 1 cm) at a 518 nm excitation wavelength and room temperature 333 . Dispersions containing 0.1 mg mL -1 of tetrazine were prepared by ultrasonication for 1 hour in: water, 10 -2 mol L -1 β-CD aqueous solution and 0.5 mg mL -1 β-CD modified gold nanoparticles (CD-AuNP) solution. The obtained dispersions were let overnight for sedimentation and then the limpid liquid was analysed 333 . The electrochemical behavior of the four tetrazines has been investigated in ACN + 0.1 mol L -1 LiClO 4 . As it can be observed in Figure 48, the reversible anion-radical formation is observed around -0.75 V to -0.80 V, with the exception for tetrazine 4 where the potential is shifted to -0.6 V, due to the stronger electronwithdrawing power of the substituted chlorine. The dianion formation observed around -1.2 V, barely or not reversible, is due to its high reactivity towards adventitious water. The reduction of the naphtalimide moiety of tetrazines 2, 3, and 4 can be observed at more negative potentials (around -1.5 V) as previously was reported for analogous molecules 333 . All four tetrazines have been solubilized in aqueous phosphate buffer, in the presence or absence of 10 -2 mol L -1 β-CD. For all electrodes, a reversible redox system can be observed at -0.17 V (Figure 49).

Results and discussions

Tetrazine 1 substituted by two adamantane groups is not soluble in water. This behavior is explained by the high hydrophobic character of the two adamantanyl groups, which surprisingly help quite moderately the solubilization process in aqueous solutions. The other three tetrazines with small groups (like Cl, OEt) are more soluble in water, entering more easily inside the β-CD cavity. In addition, tetrazines themselves are good "keys" for β-CD 333 . The CD effect consisted in the improvement of the tetrazines solubilisation and in the increase of the current intensity recorded in the following CVs. Tetrazines are chemically reduced by two-protons, two-electrons process into 1,4-dihydrotetrazines (Figure 50), behavior which is very close to the quinones ones in similar conditions 333 . The UV-Vis absorption and fluorescence of the tetrazines have been recorded in ACN (Figure 52). Tetrazines absorb in UV-Vis region presenting two characteristic bands: a weak one around 500-530 nm (n-π* transition), and an intensive one around 300-360 nm, (π-π* transition) (Figure 52 A).

Tetrazines present also fluorescence at 560-568 nm when excitation wavelength is 518 nm. While the three dialkoxytetrazines show the classical spectra already observed for this family of compounds, the last compound exhibits the strongest fluorescence of the chloroalkoxytetrazines with a slightly hypsochromic shift (Figure 52 B) 333 . 107

Taking into account that fluorescence is a more sensitive technique than cyclic voltammetry, and that there is no electrolyte salt that might influence the solubilization, the fluorescence of the four tetrazines has been examined in the absence and presence of β-CD (10 -2 mol L -1 ). It can be clearly observed that the fluorescence response of the fluorophore is almost negligible or very weak in the absence of the β-CD (Figure 53). Tetrazines 2 and 4 are less hydrophobic (without any adamantane groups) and consequently they are slightly soluble in water in comparison with tetrazines 1 and 3 333 .

In the presence of β-CD in all cases the fluorescence response is enhanced (Figure 53). For tetrazines 1 and 3 bearing hydrophobic adamantanyl groups, the fluorescence response increased from zero to a strong emission demonstrating the inclusion in CD cavity. Tetrazines 2 and 4 also experience an enhancement of their solubility in water, showing again the ability of the tetrazine to enter the CD cavity with a reasonable efficiency. The solubilization effect of β-CD on tetrazines can be observed only in UV region proving thus, the enhanced tetrazine solubilization by the inclusion in β-CD cavity (Figure 54). The influence of the ultrasonication time (30 minutes, 1 h, 1 h 30 minutes, 2 h, 2 h 30 minutes), upon the solubilization of the tetrazines in the β-CD solution was also investigated. Above 1 h of ultrasonication the fluorescence response was not significantly enhanced. According to the UV-Vis spectra of tetrazines in β-CD aqueous solutions, only tetrazines 2 and 4 presented evident absorption in UV region (Figure 55). The influence of AuNPs modified with β-CD (CD-AuNP) upon the tetrazines solubilization was also studied by fluorescence and absorption spectra. The CD-AuNP suspension is not fluorescent, but it absorbs in UV-Vis region (Figure 56 A and 56 B). The fluorescence response of the tetrazines solubilised in CD-AuNP aqueous solution is observed being weaker in comparison with the spectra registered only in presence of β-CD. The fluorescence spectra of all inclusion complexes of tetrazines with β-cyclodextrin, either in solution, or grafted onto AuNP are presented in Figure 56 A. In the presence of β-CD, only for tetrazines 2 and 4 was recorded an evident absorption in UV region (Figure 56 B) 333 . The molar absorption coefficient for tetrazine 2 (22187 L mol -1 cm -1 ) was calculated. The concentration of tetrazine 2 solubilized in CD-AuNP solution was 6.7•10 -5 mol L -1 , which means that 33.5 % of the tetrazine initial amount was solubilized. In the case of the solubilization in β-CD solution, the tetrazine concentration was 2.1•10 -5 mol L -1 , meaning that 10.5 % of the initial amount was solubilized.

Electrochemical, spectral and microscopic studies of the immobilized tetrazines 5.3.2.1. Immobilization by using pyrrole-cyclodextrin

The pyrrole-cyclodextrin monomer (Py-CD) was electropolymerized on the GCE by CV with different parameters (potential window between 0.0 V to 0.9 V or to 1.2 V, and number of scans between 5 and 15). Due to the poor solubility of the Py-CD, the electrochemical behavior has been studied in a mixture of ACN/DMSO (4:1.5). Upon oxidation, an irreversible peak, characteristic for the irreversible oxidation of pyrrole, is detected at 1.0 V. The electropolymerization of the monomer was achieved by cycling the potential of the electrode between 0.0 V and 1.2 V for 15 scans. Although the electroactivity of the polypyrrole is not detected, a decrease of the oxidation peak of the pyrrole is in agreement with the electrodeposition of a polymeric layer at the electrode surface (Figure 57). In addition, in order to demonstrate the polymer presence at the electrode surface, the complexation with ferrocene and tetrazine was investigated. The optimization tests made with ferrocene revealed that the best electropolymerization parameters are: CV (15 scans) between 0.0 V and 1.2 V, with 100 mV s -1 scan rate. After the electropolymerization step the modified electrodes were kept in 1 mmol L -1 tetrazine dissolved in ACN for 45 minutes. The electrodes were rinsed with ACN and then transferred in 0.1 mol L -1 phosphate buffer, pH 7. Reversible redox systems were detected for all four tetrazines at -0.12 V, -0.16 V, -0.15 V and -0.14 V potentials, respectively, indicating the tetrazine immobilization onto the electrodes through the inclusion complexes formation with β-CD from the polymeric film (Figure 58). ) at Py-CD/GCEs (kept in 1 mmol L -1 tetrazine/ACN for 45 min)

Moreover, the linear variation of the current in function of the scan rate (between 25 mV to 150 mV) is in agreement with the fact that tetrazines are immobilized at the electrode surface (Figure 59 A). Furthermore, a linear variation of the redox potential towards pH was observed with a slope of 50 mV between pH 5 to 9, being closed to the theoretical value of 58 mV for a H + /e -ratio of 1 (Figure 59 B). The diffusion of Fe II (CN) 6 is detected at 0.30 V onto GCE. The successive steps of electropolymerization and complexation with tetrazine 1 induce a positive shift of the anodic peak potential from 0.30 V to 0.45 V and 0.55 V. Similarly, the cathodic peak potential was negatively shifted in association with an increase of ΔEp. These phenomena illustrate the increase of the steric hindrances due to the successive formation of polymer and immobilization of tetrazine at the electrode surface (Figure 60 A). The permeability of the modified electrode before and after tetrazine 1 immobilization was investigated by rotating disk electrode (RDE, Ø 3 mm) experiments with 2 mmol L -1

Fe 2+ in PBS, as redox probe. The rotating disk voltammograms were recorded at 10 mV s -1 in the range from 0.0 V to 0.8 V corresponding to the oxidation of the redox probe at 250, 500, 750, 1000, 1250, 1500 rpm. The decrease of the permeability of the organic material from 1. 4 10 -5 cm s -1 to 7.2 10 -6 cm s -1 indicates that the immobilization of tetrazine via the polymer was successful (Figure 60 B). )

The amount of tetrazine immobilized onto the modified electrodes was calculated by integrating the charge recorded under the reduction signal considering one electron for the reduction of tetrazine. The low recovering of the surface by tetrazine varying from 0.8 pmol cm -2 to 4.6 pmol cm -2 is probably due to the difficulty to get an homogeneous film at the electrode surface.

The modified GCEs were also maintained for 45 minutes in 0.1 mg mL -1 tetrazine aqueous solutions, previously sonicated in 10 -2 mol L -1 β-CD and 0.5 mg mL -1 CD-AuNP solutions for 1 h. Then, the electrodes were transferred in a PBS solution and the signal of the immobilized tetrazine was recorded (Figure 61 A and 61 B). ) at Py-CD/GCEs kept in aqueous solutions of tetrazines with (A) 10 -2 mol L -1 β-CD and (B) 0.5 mg mL -1 CD-AuNPs for 45 min

The ITO electrodes were also modified with poly-Py-CD by CV (15 scans) in the range from 0 V to 1.2 V, with 100 mV s -1 , and were kept for 45 minutes in 0.1 mg mL -1 tetrazine aqueous solutions, previously sonicated in 10 -2 mol L -1 β-CD and 0.5 mg mL -1 CD-AuNP solutions for 1 h. The UV-Vis spectroscopy (Figure 62) revealed the absorption band around 420 nm indicating the tetrazine immobilization on the polymeric film covering the electrode surface. The polymerization of 1 mmol L -1 Py-CD and 1 mmol L -1 tetrazines in mixture on GCEs for tetrazine immobilization was also studied (Figure 63). The best configuration for the mixture electropolymerization was achieved employing the parameters presented in table XV. )

Table XV. Electroplymerization parameters

The stability of the modified electrodes was evaluated by scanning the electrode from -0.5 V to 0.2 V. The electrode keeps about 90 % of its signal after 400 cycles. The stability of the immobilized tetrazines was examined as a function of time, the modified electrode being stored in 0.1 mol L -1 PBS. It appears that the signal decreases with 14 % during the first 100 hours and then becomes stable during more than 130 hours.

The tetrazines were used for biomolecule immobilization through inclusion complexes between tetrazine and CD cavity. The Pt electrodes electropolymerized with 1 mmol L -1 Py-CD and 1 mmol L -1 tetrazines (parameters presented in table XV) were incubated with 20 μL of 1 mg mL -1 β-cyclodextrin modified glucose oxidase (CD-GOX) for 45 minutes in the refrigerator, then were washed 10 minutes in 0.1 mol L -1 PBS under stirring. These modified electrodes were tested towards the amperometric detection of glucose (Figure 64) obtaining the analytical parameters presented in table XVI. The Pt electrodes polymerized with Py-CD were also kept in the aqueous solution of tetrazine (previously sonicated 1 h) followed by the incubation in 1 mg mL -1 CD-GOX. The biosensor response proves that the enzyme was immobilized at the electrode surface through the inclusion complexes formed between the tetrazine and the β-cyclodextrin (Figure 65). It was also examined the immobilization of tetrazines on gold microelectrodes and carbon fibers modified with poly-Py-CD by fluorescence microscopy using an appropriate filter. For this purpose, the modified electrodes were kept in tetrazine solution. In the images below (Figure 66 and 67) the tetrazines immobilized on the film are represented as white/yellow-green spots due to their fluorescence. 

Tetrazines immobilization using an amphiphilic pyrrole derivative

For tetrazine immobilization, the electropolymerization of a mixture containing tetrazine and an amphiphilic pyrrole derivative, [12-(pyrrol-1-yl) dodecyl] triethylammonium tetrafluoroborate (amphiphilic pyrrole) was also achieved. Different concentrations of tetrazine (1, 3, and 10 mmol L -1 ) were mixed with 2.5 mmol L -1 monomer in ACN and then were electropolymerized at the electrodes surface by using electrolysis (0.76 V vs SCE) and cyclic voltammetry (0.0 V + 0.75 V, 100 mV s -1 ). After the polymer electrogeneration and rinsing with ACN, the electrodes were tested in PBS when the peak of the immobilized tetrazine can be observed (Figure 68). The same mixture was electropolymerized for tetrazine immobilization at ITO electrodes and the electrochemical and spectral studies showed the successful entrapment of tetrazine in the polymeric film. In the CV scans (Figure 69 A) the tetrazine 2 peak can be observed at -0.2 V. The absorption bands at 500 nm and 340 nm in UV spectrum (Figure 69 B) also indicates the tetrazine immobilization in the film. The electropolymerization of a mixture containing 10 mmol L -1 tetrazine 1 and 2.5 mmol L -1 amphiphilic pyrrole was also achieved onto gold microelectrodes which were examined at fluorescent microscope. The fluorescent spots indicated the entrapment of tetrazine in the polymeric film (Figure 71). 

Conclusions

Different substituted tetrazines (functionalized with adamantane and naphthalimide groups) were solubilized in aqueous solutions by using β-CD and β-CD modified gold nanoparticles, due to the inclusion complexes formation between β-CD cavity and the organic groups, as well as the tetrazine itself. These redox supramolecular assemblies were characterized in water by electrochemical and fluorescence measurements. A poly-pyrrole-cyclodextrin film electrogenerated onto the electrodes surface was also used for the tetrazine immobilization. Immobilization of tetrazine was examined by electrochemical (on glassy carbon electrodes), microscopic (on gold microelectrodes) and spectroscopic methods (on indium tin oxide electrodes). Tetrazines were also entrapped into a polymeric film of an amphiphilic pyrrole derivative. These fluorophores were used for glucose oxidase immobilization at the electrode surface through the inclusion complexes formed between tetrazine and cyclodextrin.

Nanostructured photosensitive poly-[trisbipyridinylpyrrole ruthenium(II)] metallopolymer by nanosphere lithography

Introduction

Metallopolymers are a particular class of redox polymers having a wide range of applications, ranging from molecular electronics to sensing or energy conversion 341,342 . Among them, electrogenerated metallopolymers demonstrated attractive properties in photovoltaics 343 , photoelectrochemical immunosensors or aptasensors 334 and electrogenerated chemiluminescence 345 . The functionalization of pyrrole monomers and their subsequent electropolymerization represent a versatile and controllable approach to create modified electrodes with precise spatial resolution. An important parameter for photocurrent enhancement is the nanostructuration of photosensitive surface. Thus, the combination of polymers with different nanomaterials, such as: carbon nanotubes, metal or metal oxide nanoparticles 173,282,[346][347][348] was used in order to form photosensitive highly porous nanostructures.

Nanosphere lithography (NSL) is a technique used for nano-and microstructuration. It employs latex or silica beads to control the nano-and microstructruration of deposited materials such as metals [349][350][351] or conducting polymers [352][353][354][START_REF] Tian | Inverse opals of polyaniline and its copolymers prepared by electrochemical techniques[END_REF] . The micro-or nano-beads can form highly ordered templates when the latter are deposited on planar surfaces. After materials deposition by using various techniques (chemical vapor deposition or electropolymerization), latex beads are easily removed by simple dissolution in organic solvents, leaving a highly porous and highly ordered surface with controlled nanostructure 356 . The porosity of functional electrogenerated polypyrroles has been controlled for immobilization of enzymes 193 .

The NSL was combined with electropolymerization of a Ru(II)-pyrrole monomer, tris [4,4 bis(3-pyrrol-1-ylpropyloxy)bipyridinyl)] ruthenium(II) hexafluorophosphate. By using different bead diameters (900 and 100 nm), the successful use of NSL to achieve highly ordered porosity in photosensitive metallopolymers was demonstrated. Enhanced photocurrent was observed being inversely proportional to the polystyrene bead diameter size 357 .

Experimental

Methods and Instrumentation

All reagents were purchased from Sigma Aldrich, excepting ACN (Rathburn, HPLC grade), were of analytical grade and used as received. Tris [4,4 bis(3-pyrrol-1ylpropyloxy)bipyridinyl)] ruthenium(II) hexafluorophosphate (Ru II -pyrrole) was synthesized according to the procedure reported by Le Goff et al. 282 .

All electrochemical studies were performed with a conventional three-electrode system using Ag/AgCl reference in ACN or a saturated calomel electrode (SCE) in water. A Pt wire electrode was used as counter electrode. The working electrodes were glassy carbon (5 mm diameter), both polished with 2 μm diamond paste followed by rinsing with distilled water and ethanol. Electrochemical experiments were conducted on an Autolab PGstat100 potentiostat 357 .

Elaboration of electrodes and characterization

The template was created on GCEs by drop casting a 0.5 wt % ethanol suspension of latex spheres with 900 nm (5 µL) and 100 nm (3x5 µL) diameter and allowed to dry at room temperature for 10 -30 minutes. After the formation of poly-[Ru II -pyrrole] film by scanning the potential repeatedly (5 -10 scans) from 0.0 V to 1.1 V vs Ag/AgCl at 0.1 V s -1 in a 2 mmol L -1 Ru(II)-pyrrole and 0.1 mol L -1 LiClO 4 dissolved in ACN, the resulting electrodes were immersed for 15 -20 h in tetrahydrofuran (THF) in order to remove the latex template. The electrodes were rinsed with ethanol and distilled water. The morphology of the modified electrodes was investigated by scanning electron microscopy (SEM) using an ULTRA 55 FESEM based on the GEMENI FESEM column with beam booster (Nanotechnology Systems Division, Carl Zeiss NTS GmbH, Germany) and tungsten gun. 3D and profile images were taken by using a Keyence VK-X200 laser microscope 357 .

Photocurrent generation experiments

In these experiments, an electrochemical cell with a quartz window was used. The modified GCE was placed in front of the quartz window and irradiated with a 200 W Hg lamp through UV and IR cutoff filters below 420 nm and beyond 630 nm with a surface light intensity of 11.2 µW cm -2 . In order to monitor the photogenerated currents, the modified electrodes were potentiostated at 0 V 357 .

Results and discussions

Electrochemical studies

Nanostructured poly-[Ru II -pyrrole]-modified electrodes were prepared in two successive steps. Firstly, a solution of Latex beads (900 nm and 100 nm) was drop-casted on GCEs forming a closely-packed and highly ordered nanosphere homogenous network. Then, Ru II -pyrrole (Figure 72) was electropolymerized onto the deposited nanobeads using cyclic voltammetry for a precise control over electropolymerization conditions. In Figure 73 are shown ten successive CV scans for Ru II -pyrrole (2 mmol L -1 ) performed at bare GCE and GCEs covered with nanospheres with 900 or 100 nm diameters, respectively. These conditions were purposely chosen because it allows the reproducible and homogenous electrodeposition of a 0.5 µm thick polymer film onto GCE. The electrogeneration of poly-[Ru II -pyrrole] onto the GCE surface is confirmed by the continuous increase in current intensity of the quasi-reversible monoelectronic metal-centered Ru(III)/Ru(II) oxidation at E 1/2 ox = +0.91 V. The poorly reversibility of this system is due to the irreversible catalytic oxidation of the pyrrole groups by the electrogenerated Ru(III) species. On the contrary, for GCEs modified by the reproducible and homogenous electrodeposition of a 0.5 µm thick polymer film onto adsorbed nanospheres (diameter: 900 or 100 nm), the irreversible oxidation of pyrrole decreases after successive scans due to the insulating properties of closely-packed nanobeads deposited on GCEs 357 . The irreversible oxidation of the six pyrrole groups at E p ox = +0.9 V overlaps the reversible metal-centered oxidation 282 . After the electropolymerization step, the modified GCEs were tested in ACN + 0.1 mol L -1 LiClO 4 (Figure 74). The bare GCE exhibits a well-shaped reversible system at E 1/2 = +0.91 V, corresponding to the immobilized poly-[Ru II

-pyrrole] (Figure 74 C). An irreversible prepeak is observed at E p ox = +0.82 V corresponding to a charge trapping phenomenon especially encountered in redox polymer films 282 . For nanosphere covered electrodes, the CV scans before and after dissolution of the nanospheres were compared (Figures 74 A and 74 B). In both cases, an increase of the peak intensity was observed after dissolution of the beads, especially in the case of dissolution of 100 nm-diameter nanobeads. This behavior is explained by the insulating properties of the latex beads and by the fact that the presence of high concentration of latex nanobeads in the polymer film prevents from the diffusion of ions necessary for charge compensation during CV scans. The beads dissolution leaves a highly porous structure that greatly enhances redox site accessibility for the diffusion of the electrolyte and the excellent heterogenous electron transfer is recovered 357 . )
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This is also confirmed by experiments made in the presence of ferrocene (Fc) as redox probe (Figure 75). In this case, the barrier effect of a conventional planar polymer deposit was compared with both nanostructured polymers. While the ∆E = 310 mV, peak-to-peak separation is measured for a 0.5 µm-thick metallopolymer film, ∆E for 900 nm and 100 nm templated metallopolymers are 200 mV and 190 mV, respectively (Figure 75). These experiments confirm the excellent diffusion of both the electrolyte and redox species through the mesoporous polymer layer, also confirmed by the permeability tests 357 . The permeability of the polymeric film was investigated with 1 mmol L -1 Fc as redox probe, in ACN by using RDE. The voltammograms for the 3 types of modified electrodes were recorded in the range of 0.0 V to +0.8 V, corresponding to the Fc oxidation, with a 50 mV s -1 scan rate and at different rotation speeds (from 500 to 1500 rpm). After the polystyrene beads removal, the micro and nanostructured films obtained by using NSL (Figure 76), presented a higher permeability (0.11 cm s -1 and 0.12 cm s -1 for 900 nm and 100 nm, respectively) than the planar film (permeability value of 0.07 cm s -1 ). The experiments in a monomer free solution were performed at different scan rates from 10 to 500 mV s -1 (Figure 77). The peak of Ru(II)/Ru(III) from poly-[Ru II -pyrrole] showed a linear dependence of oxidation and reduction currents over scan rate for all modified electrodes. This is a proof of the film immobilization at the electrodes surface, being characteristic for a surface-controlled redox system. It can be observed that on the micro and nanostructured poly-[Ru II -pyrrole]/GCEs the linear dependence of currents intensity is improved (R 2 = 0.98) in comparison with flat poly-[Ru II -pyrrole]/GCE (R 2 = 0.94) indicating a better diffusion of the electrolyte through the porous film. The amount of electropolymerized Ru(II) complexes was calculated from the charge recorded under the Ru(III)/Ru(II) oxidation. As expected, the maximum surface coverage was obtained for non-patterned modified GCE with 2.2•10 -8 mol cm -2 , while 900 nm and 100 nm templated poly-[Ru-pyrrole] exhibit surface coverages of 1.5•10 -8 and 8.7•10 -9 mol cm -2 , respectively, indicating that the polymerization is less effective in the presence of beads 357 .

Microscopic characterization

The surface morphology of the electrogenerated metallopolymer obtained with 900 nm diameter beads was characterized by laser scanning microscopy, while SEM was used when the 100 nm diameter nanobeads were employed. The characterization of poly-[Ru II -pyrrole] after dissolution of the 900 nm diameter beads is shown in Figure 78, where the electrochemical patterning of the poly-[Ru II -pyrrole] is confirmed by optical and 3D images. Well-organized micropores with a highly-reproducible honeycomb structure can be observed demonstrating the controlled deposition of the metallopolymer (Figure 78 A and 78 B). Furthermore, profile from Figure 78 C indicates the presence of pores of 250 nm depth accompanied with the unexpected presence of a 450 nm diameter hemisphere located in the centre of the pores. This hemispheric shape arises, perhaps, from a two-step electropolymerization process: in the first step, the hexagonal structure is formed by electropolymerization occurring around the beads and in the second step the electropolymerization takes place on the top of the beads, forming a centered hemispheric structure 357 . In the case of the metallopolymer obtained after dissolution of the 100 nm diameter nanobeads, an average thickness of 250 nm for the metallopolymer was measured, underlining the multilayered structure. In this case the average pore size is close to 100 nm, confirming the efficient dissolution of 100 nm nanobeads. SEM images (Figures 79 A and Due to the metal to ligand charge transfer transition band of the Ru II -pyrrole complex, photoelectrochemical studies were performed by irradiation in the visible region, using filters absorbing light below 420 nm and beyond 630 nm (Figure 80). Cathodic photocurrents were measured for 0.5 µm-thick metallopolymer, 900 nm and 100 nm beads nanopatterned metallopolymers in the presence of an oxidative quencher, pentaaminechloro cobalt(III) chloride. Maximum photocurrents of 0.25 µA cm -2 and shortest time responses of 8 s were observed for the nanostructured (100 nm) mesoporous metallopolymer.

The microstructured polymer (900 nm) exhibits photocurrents of 0.12 µA cm -2 and time responses of 65 s. Thick-planar metallopolymer shows photocurrents of 0.09 µA cm -2 and time responses of 95 s. These experiments confirmed the excellent photoelectrochemical properties of nanostructured poly[Ru-pyrrole] obtained by using NSL, properties arisen from the excellent accessibility of the electrolyte, and preventing Ru II photosensitive unit from self-quenching phenomenon 347,357 . This metallopolymer can be used with other types of pyrrole-monomers, such as: pyrrole-nitrilotriacetic acid (Py-NTA), pyrrole-cyclodextrin (Py-CD), in order to immobilize biomolecules at the electrode surface taking advantages of both specific characteristics: photoelectrochemical and anchoring properties.

In the case of the combination with Py-NTA, after the immobilization of proteins (albumins, toxin and antibody) on the copolymer film surface (using Cu 2+ coordinated to NTA groups attached to pyrrole), the cathodic photocurrent intensity decreased after each step indicating that the immobilization of the bioelements hindered the access of the electron acceptor to the electrode (Figure 81). The photocurrent response after incubation with bovine serum albumin (BSA) was 0.053 µA cm -2 , value which decreased at 0.038 µA cm -2 after incubation with biotin cholera toxin and furthermore at 0.024 µA cm -2 after the last step of incubation with anticholera toxin antibody. The decrease in photocurrent intensity was caused by the increase in steric hindrances towards the diffusion of the quencher molecules to the Ru II -pyrrole film due to the biomolecules binding. Pyrrole functionalized with NTA moieties was used as immobilization system for biotin-tagged cholera toxin via Cu 2+ coordination system, while Ru II -pyrrole was employed as a photoelectrochemical transducing molecule. The other possibility consisted in the electrogeneration of poly-[Ru II

-pyrrole] which was followed by the electrodeposition of poly(Py-CD). The pyrrole monomer functionalized with CD was used for the complexation properties of CD due to its cavity which can act as a host for biomolecules tagged with appropriate molecules such as adamantane or biotin. A good coverage with poly(Py-CD) is indicated by both CV scans in electrolyte solution and anodic photocurrent response generated in the presence of sodium ascorbate (Figure 82). The current intensity for the Ru(II)/Ru(III) peak from poly-[Ru II

-pyrrole] was reduced with almost 50 % after the electropolymerization of Py-CD, while ∆E of 60 mV for poly-[Ru II

-pyrrole] was increased at ∆E = 100 mV (Figure 82 A). These modifications are caused by the poly(Py-CD) film which acts as a barrier for the electrolyte diffusion through poly-[Ru II

-pyrrole] film. The same behavior was observed for photocurrent measurements when the electrodeposition of poly(Py-CD) film decreased the photocurrent value with 50 % hindering the diffusion and thus the accessibility of the quencher molecules through the poly-[Ru II

-pyrrole] film (Figure 82 B). The pyrrole monomer functionalized with CD was used for the complexation between CD cavity and adamantane tagged glucose oxidase (GOX-Ad) and then it was tested for glucose oxidation by chronoamperometry. The biosensor response to glucose corroborated the enzyme immobilization by host-guest inclusion complex formation (Figure 83). 

Conclusions

The achievement of highly organized micro and nanostructures showed enhanced features for the photosensitive electrogenerated poly-[Ru II -pyrrole] films. By using different nanosphere diameters, various morphologies at micro and nanoscale could be obtained and characterized. The poly-[Ru II -pyrrole] film was further modified with other types of pyrrole derivatives presenting complexation properties in order to immobilize biomolecules at the electrode surface taking advantages of both specific features: photoelectrochemical and anchoring properties. The combination of NSL and electropolymerization represents a powerful technique for the achievement of highly reproducible and homogenous photosensitive nanostructures and interesting platforms for biosensing applications. As perspectives, the nanosphere lithography can be used as a promising step towards 3D films of cyclodextrins.

General conclusions

The aim of this study was to develop novel cyclodextrin modified electrodes for pharmaceutical and biomedical applications. The cyclodextrin influence was investigated both in solution and on the electrode modification.

The first objective of this work was to study the β-cyclodextrin effect on the electrochemical behavior of the pharmaceutical substances as guest molecules (uric acid, ascorbic acid, aminophylline, caffeine, caffeine citrate, theophylline, acetaminophen). The formation of inclusion complexes between β-cyclodextrin and these molecules caused a decrease in the peak current and a positive shift in the anodic peak potential, results which were explained by the concentration decrease of the free analyte and by the decrease of the diffusion coefficient for the inclusion complexes. The FTIR spectra confirmed the formation of inclusion complexes through the vibration bands modifications of the analytes and of β-cyclodextrin consisting in shift, attenuation and disappearance of some bands in the complexes spectra.

The sensitive determination of ascorbic and uric acids was achieved by using carbon paste electrodes modified with β-cyclodextrin. The increase of current intensity and negative potential shift were attributed to the inclusion complexes formation which led to the preconcentration of the analytes at the electrode surface.

The glassy carbon electrodes modified with β-cyclodextrin in polyethyleneimine film were elaborated for the investigation of the electrochemical behavior of ascorbic acid and uric acid by using square wave voltammetry. The modified electrodes were characterized by RAMAN and electrochemical impedance spectroscopy and optical microscopy. This sensor allowed a well separation of the voltammetric signals and the shifting to more negative of the oxidation peaks potential for the two compounds. An important performance of this sensor was the simultaneous determination of ascorbic acid and uric acid due to the well separation of signals of these compounds. These modified electrodes were applied for the detection and determination of ascorbic acid in two pharmaceutical products with good performances: low detection limit, good linear range, the absence of interferences in the case of injectable solution. The sensor main advantage was the simultaneous determination of uric and ascorbic acids in urine samples. Good recoveries were obtained using electrochemical methods which were confirmed using spectrophotometric method in the case of the pharmaceutical samples and chromatographic method for the urine samples.

The biosensor elaborated by using layer-by-layer deposition of reduced graphene oxide, β-cyclodextrin, polyethylenimine and tyrosinase was tested for the sensitive and selective determination of dopamine. The optimization process included: the layers number and the type of graphene, the accumulation time and the deposition method. The obtained nanocomposite was then characterized by Raman and FTIR spectroscopy and optical microscopy.

The optimized biosensor was successfully applied for dopamine determination in pharmaceutical products, serum and urine samples with good recoveries, enhanced sensitivity and good selectivity.

A new synthesized pyrrole derivative bearing a cyclodextrin moiety was used for a non-covalent modification of reduced graphene oxide. Cyclodextrin was involved in a better solubilization of graphene in water as an efficient aqueous dispersant, meanwhile pyrrole was responsible for generating an electropolymerized coating, both aspects being important for the graphene electrodeposition. This new nanocomposite was characterized by spectral, microscopic and electrochemical techniques. These electropolymerizable graphene sheets were electrodeposited on glassy carbon electrodes doubling their active surface area. Furthermore, the functionalized graphene in combination with an amphiphilic pyrrole derivate and tyrosinase were used for the elaboration of a biosensor tested for catechol and dopamine determination.

β-cyclodextrin was used for the solubilization in water of new synthesized tetrazines functionalized with adamantane and naphthalimide groups, organic anchoring groups which fit the requirements for inclusion within cyclodextrin. The tetrazine ring itself is hydrophobic and small enough to be also included in the cyclodextrin cavity. The behavior of these compounds in aqueous solutions, in the presence or absence of cyclodextrin, was investigated by electrochemical and fluorescence methods. The immobilization of tetrazines onto various types of electrodes modified with poly-pyrrole-cyclodextrin was also reported and was examined by electrochemical, microscopic and spectroscopic techniques. Tetrazines were also entrapped into a polymeric film of an amphiphilic pyrrole derivative. These fluorophores were used for glucose oxidase immobilization at the electrode surface through the inclusion complexes formed between tetrazine and cyclodextrin.

The electropolymerization of a Ru(II)-pyrrole monomer by using cyclic voltammetry was combined with nanospheres lithography obtaining highly ordered porosity in photosensitive metallopolymers. By using latex beads with different diameters (100 nm and 900 nm), various morphologies at micro and nanoscale were obtained and characterized by microscopy. The achievement of highly organized micro and nanostructures showed enhanced features for the photosensitive electrogenerated poly-[Ru II -pyrrole] films. Furthermore, poly-[Ru II -pyrrole] film was modified with other types of pyrrole derivatives presenting complexation properties in order to immobilize biomolecules at the electrode surface taking advantages of both specific features: photoelectrochemical and anchoring properties.

Originality of the thesis

The originality of the thesis consists in the development of a sensor modified with β-cyclodextrin entrapped in polyethyleneimine film which allowed a well separation of the voltammetric signals of ascorbic acid and uric acid. An important performance of this sensor was the simultaneous determination of ascorbic acid and uric acid due to the well separation of signals corresponding to the electrochemical oxidation processes of these compounds. These modified electrodes were applied for the detection and determination of ascorbic acid in two pharmaceutical products with good performances: low detection limit, good linear range, absence of interferences in the case of injectable solution. The sensor main advantage was the simultaneous determination of uric and ascorbic acids in urine samples. Taking advantage of the permeation of ascorbic acid and uric acid through the β-cyclodextrin and polyethyleneimine film, via the host-guest interaction between β-cyclodextrin and ascorbic acid and uric acid, the simultaneous detection of the two compounds from urine samples was successfully achieved.

The elaboration of two types of biosensors based on reduced graphene oxide and β-cyclodextrin is a new approach for dopamine detection. The first one was elaborated through layer-by-layer deposition of reduced graphene oxide and β-cyclodextrin and then it was tested for the sensitive and selective determination of dopamine. The optimized biosensor was successfully applied for dopamine determination in pharmaceutical products, serum and urine samples with good recoveries. The second one consisted in a new nanostructured graphene framework with electropolymerizable properties. A new synthesized pyrrole derivate bearing a cyclodextrin moiety was used for a non-covalent modification of reduced graphene oxide. Cyclodextrin was involved in a better solubilization of graphene in water as an efficient aqueous dispersant, meanwhile pyrrole was responsible for generating an electropolymerized coating, both aspects being important for the graphene electrodeposition. These electropolymerizable graphene sheets were electrodeposited on glassy carbon electrodes and demonstrated excellent nanostructured support for the fabrication of a tyrosinase-based composite bioelectrode for sensing of catechol and dopamine.

Another element of novelty is, to our knowledge, for the first time, the solubilisation of tetrazines in water and their electrochemical characterization in this unusual medium. 4 tetrazines functionalized with different substituents like adamantane and naphthalimide groups, specially adapted to the inclusion inside a cyclodextrin cavity, were synthetized and characterized. In addition, the tetrazine ring itself may also fit the requirements for inclusion within cyclodextrin. These fluorophores were solubilised in aqueous solutions using β-cyclodextrin and gold nanoparticles modified with CD. These redox supramolecular assembly were characterized in water by electrochemical and fluorescence measurements. The immobilization of tetrazines onto various types of electrodes modified with poly-pyrrole-cyclodextrin was also reported and was examined by electrochemical,
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  CV = cyclic voltammetry; SWV = square wave voltammetry; DPV = differential pulse voltammetry a GNP/PImox/GCE = gold nanoparticles/overoxidized-polyimidazole composite modified GCE b GNP/LC/GCE = gold nanoparticles and l-cysteine onto GCE c CDDA/GCE = poly(3-(5-chloro-2-hydroxyphenylazo)-4,5-dihydroxynaphthalene-2,7-disulfonic acid)filmmodified GCE d PCAC/GCE = poly(3,3_-bis[N,N-bis(carboxymethyl)aminomethyl]-o-cresolsulfonephthalein) modified GCE e P-4-ABA/GCE= poly(4-aminobutyric acid) modified GCE f GRA/Pt/GCE = graphene/Pt-modified GCE g NG/GCE = Nitrogen doped graphene/GCE h GRA/SPE = screen-printed electrode using an ink containing graphene i GA/TC-GNP/Au= guanine/thiocytosine-gold nanoparticles/Au j PDDA-HCNTs/GCE = poly(diallyl dimethylammonium chloride functionalised helical CNTs onto GCE l PS(III)/GCE= poly(sulfonazo III) modified GCE m OC/GCE = organoclay film modified GCE n AuNPs-β-CD-Gra/GCE = Graphene decorated with gold nanoparticles and β-CD onto GCE o (PEDOT/S-β-CD)films/Au = Poly(3,4-ethylene dioxythiophene)/sulphatedβ-CD films, deposited onto gold p β-CD/p-ASA+SPNAANI/GCE = β-CD modified copolymer membrane of sulfanilic acid and Nacetylaniline onto GCE

Fig. 33 .

 33 Fig. 33. SWVs of the diluted urine samples collected before (day 0) and during the treatment with ascorbic acid at 1 % β-CD/PEI(5 mg mL -1

Fig. 34 .

 34 Fig. 34. SWVs of the diluted urine sample collected in the third day, spiked with ascorbic acid at 1 % β-CD/PEI(5 mg mL -1

Fig. 35 .

 35 Fig. 35. Raman spectra (A) registered for: GO (black), RGO/CD (red), RGO-CD (blue) and FTIR spectra (B) registered for: GO (black), RGO (red), RGO-CD (green) 301

Fig. 36 .

 36 Fig. 36. Microscopic images for: (A) GO/PEDOT, (B) RGO/CD/PEDOT and (C) RGO-CD/PEDOT 301
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 4313 Fig. 37. (A) SWVs for 10 -3 mol L -1 dopamine solution obtained at: (a) bare GCE; (b) single layers RGO-CD/PEI modified GCE; (c) single layers RGO/PEI modified GCE; (d) single layers of RGO/CD/PEI modified GCE; (B) SWVs for 10 -3 mol L -1 dopamine solution at single layer RGO modified GCE after (e) 0 min, (f) 1 min and (g) 5 min of preconcentration 301

Fig. 38 .

 38 Fig. 38. The biosensor development for dopamine detection 301

  Fig. 39. (A) Nyquist plots of 10 mmol L -1 [Fe(CN) 6 ] 3-/4-in PBS (0.02 mol L -1 ; pH 7.4); (B) R ct variation for: (a) bare GCE; (b) 1 mg mL -1 β-CD/GCE; (c) 1 mg mL -1 RGO/GCE; (d) β-CD/RGO/GCE and (e) PEI/TYR/β-CD/RGO/GCE

Fig. 40 . 1 )

 401 Fig. 40. Calibration data for different concentrations (from 3.9 to 601.5 μmol L -1 ) of dopamine solutions obtained with PEI/TYR/β-CD/RGO/GCE; (Inset: linear part of the calibration curve obtained for dopamine with amperometry) 301

Fig. 41 .

 41 Fig. 41. Amperometric current response of PEI/TYR/β-CD/RGO/GCE to successive injections of equal volumes (25 μL) of 10 -2 mol L -1 of dopamine, uric acid and glucose solutions in PBS (pH 7.2; 0.1 mol L -1) 301

Fig. 42 .Fig. 43 .

 4243 Fig. 42. (A) The structure of RGO/Py-CD; (B) FTIR spectra of Py-CD (black), RGO (red) and RGO/Py-CD (green)

Fig. 44 .

 44 Fig. 44. (A) CVs for 3 layers of RGO/Py-CD at GCE (0.1 mol L -1 , LiClO 4 /ACN, 3 scans, 50 mV s -1 ); (B) CVs of 1 mmol L -1 Ru(NH 3 ) 6 Cl 3 at bare and poly-[RGO/Py-CD] modified GCEs (1, 2, 3, 5 and 10 layers, 100 mV s -1

Fig. 45 .

 45 Fig. 45. CVs of 1 mmol L -1 dopamine at bare GCE (black), single layer of RGO/Py-CD/GCE (red) and poly-Py-CD/GCE (green); (100 mV s -1

Fig. 46 .

 46 Fig. 46. Plots of normalized current intensities towards catechol (A, B) and dopamine (C, D) concentration at poly-amphiphilic pyrrole/tyrosinase (black), poly-[Py-CD/amphiphilic pyrrole/RGO]/tyrosinase (red) and LBL poly-[RGO/Py-CD]/poly-amphiphilic pyrrole/tyrosinase (green) electrodes (-0.2 V, 0.1 mol L -1 PBS pH 6.5) 303

Fig. 47 .

 47 Fig. 47. The chemical structures of the new four synthesized tetrazines

  Fig. 48. CVs of 1 mmol L -1 tetrazines 1, 2, 3 and 4 in 0.1 mol L -1 LiClO 4 /ACN (100 mV s -1) 333

Fig. 49 .

 49 Fig. 49. CVs of tetrazines 1, 2, 3 and 4 in PBS, with (red) or without (black) 10 -2 mol L -1 β-CD (50 mV s -1 ) 333

Fig. 50 .

 50 Fig. 50. Two-electrons, two-protons reduction of a tetrazine ring

Fig. 51 .

 51 Fig. 51. Visible (left) and UV 365 nm (right) photos of 10 -3 mol L -1 tetrazine 1 (A), 2 (B), 3 (C) and 4 (D)in ACN

  Fig. 52. (A) UV-Vis spectra of 10 -4 mol L -1 and (B) fluorescence spectra of 10 -6 mol L -1 tetrazines 1 (black), 2 (red), 3 (green), and 4 (blue) in ACN (λ ex = 518 nm; 1 cm cuvettes)

Fig. 53 .

 53 Fig. 53. Fluorescence spectra of tetrazines 1-4 in H2O (black) and 10-2 mol L-1 β-CD solution (red) (518 nm) 333

Fig. 54 .

 54 Fig. 54. Visible (left) and UV 365 nm (right) photos of tetrazines 1 and 4 in (A) water and (B) 10 -2 mol L -1 β-CD solution (after 1 h of sonication)

Fig. 55 .

 55 Fig. 55. UV-Vis spectra of tetrazines 1 (red), 2 (green), 3 (dark blue), and 4 (light blue) in 10 -2 mol L -1 β-CD (black)

Fig. 56 .

 56 Fig. 56. Fluorescence spectra (A) and (B) UV-Vis spectra of tetrazines in CD-AuNP solutions 333

Fig. 57 . 1 LiClO 4 ( 1 ,

 57141 Fig. 57. CV polymerization of 1 mmol L -1

Fig. 58 .

 58 Fig. 58. CVs of tetrazines 1-4 in PBS (pH 7, 50 mV s -1

Fig. 59 .

 59 Fig. 59. (A) The current variation of tetrazine 3 immobilized on Py-CD/GCE in function of the scan rate; (B) The variation of E 1/2 of tetrazine 1 immobilized on Py-CD/GCE in function of pH

  Fig. 60. (A) CVs (50 mV s -1) and (B) Koutecky-Levich plots for 2 mmol L

Fig. 61 .

 61 Fig. 61. CVs of tetrazines 1-4 in PBS (0.1 mol L -1 , pH 7, 10 mV s -1

Fig. 62 .

 62 Fig. 62. UV-Vis spectra of Py-CD/ITO kept in aqueous solutions of tetrazine 2

Fig. 63 . 1 )

 631 Fig. 63. (A) Polymerization of 1 mmol L -1 Py-CD and 1 mmol L -1 tetrazines 1-3 by CV in 0.1 mol L -1 LiClO 4 (ACN) at GCEs (15 scans, 100 mV s -1 ); (B) CVs of tetrazines 1-3/Py-CD/GCE in 0.1 mol L -1 PBS (pH 7, 50 mV s -1

Fig. 64 .

 64 Fig. 64. (A) Calibration curves for glucose oxidation obtained with Pt electrodes polymerized with 1 mmol L -1 Py-CD and 1 mmol L -1 tetrazines; (B) Schematic representation of the biosensor

Fig. 65 .

 65 Fig. 65. Calibration curves for glucose oxidation obtained at Py-CD/Pt

Fig. 66 .Fig. 67 .

 6667 Fig. 66. Microscopic images of gold microelectrodes modified with poly-Py-CD before (left) and after (right) the treatment with 1 mmol L -1 tetrazine 2 in ACN (excitation filter HQ 530/30 CHROMA, emission filter ET 575Lp)

Fig. 68 .

 68 Fig. 68. CVs of tetrazine 2 in 0.1 mol L -1 PBS at GCE polymerized with 2.5 mmol L -1 amphiphilic pyrrole and 1, 3 and 10 mmol L -1 tetrazine 2 by (A) electrolysis (0.4 mC) and (B) cyclic voltammetry (10 scans)

Fig. 70 .

 70 Fig. 69. (A) CVs in PBS (50 mV s -1) and (B) UV-Vis spectrum of the ITO electrode modified with 2.5 mmol L -1

Fig. 71 .

 71 Fig. 71. Microscopic images of gold microelectrodes modified with poly-Py Amphiphile (left) and poly-Py Amphiphile and tetrazine 1 (right) (excitation filter HQ 530/30 CHROMA, emission filter ET 575Lp)

Fig. 72 .

 72 Fig. 72. Structure of Tris[4,4 bis(3-pyrrol-1-ylpropyloxy)bipyridinyl)] ruthenium(II) complex

Fig. 74 .

 74 Fig. 74. CVs recorded at microstructured (A) and nanostructured poly-[Ru II -pyrrole]/GCE (B), before (dashed) and after (solid) beads dissolution; (C) CVs recorded at bare GCE of poly-[Ru II -pyrrole] (black), microstructured poly-[Ru II -pyrrole]/GCE (900 nm beads, red) and nanostructured poly-[Ru II -pyrrole]/GCE (100 nm beads, blue) in ACN + 0.1 mol L

  Fig. 75. CVs of 1 mmol L -1 Fc recorded at a conventional poly-[Ru II -pyrrole]/GCE (black), microstructured (red) and nanostructured poly-[Ru II -pyrrole]/GCE (blue); (v = 0.05 V s -1 ) 357

Fig. 76 . 1 )

 761 Fig. 76. Koutecky-Levich plots for 1 mmol L -1 Fc in ACN + LiClO 4 (0.1 mol L -1 ) at the poly-[Ru II -pyrrole]/GCEs

Fig. 77 .

 77 Fig. 77. The variation of the Ru (II)/Ru (III) peak intensity at flat, microstructured and nanostructured poly-[Ru II -pyrrole]/GCEs at different scan rate

Fig. 78 .

 78 Fig. 78. Confocal 3D microscope images of a poly-[Ru II -pyrrole]/GCE electrogenerated with 900 nm beads: (A) laser image; (B) 3D image and (C) height image accompanied with a pore profile image 357

  Fig. 79. SEM images of poly-[Ru II -pyrrole]/GCE electrogenerated with 100 nm beads 357

Fig. 80 .

 80 Fig. 80. Cathodic photocurrent obtained in the presence 15 mmol L -1 pentaaminechloro cobalt(III) chloride in 0.1 mol L -1 acetate buffer (pH 5), with flat poly-[Ru II -pyrrole]/GCE (black), 900 nm beads microstructured poly-[Ru II -pyrrole]/GCE (red) and 100 nm beads nanostructured poly-[Ru II -pyrrole]/GCE (blue) 357

Fig. 81 .

 81 Fig. 81. Cathodic photocurrent measurements on GCEs modified by electropolymerization of a mixture of 2 mmol L -1

1 ,

 1 Fig. 82. (A) CVs in 0.1 mol L -1

Fig. 83 .

 83 Fig. 83. Calibration curves for glucose oxidation obtained at Pt electrode electropolymerized with 1 mmol L -1 Py Ru and 1mmol L -1 Py-CD by electrolysis (0.5 mC), incubation 1 h with 20 µL GOX-Ad 1mg mL -1
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Table I .

 I Cyclodextrins main physico-chemical properties

	Physico-chemical property	α-CD	β-CD	γ-CD
	Number of glucose units	6	7	8
	Molecular weight	972	1135	1297
	Internal diameter/A	4.7-5.2	6.0-6.4	7.5-8.3
	Outer diameter/nm	1.53	1.66	1.72
	Water solubility at 24C/g*L -1	145	18.5	232
	Water molecules in cavity	6	11	17
	pK a	12.33	12.2	12.08
	Height/nm	0.79	0.79	0.79
	Volume/nm 3	0.174	0.262	0.472
	Melting temperature range/°C	255-260	255-265	240-245

Table II .

 II K i values of β-CD

inclusion complexes 231 Host molecule Guest molecule K i (L mol -1 )

  

	Ascorbic acid	243.90
	Uric acid	666.66
	Acetaminophen	161.29
	β-CD	
	Aminophylline	80.65
	Teophylline	909.09
	Caffeine	1111.11

Table III .

 III SWV parameters for ascorbic acid 10 -3 M with different CPEs

			231
	Electrode	Peak height (µA)	Peak potential (V)
	CPE	5.14	0.414
	β-CD/CPE (β-CD powder)	5.53	0.28
	β-CD/CPE (β-CD solution)	6.07	0.323

Table IV .

 IV SWV parameters for 10

	-3 M uric acid with different CPEs	231
	Electrode	Peak height (µA)	Peak potential (V)
	CPE	8.31	0.631
	β-CD/CPE (β-CD powder)	7.20	0.605
	β-CD/CPE (β-CD solution)	8.81	0.589

Table V .

 V SWV parameters for 10

	-3	-1		264
	mol L	uric acid on different electrodes
			Peak potential	Peak height	Peak area
	Electrode type		(V)	(μA)	(μC)
	GCE		0.684	5.11	2.03
	PEI(1 mg mL -1 )/GCE		0.674	2.42	1.24
	PEI(5 mg mL -1 )/GCE		0.661	2.62	1.35
	0.2 % β-CD/PEI(1 mg mL -1 )/GCE		0.54	3.46	1.52
	1			

% β-CD/PEI(5 mg mL -1

  

	)/GCE	0.534	4.64	1.89

Table VI .

 VI SWV parameters for 10

		-3	-1		264
		mol L	ascorbic acid at different electrodes
				Peak potential	Peak height	Peak area
	Electrode type		(V)	(μA)	(μC)
	GCE			0.611	3.81	1.76
	PEI(1 mg mL -1	)/GCE		0.513	2.06	1.09
	PEI(5 mg mL -1	)/GCE		0.505	1.85	0.99
	0.2 % β-CD/PEI(1 mg mL -1 )/GCE		0.321	3.29	1.65
	1 % β-CD/PEI(5 mg mL -1 )/GCE		0.295	4.63	1.78

Table VII .

 VII Ascorbic acid determination in pharmaceuticals at β-CD/PEI/GCE by SWV

				264	
		Theoretical	Found		
	Pharmaceutical product	concentration	concentration	Recovery (%) RSD (%)
		(µmol L -1 )	(µmol L -1 )		
		157.48	154.72	98.25	
	Vitamina C ® (Arena)	176.81	175.45	99.23	1.41
		193.07	195.04	101.02	
		157.48	156.01	99.06	
	Vitamina C ® (Biofarm)	176.81	173.20	97.29	1.02
		193.07	191.14	99.00	

Table VIII .

 VIII The β-CD/PEI/GCE sensitivity compared with previously reported sensors

	ascorbic acid,	(PEDOT/S-β-CD) films/Au o ; CV,		
	dopamine	voltammetry Amperometry, Hydrodynamic	-	[256]
	ascorbic acid, uric acid	β-CD/p-ASA+SPNAANI/GCE p	-	[257]
			264	
	Analyte uric acid ascorbic acid,	Electrode/Method β-CD/PEI/GCE; SWV	LOD (μmol L -1 ) Ascorbic acid 0.22	Ref. [254]
	ascorbic acid,			
	uric acid, dopamine,	GNP/PImox/GCE a ; DPV	2.00	[240]
	tryptophan			
	ascorbic acid, uric acid	GNP/LC/GCE b ; DPV	-	[241]
	ascorbic acid,	CDDA/GCE c ; DPV	1.43	[242]
	uric acid, dopamine			
	ascorbic acid,	PCAC/GCE d	0.40	[243]
	uric acid, epinephrine			
	ascorbic acid, uric acid, dopamine	P-4-ABA/GCE e ; DPV	5.00	[244]
	ascorbic acid,	GRA/Pt/GCE f ; CV, DPV	-	[245]
	uric acid, dopamine			
	ascorbic acid, uric acid, dopamine	NG/GCE g ; CV, DPV	2.20	[246]
	ascorbic acid,	GRA/SPE h ; CV, DPV	0.95	[247]
	uric acid, dopamine			
	ascorbic acid,	GA/TC-GNP/Au i ; CV	-	[248]
	uric acid			
	ascorbic acid, uric acid, dopamine	PDDA-HCNTs/GCE j ; DPV	0.12	[235]
	ascorbic acid,	PS(III)/GCE l ; DPV	0.17	[249]
	uric acid, dopamine			
	ascorbic acid, uric acid	OC/GCE m ; CV, amperometry	10	[251]
	ascorbic acid,	AuNPs-β-CD-Gra/GCE n ; SWV	10	[84]
	uric acid, dopamine			

Table IX .

 IX Ascorbic and uric acids data recorded at 1% β-CD/PEI(5 mg mL 

					-1 )/GCE by SWV in diluted
	urine samples	265			
	Urine	Detected analyte concentration (µmol L -1 )	RSD (%)
	sample			
			Ascorbic Acid	Uric Acid	Ascorbic Acid	Uric Acid
	Day 0	0.00	18.99	-	2.55
	Day 1	2.07	9.11	2.58	1.06
	Day 2	15.83	0.60	3.06	2.61
	Day 3	16.55	22.68	4.02	2.29
	Day 4	33.86	28.45	2.65	3.57
	Day 5	41.52	15.11	2.06	2.83
	Day 6	26.60	20.36	1.84	2.74
	Day 7	39.07	17.02	2.44	3.45

Table X .

 X Ascorbic acid data recorded at 1% β-CD/PEI(5 mg mL 

				-1 )/GCE by SWV in urine samples	265
	Urine sample	Ascorbic acid initially detected (µmol L -1 )	Added 10 -2 mol L -1 ascorbic acid solution (µL)	Added ascorbic acid (µmol L -1 )	Total ascorbic acid found (µmol L -1 )	Recovery ascorbic acid (%)
	Day 1	2.07	30 50	59.64 99.00	59.76 100.04	96.73 98.95
	Day 4	33.86	30 50	59.64 99.00	95.69 131.49	103.67 98.61
	Day 6	26.6	30 50	59.64 99.00	86.73 121.1	100.82 95.45

Table XI .

 XI SWV data for dopamine registered at GCE modified with different numbers of RGO layers

	301				
	Electrochemical parameters		RGO layers number
					0	1	3	5
	Oxidation potential		0.213	0.195	0.219	0.241
	Peak height (µA)		92.37	508.19	174.10	87.58
	Peak area (µC)			25.35	95.14	22.74	10.02
	750				
	600				
	450				
	300				
	150				
	0				
	-0.2	0.0	0.2	0.4	0.6

Table XII .

 XII Dopamine amperometric detection from urine and serum

301 Probe Vol. of 10 -2 mol L -1 dopamine spiked (µL)

  

		Peak	
			Recovery	RSD
		intensity	
		(μA)	(%)	(%)
	5	0.520	-
	PBS			-
	10	1.10	-
	5	0.521	100.19
	Urine		
				1.46
	samples		
	10	1.07	97.27
	5	0.530	101.92
	Serum		
				1.87
	samples		
	10	1.08	98.18

Table XIII .

 XIII Electroanalytical parameters of the biosensors for catechol determination

303 Modified electrode I max (µA) Sensitivity (mA L mol -1 ) LOD (nmol L -1 ) Linear range (nmol L -1 - µmol L -1 ) R 2 RSD (%) Amphiphilic pyrrole/ Tyrosinase

  

	RGO/Py-CD/ Amphiphilic pyrrole/ Tyrosinase (one-step technique) RGO/Py-CD/ Amphiphilic pyrrole/ Tyrosinase (two-step technique)	6.7 11.35 12	40 50 50	2.44 1 2.8	2.44 -25 1 -25 2.8 -25	1 1 0.99	5% 1% 3%	99

Table XIV .

 XIV Electroanalytical parameters of the biosensors for dopamine determination

						303	
					Linear		
	Modified electrode	I max (µA)	Sensitivity (mA L mol -1 )	LOD (nmol L -1 )	range (nmol L -1 -	R 2	RSD (%)
					µmol L -1 )		
	Amphiphilic pyrrole/ Tyrosinase	0.5	0.04	40	40 -37	0.994	5%
	RGO/Py-CD/						
	Amphiphilic pyrrole/ Tyrosinase	0.92	0.07	27	27 -37	0.998	1%
	(one-step technique)						
	RGO/Py-CD/						
	Amphiphilic pyrrole/ Tyrosinase	1.22	0.09	27	27 -38.6	0.997	3%
	(two-step technique)						

Table XVI .

 XVI Electroanalytical parameters for glucose oxidation

	Modified electrode	(	I max

µA cm -2 ) Sensitivity (µA L mol -1 cm -2 )

  

				Linear range	
				(µmol L -1 -	R 2
				mmol L -1 )	
	1 mmol L -1 Py-CD/Pt	4.23	149.04	40 -3.83	0.998
	1 mmol L -1 Py-CD/ 1 mmol L -1 tetrazine 1/Pt	14.87	367.85	132 -8.11	0.993
	1 mmol L -1 Py-CD/ 1 mmol L -1 tetrazine 2/Pt	38.07	1484.1	8.61 -3.83	0.997
	1				

mmol L -1 Py-CD/ 1 mmol L -1 tetrazine 3/Pt

  

	12.24	374.11	13.3 -8.11	0.992

1 mmol L -1 Py-CD/ 1 mmol L -1 tetrazine 4/Pt

  

	9.03	285.7	86.6 -8.11	0.994
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microscopic and spectroscopic techniques. Tetrazines were also entrapped into a polymeric film of an amphiphilic pyrrole derivative. These fluorophores were used for the immobilization of glucose oxidase modified by CD groups at the electrode surface through the inclusion complexes formed between tetrazine and cyclodextrin.

Another original contribution is the combination of nanosphere lithography with electropolymerization of a Ru(II)-pyrrole monomer. By using latex beads with different diameters (900 nm and 100 nm), highly ordered porosity in photosensitive metallopolymers was achieved. Enhanced photocurrent was observed, being inversely proportional to the polystyrene bead diameter size. Furthermore, poly-[Ru II -pyrrole] film was modified with other types of pyrrole derivatives presenting complexation properties in order to immobilize biomolecules at the electrode surface taking advantages of both specific features: photoelectrochemical and anchoring properties.