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Abbreviations  

 

Materials: 

   DSDH: D-sorbitol dehydrogenase  

GatDH: Galactitol dehydrogenase  

DI: Diaphorase  

NAD
+
: β-Nicotinamide adenine dinucleotide  

NAD
+
-dextran: β-Nicotinamide adenine dinucleotide-dextran 

PEI-NAD
+
: Poly (ethylenimine)-NAD

+ 

NAD-GPS: NAD
+
-Glycidoxypropylsilane 

Fc-NAD: Ferrocene-boronic acid-NAD
+
 

NADH: β-Nicotinamide adenine dinucleotide (reduced dipotassium salt)  

TEOS: Tetraethoxysilane  

TMOS: Tetramethoxysilane 

APTES: Aminopropyltriethoxysilane 

GPS: 3-Glycidoxypropyl-trimethoxysilane  

PDDA: Poly(dimethyldiallylammonium chloride)  

PAA: Poly (allylamine)  

PEI: Poly (ethylenimine)  

FDM: Ferrocenedimethanol  

FM: Ferrocenemethanol 

MG: Methylene green 

MB: Meldola’s blue 

Nb: Nile blue  

NF: Nafion, perfluorinated ion-exchange resin 

PMG: Poly (methylene green) 

PEI-Fc: Ployethylenimine-ferrocene  

Fc-silane: Ferrocene functionalized organoalkoxysilane 

MWCNTs: Multiwalled carbon nanotubes  
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SWCNTs: Single-walled carbon nanotubes 

Tris: Tris(hydroxymethyl) amino-methane  

PBS: Phosphate buffer solution 

 

Electrodes: 

CE: Counter electrode  

WE: working electrode 

GCE: Glassy carbon electrodes  

MGE: Macroporous gold electrodes 

 

Techniques  

CV: Cyclic voltammetry  

UV: UV-vis spectrophotometry 

IR: infrared spectrophotometry  

GPES: General Purpose Electrochemical System 

SECM: Scanning electrochemical microscopy 

SEM: Scanning electron microscopy 
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     Preface 
     Considerable interests have been drawn in the development of electrochemical reactors for the 

manufacture of fine chemicals with dehydrogenases as a process with almost zero waste emission. 

The system requires that all active compounds like cofactor, mediator and dehydrogenase can be 

functionally immobilized on the working electrode surface in such a way that dehydrogenases are 

durably immobilized and active, their cofactor is durably immobilized close to the enzyme, and the 

mediator can reduce the overpotential without leaching. However, it is still a challenge to construct 

this kind of functional layer with long term stability. This is the goal of the present thesis prepared 

in the frame of an European program (ERUDESP, enantioselective……).  

 

    Stable immobilization of active enzyme on electrodes is a prerequisite for bio-electrochemical 

applications. Sol-gel-derived silica-based materials have proven to provide a rather suitable 

environment for biomolecules entrapment, ensuring conformation changes similar to their water 

solution and even enhanced stability. The quite recent development of the electrochemically-

assisted deposition of sol-gel silica thin films opens new opportunities for enzyme encapsulation 

into sol-gel thin film onto electrode surfaces [1]. In this method, a sufficiently negative potential 

was applied to the electrode surface to generate hydroxyl ions, which play the role of the catalyst 

for the polycondensation [2]. In comparison with the traditional sol-gel methods which involve 

deposition by evaporation (dip-, spin-, spray-coating) and can only be applied to basically flate 

surfaces, the combination of electrochemistry with the sol-gel process makes possible the well 

controlled modification of complex electrode surfaces, for example, macroporous gold electrodes. 

This approach is promising for the electrochemical biocatalysis application. Although there have 

been a long history of studying and using sol-gel material to encapsulate enzymes, little has been 

reported regarding the encapsulation of enzyme in sol-gel silica films in the course of their 

electrodeposition, especially for dehydrogenase encapsulation. 

The realization of cofactor regeneration with both the dehydrogenase and its cofactor 

immobilized is the biggest challenge in construction of the functional layer. One obstacle for this 

approach is that the water soluble cofactor is a relatively small molecule, so it is likely to diffuse 

away from the electrode surface into solution, thus limiting the long-time durability of the 
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modified electrode. Another obstacle is that high overpotential at electrode surfaces leading to 

undesired side reactions producing enzymatically-inactive dimers and isomers of cofactors. As far 

as biocatalysis with electrochemical regeneration of cofactor is concerned, the effectiveness of 

electron transfer is a key parameter affecting the performance of the process so that the resort to 

charge transfer mediators has often been proposed to improve the turnover of the overall reaction. 

However, further difficulties may arise with many mediators due to their poor stability or due to 

electrode modification procedures. 

 

Taking into account the above problems that are likely to exist in the construction of such 

functional films, this research developed a series of sol-gel immobilization matrixes to improve the 

perfomance and long-term stability of the biocomposite films. The details are summarized as 

follows: 

 

In Chapter I, the first part is devoted to a brief introduction to the ERUDESP project and to a 

definition of the subject. Then, we describe the main immobilization methods of enzyme, cofactor 

and mediator reported sofar in the literature. 

In the experimental section (Chapter II), we describe the physico-chemical properties of the 

studied compounds, various sol-gel preparation methods, electrode modifications and the 

experimental techniques used in this work. 

   In Chapter III, we show the feasibility of dehydrogenase encapsulation in sol-gel matrices by 

both drop-coating and electrodeposition. DSDH was found to be very sensitive to the silica gel 

environment, first, the influence of polyelectrolyte additives on the sol-gel encapsulation of 

dehydrogenases has been evaluated by drop-coating. Then, we report that the electrochemically-

assisted deposition of silica thin films can be a good strategy for DSDH immobilization as well as 

DSDH and diaphorase co-immobilization in an active form (Diaphorase is an useful enzyme to 

catalyze cofactor regeneration in a smooth way). 

   In Chapter IV, one has compared various strategies for cofactor immobilization in sol-gel 

matrices, i.e. the simple encapsulation of the native cofactor, the encapsulation via attachment to a 
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high molecular weight compound (NAD-Dextran), the adsorption on carbon nanotubes introduced 

in the sol-gel matrix and finally the use of glycidoxypropylsilane (GPS) as additive. 

    In Chapter V, the immobilization of mediators (ferrocene species and osmium polymer) in the 

sol-gel matrix is first studied. The influence of GPS as additives for the mediator immobilization is 

also presented. Then, the feasibility of co-immobilization base on sol-gel film is evaluated by one 

step drop-coating and electrodeposition. 

    In Chapter VI, different strategies for mediator immobilization on CNTs are developed. Here, 

the co-immobilization strategies base on CNTs/sol-gel matrix are used to develop a reagent free 

device because of the problems encountered with mediator immobilization through one step 

electrodepostion in chapter V. The first layer of CNTs functionalized with mediator is covered 

with an additional drop-coated or electrodeposited sol-gel layer containing the dehydrogenase (and 

eventually diaphorase) and the cofactor covalently bond to GPS.  
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             Chapitre I. Introduction 

    Ce chapitre introductif présente tout d’abord le projet ERUDESP dans le cadre duquel s’est 

déroulé ce travail de thèse. L’objectif de cette étude était la co-immobilisation au sein d’une 

couche mince sol-gel d’une déshydrogénase, du cofacteur enzymatique NAD
+
 et du médiateur 

électrochimique permettant de catalyser la régénération électrochimique de ce cofacteur. Cette 

couche mince devant ensuite être déposée sur la surface interne d’une électrode d’or 

macroporeuse et être intégrée dans le réacteur pour application en électrosynthèse 

enzymatique (ces derniers travaux étant menés dans le projet ERUDESP, mais hors du cadre 

de cette thèse).  

    L’état de l’art sur les différents aspects de ce projet est ensuite donné (chap. I). Les 

méthodes couramment utilisée pour obtenir l’immobilisation d’une protéine sous une forme 

active à la surface d’une électrode sont présentés. Le procédé sol-gel et son application en 

bioencapsulation sont décrits. Enfin la génération de couche minces sol-gel par assistance 

électrochimique est présentée ainsi que son utilisation pour l’immobilisation de protéines. 

Nous discutons ensuite des difficultés et des besoins concernant l’immobilisation du 

cofacteur enzymatique NAD
+
 et de sa régénération électrochimique à l’aide de médiateurs 

électrochimiques dans le cadre particuliers de l’électrosynthèse enzymatique. Les méthodes 

conventionnelles pour la régénération du cofacteur sont alors présentées. Finalement, une 

revue des travaux existant sur la co-immobilisation de déshydrogénases, du cofacteur 

enzymatique et de médiateurs est donnée. 

    La présentation de cette étude expérimentale a été organisée en différents chapitres 

décrivant les étapes successives de cette recherche. L’encapsulation de déshydrogénase au 

sein de la matrice sol-gel a tout d’abord été décrite, par les méthodes de drop-coating et 

d’électrogénération. Bien que l’encapsulation de protéines, voire de déshydrogénase au sein 

de couches minces sol-gel ait été décrite, il est vite apparu que la matrice de silice perturbait 

fortement l’activité enzymatique de la protéine. L’addition de charges positive au sein du 

matériau sol-gel, par introduction de polyélectrolyte chargés positivement dans le sol, a alors 

permis l’encapsulation de déshydrogénases sous leur forme active. Le matériau sol-gel peut 

alors être déposé sur l’électrode sous forme de couche mince par évaporation ou par 

électrogénération (chap. III). La co-immobilisation de la déshydrogénase avec une diaphorase 

a également été étudiée. La diaphorase catalyse alors l’oxydation de NADH en présence d’un 

médiateur électrochimique en solution, par exemple le ferrocenedimethanol. 
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La déshydrogénase catalyse les réactions d’oxydation ou de réduction du substrat 

enzymatique en présence du cofacteur NAD
+
/NADH. Contrairement à d’autres cofacteurs 

enzymatiques qui sont liés à la protéine (par exemple FAD), NAD
+ 

est libre de diffusé en 

solution. Il y a alors un grand intérêt à immobiliser cette molécule pour limiter le coût du 

procédé (en diminuant la quantité de molécules utilisées). Différentes stratégies 

d’immobilisation ont été comparés dans le chapitre IV, la simple encapsulation dans le sol-gel, 

l’adsorption sur des nanotubes de carbone immobilisés, l’encapsulation du NAD
+
 

chimiquement lié à la macromolécule dextran pour limiter sa diffusion et enfin la 

condensation avec le groupement epoxy du glycidoxypropylsilane (GPS). Ce  dernier système 

a ensuite été utilisé pour élaborer une couche mince sol-gel dans laquelle sont co-

immobilisées la déshydrogénase (et éventuellement la diaphorase), le cofacteur enzymatique 

NAD
+
 et le médiateur électrochimique. Plusieurs stratégies ont été mises en œuvre, en 

incorporant le médiateur dans la matrice sol-gel (Chap. V) ou en utilisant des nanotubes de 

carbone fonctionnalisés (Chap. VI). Une attention particulière a été donnée à la préparation de 

la couche mince sol-gel par électrogénération. Nous verrons ainsi que si de nombreux 

systèmes peuvent fonctionner lorsqu’ils sont préparés par évaporation, il est beaucoup plus 

difficile d’atteindre la co-immobilisation de tous les éléments autorisant leur communication 

lorsque le matériau est généré électrochimiquement. Bien que la plupart des travaux aient été 

menés pour obtenir un système bioélectrocatalytique fonctionnant en oxydation, nous avons 

également étudié l’immobilisation sur nanotubes de carbone d’un médiateur électrochimique 

à base de rhodium permettant de catalyser la réduction de NAD
+
. 
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Chapter I. Introduction 

 

In the chapter, we start by the introduction of the ERUDESP project and the definition of 

the PhD subject. We then discuss the immobilization of enzymes on electrode surfaces. We 

recall some of the conventional enzyme immobilization methods, in particular, we introduce 

the sol-gel materials for enzyme encapsulation and electrochemically-assisted generation of 

silica films for bioencapsulation. After that, we also discuss the need for cofactor 

immobilization and regeneration as well as the immobilization of charge transfer catalyst on 

electrode surfaces. We explain the necessity and difficulties of cofactor immobilization and 

regeneration, and introduce the conventional methods to modify the electrode and to 

regenerate the cofactor. At last, we describe the functional films for co-immobilization of 

dehydrogenase, cofactor and mediator, and review the work of the literature dealing with such 

reagentless system. 
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1. ERUDESP project 

    The project full title is “Development of Electrochemical Reactors Using Dehydrogenases 

for Enantiopure Synthon Preparations” (ERUDESP website: http://www.erudesp.eu). The 

main objective of the project is the development of electrochemical reactors for the 

manufacture of fine chemicals with dehydrogenases as a process with almost zero waste. The 

production of enantiopure compounds with high enantiomeric excess (EE) can be achieved by 

using dehydrogenases as biocatalysts, because they express high enantioselectivity in ketone 

reduction combined with broad substrate spectra by some of these enzymes. As these 

dehydrogenases typically require co-substrate regeneration by aid of a second enzymatic 

reaction, we are looking for alternative solutions for cofactor regeneration to avoid the 

contamination of the reaction fluid by other proteins and chemical compounds. In this project 

we will use an electrochemical approach for the regeneration of cofactors.  

 

                         
 
Figure I-1.  Model of an electrochemical reactor for enantiopure synthon preparation. Since 

all active compounds (mediator, cofactor, dehydrogenase) are immobilized only the educt and 

the product are components of the reaction buffer. The gas diffusion counter electrode 

provides clean protons and improves the long-term stability. 

 

Figure I-1 shows the scheme of an electrochemical reactor for enantiopure synthon 

preparation. Two main electrochemical reactions occur in the electrochemical reactor. 

Hydrogen gas is oxidized into a mixture of hydrogen ions and electrons on the anode side of 

the cell, then, hydrogen ions diffusion through a nafion membrane to the cathode side of the 

cell. If all active compounds like the mediator, the cofactor and the dehydrogenase can be 

functionally immobilized on the working electrode surface (on the cathode of the cell), educt 

in the input flow will be reduced into the product in the output flow avoiding any 

contaminations. The interesting thing is that the same electrochemical reactor can also be used 
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for oxidation reaction. In this case, all active compounds will be immobilized on the anode 

side of the cell. Oxygen continuously passes over the cathode, which react with the electrons 

and protons (coming from the oxidation reaction at the anode side of the cell) to form water. 

As counter electrode a gas diffusion electrode will be employed; it delivers clean protons (no 

liquid anolyte!) to the catholyte and simultaneously reduces the cell voltage by about 1 V; 

hence undesired side reactions/degradation processes will be suppressed and thus the long-

term stability of the whole electroenzymatic system will be improved.  

    There are six participants in this project. Participant 1 (Saarland University, Germany) 

includes two groups: Physical Chemistry and Applied Microbiology. The Physical Chemistry 

group designed of electrochemical multicell with 16 individual cells and electrochemical 

reactor with a macroporous working electrode and a proton conducting membranes/gas 

diffusion counterelectrode. The Applied Microbiology group provided several 

dehydrogenases with enhanced stability and activity in the environment of the developed 

electrode surfaces. Participant 2 (Ecole Nationale Supérieure de Chimie et de Physique de 

Bordeaux, Molecular Sciences, France) developed macroporous metal electrodes with high 

surface area support to immobilize mediators and enzymes in functional internal surface 

layers using a sol-gel matrix prepared and optimized by partner 3. Participant 3 (CNRS, 

Laboratory of Physical Chemistry and Microbiology for the Environment, France) developed 

electrode surface layers for functional immobilization of enzymes, cofactors and mediators. 

Participant 4 (University of Copenhagen, Denmark) included two groups: Biophysical 

Chemistry Group and Dept. of Chemistry, Bioinformatics. The biophysical group crystallized 

the dehydrogenases produced by partner 1b and determined their three-dimensional atomic 

structures by crystallographic methods. The bioinformatics group used computer modeling to 

provide a molecular level description of how the enzyme activities and stabilities can be 

enhanced.  Participant 5 (Middle East Technical University, Turkey) This group developed 

mediators for electron transfer to the cofactor NAD
+
 in the described systems. Participant 6 

(IEP GmbH Wiesbaden IEP, Germany) supported the project from an industrial point of view. 

In this project, we are Participant 3, my PhD research was focused on designing functional 

layers based on silica sol-gel thin films to co-immobilize enzyme, cofactor and electron 

mediator to get the active systems and such modifications of electrode surfaces should be 

adaptable to the macroporous electrodes. Initially, the reduction of prochiral ketones to 

enantiopure hydroxylated products was the most desirable reaction. However, a major 

obstacle was encountered with the loss of reduction mediator activity upon immobilization on 
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electrode surface. The analyses of the actual market by the industrial partner demonstrated 

that the production of rare sugars was also interesting. Therefore, the oxidation of sugar 

alcohols to rare sugars with electrochemical cofactor oxidation has also come into focus of the 

project.  

 

2. Immobilization of enzymes on electrode surfaces 

The development of a simple and effective strategy for immobilizing enzymes on or into an 

electrode is a crucial step in the design and fabrication of electrochemical biosensors, 

bioreactors or biofuel cells. Ideally, this immobilization should be totally irreversible and 

stable with time, without deactivation of the biomolecule, while managing excellent 

accessibility to this biomolecule and ensuring a certain conformational mobility [ 1 ]. 

Adsorption [ 2 , 3 ], covalent grafting [ 4 , 5 ], and entrapment [ 6 , 7 ] are conventional 

immobilization methods. Adsorption is a rather soft and the simplest immobilization method, 

but the disadvantage of the method is the low mechanical strength of the assembly. 

Desorption phenomena are regularly observed when environmental conditions (pH, ionic 

strength) change. Covalent grafting is a chemical immobilization technique consisting of 

creating a covalent bond between the sensitive element and the support. This technique 

permits the orientation of the grafted molecules and thus optimization of the recognition 

probability. However, deactivation and the irreversible immobilization of the enzyme 

components restrict the performance of these types of enzyme immobilization. Entrapment of 

the receptor in a host matrix can be done by simply mixing the various components and 

depositing the mixture onto a suitable support. This method is the most widespread. A large 

diversity of materials is thus used: inorganic materials, natural or synthetic organic polymers. 

However, steric stresses and interactions with the matrix may denature the species. Also 

diffusional limitations may occur when the receptor is not sufficiently accessible. Some other 

immobilized schemes and advanced materials that can improve the analytical capacities of 

sensor devices are highly desired.  

The last decade has seen a revolution in the area of sol-gel-derived biomaterials since the 

demonstration that these materials can be used to encapsulate biological species such as 

enzymes, antibodies and other proteins in a functional state [8]. Upon encapsulation, the 

biomolecules retain their spectroscopic properties and biological activity [9, 10]. Silica Sol-

gel could offer some advantages such as improved mechanical strength and chemical stability. 



 

                                                                                                                 Chapter I. Introduction 

 

14 

 

It does not swell in aqueous or organic solvents, preventing leaching of entrapped 

biomolecules. Silica sol-gel materials are particularly interesting, because they can be 

synthesized with a large variety of organic functionalities, such as hydrophobic or hydrophilic 

ones [11 , 12 , 13 ]. They can be used to retain metallic complexes (e.g., mediators) by 

covalently grafting, electrostatic pH dependent interaction or simply as adsorption by the 

intermediate of weak physical bonds [11]. The trapped biomolecules reside in an 

interconnected mesoporous network and become part of the entire material [13], and they 

usually exhibit better activity and longer life times than free enzymes. During encapsulation, 

they remain trapped within a silica cage tailored to their size, and it provides a chemical 

surrounding that favours the activity (Figure I-2)). Sol-gel immobilization is characterized by 

physical entrapment without chemical modification. This approach also permits the 

biomolecules to be isolated and stabilized against aggressive chemical and thermal 

environments [10, 13]. While the relatively large biomolecules are immobilized within the 

silica network, small ions or molecules can be easily transported into the interior of the matrix, 

which has been largely exploited in the field of biosensors [9, 14, 15]. 

                                            
                         Figure I-2.  The enzymes entrapped in sol-gel matrices [8]. 

 

 
2.1 Sol-gel process [16] 

 
      A sol is a stable dispersion of colloidal particles or polymers in a liquid. Colloids are solid 

particles with diameters of 1-100 nm. A gel is an interconnected, rigid network with pores of 

submicrometer dimensions and polymeric chains whose average length is greater than a 

micrometer. A silica gel may be obtained by formation of an interconnected 3-D network by 

the simultaneous hydrolysis and polycondensation of a precursor. When the pore liquid is 

removed as a gas phase from the interconnected solid gel network under hypercritical 

conditions, the network does not collapse and a low density aerogel is produced. The sol-gel 

process generally involves the use of alkoxide precursors, which undergo hydrolysis, 

condensation, aging and drying  to give gels or xerogel. 
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2.1.1 Hydrolysis 

 
The preparation of a silica glass begins with an appropriate alkoxide, such as Si(OR)4, 

where R is mainly CH3, C2H5, or C3H7, which is mixed with water and a mutual solvent to 

form a solution. Hydrolysis leads to the formation of silanol groups (SiOH). It has been well 

established that the presence of H3O
+ 

in the solution increases the rate of the hydrolysis 

reaction. 

 
 

 

2.1.2 Condensation 
 

In a condensation reaction, two partially hydrolyzed molecules can link together through 

forming siloxane bonds (Si-O-Si). This type of reaction can continue to build larger and larger 

silicon-containing molecules (linkage of additional Si-OH) and eventually results in a SiO2 

network. The H2O (or alcohol) expelled from the reaction remains in the pores of the network. 

When sufficient interconnected Si-O-Si bonds are formed in a region, they respond 

cooperatively as colloidal (submicrometer) particles or a sol.  

The gel morphology is influenced by temperature, the concentrations of each species 

(attention focuses on R ratio, R = [H2O]/[Si(OR)4), and especially acidity: 

 

 
 

 

● Acid catalysis generally produces weakly-crosslinked gels which easily compact under 

drying conditions, yielding low-porosity microporous (smaller than 2 nm) xerogel structures 

(Figure I-3a).  
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●  Conditions of neutral to basic pH result in relatively mesoporous xerogels after drying, as 

rigid clusters a few nanometers across pack to form mesopores. The clusters themselves may 

be microporous (Figure I-3b).  

●  Under some conditions, base-catalyzed and two-step acid-base catalyzed gels (initial 

polymerization under acidic conditions and further gelation under basic conditions [17, 18]) 

exhibit hierarchical structure and complex network topology (Figure I-3c).  

 

2.1.3 Aging  

 
Gel aging is an extension of the gelation step in which the gel network is reinforced 

through further polymerization, possibly at different temperature and solvent conditions. 

During aging, polycondensation continues along with localized solution and reprecipitation of 

the gel network, which increases the thickness of interparticle necks and decreases the 

porosity. The strength of the gel thereby increases with aging. An aged gel must develop 

sufficient strength to resist cracking during drying. 

 

2.1.4 Drying  

 
The gel drying process consists in removal of water from the interconnected pore network, 

with simultaneous collapse of the gel structure, under conditions of constant temperature, 

pressure, and humidity. Large capillary stresses can develop during drying when the pores are 

small (＜20 nm). These stresses will cause the gels to crack catastrophically unless the drying 

process is controlled by decreasing the liquid surface energy by addition of surfactants or 

elimination of very small pores, by hypercritical evaporation, which avoids the solid-liquid 

interface, or by obtaining monodisperse pore sizes by controlling the rates of hydrolysis and 

condensation. 
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Figure I-3. Schematic wet and dry gel morphologies and representative transmission electron 

micrographs. (Adapted from Brinker and Scherer, Sol Gel Science, chapter 9, figures 2a-2c. 

[19].)  

 

2.2 Optimization of the sol-gel process for bioencapsulation 
 

  Sol-gel is known to be a suitable matrix for bioencapsulation. However, sol-gel conditions 

are sometimes not mild enough for biomolecules. Recent efforts have been made to optimize 

the process by controlling the porosity of bioencapsulates and the chemical environment of 

trapped species [8]. This notably involved the use of biocompatible silane precursors, sugars 

and amino acid N-methylglycine or polymers. 

 

2.2.1 Biocompatible silane precursors  

 
The release of alcohol during the hydrolysis-condensation of silicon alkoxides has been 

considered an obstacle, due to its potential denaturing activity on the entrapped biological 

moiety. Biocompatible silane precursors have to be used for avoiding enzyme denaturation 

due to alcohol release. TMOS, Si(OMe)4, is therefore currently used instead of TEOS, 

Si(OEt)4, as methanol is less harmful than ethanol. However some enzymes are specially 
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sensitive to traces of alcohol so that the usual two-step alkoxide route has to be modified. One 

way to overcome this drawback would be to remove the alcohol via evaporation under 

vacuum in order to get a fully hydrolyzed solution before adding enzymes [20]. Aqueous sol–

gel processes have been developed in order to avoid any trace of alcohol, for example a 

sodium silicate solution [21], or a mixture of sodium silicate and Ludox suspension [22]. 

Another way to avoid denaturation by alcohol is to use biocompatible alcohols such as polyol-

based silanes as hydrolyzable groups that can be hydrolyzed under mild pH conditions [23]. A 

biocompatible reagent, glycerol, is produced so that the catalytic efficiency and long-term 

stability of enzymes are significantly improved [24]. 

 

2.2.2 Sugar and amino acid N-methylglycine additives 

  
Sugar and amino acid N-methylglycine additives can be used to stabilize enzymes within 

sol-gel matrices. Chymotrypsin and ribonuclease T1 have been trapped in the presence of 

sorbitol and N-methylglycine. Both osmolytes significantly increase the thermal stability and 

biological activity of the proteins by altering their hydration and increasing the pore size of 

the silica matrix [25]. D-glucolactone and D-maltolactone have also been covalently bound 

via a coupling reagent aminopropyltriethoxysilane (APTES) to the silica network giving 

nonhydrolyzable sugar moieties. Firefly Luciferase, trapped in such matrices, has been used 

for the ultra sensitive detection of ATP via bioluminescent reactions [26]. 

 

2.2.3 Polymer additives 
 

     The silica matrix forms around the trapped biomolecule, but some shrinkage always occurs 

during the condensation process and the drying of the gel. Stresses can then lead to some 

partial denaturation of the enzymes. Polymers have been used as additives to form hybrid 

organic–inorganic gels in order to reduce shrinkage via a ‘pore filling’ effect. Some polymer 

additives such as polyethylene glycol (PEG) or polyvinyl alcohol (PVA)  have been introduce 

in sol-gel matrix to increase the catalytic activity of entrapped enzyme [27, 28, 29]. 

     Electrostatic interactions may also occur between silicate sites and specific residues on the 

protein surface. Silica surfaces are negatively charged above the point of zero charge (pH =3) 

and electrostatic interactions mainly depend on the isoelectric point of the protein.  

Sometimes, electrostatic interactions decrease the catalytic activity of the enzyme. However, 

the detrimental effects of these electrostatic interactions can be reduced by complexing the 

enzyme with a polyelectrolyte that shields the critical charged sites [30, 31]. 
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2.3 Electrochemically-assisted generation of silica films  

2.3.1 Principle and significant 

     Usually, sol-gel silica films are prepared by polycondensation of silicon alkoxides (alone 

or in the presence of organosilanes) as induced by evaporation of a sol solution via spin-

coating, dip-coating or spraying. When the sol is doped with biomolecules, the silica 

framework is formed around them, leading to the desired composite films containing 

physically encapsulated biomolecules [ 32 ]. Such “conventional” sol-gel film formation 

procedures are however restricted to flat surfaces, which are unsuited to porous substrates. At 

the end of the nineties, a novel method to prepare silica-based thin films on electrode surfaces 

has been proposed by Shacham et al [ 33 ], involving an elegant combination of 

electrochemistry with the sol-gel process. The principle (Figure I-4) is based on the 

electrochemical manipulation of pH on the electrode surface affecting thereby the kinetics 

associated to the sol-gel process. The electrode is immersed in a stable silica sol (mild acidic 

medium: pH 3-4) where a negative potential is applied to increase the pH locally at the 

electrode/solution interface, inducing therefore polycondensation of the silica precursors only 

on the electrode surface which makes the process applicable to deposit thin films on non-

planar surfaces [34].  

 

            
                        

Figure I-4. The principle of electrochemically-assisted generation of silica film on the 

electrode  surface. 
 

The electrochemically-assisted generation of sol-gel thin films have been applied to 

produce porous silica deposits [35, 36], zirconia or titania thin films [37, 38], as well as 
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protective layers against corrosion [39 ]. The versatility of this novel process was also 

exploited to produce functionalized silica coatings [40] or molecularly imprinted silica films 

[41], which can be used for electrochemical sensing purposes [41]. It is noteworthy beyond 

these considerations that such electrochemically-assisted deposition can be advantageously 

combined with the surfactant templating process to generate highly ordered mesoporous silica 

films with unique mesopore orientation normal to the underlying support [42, 43] and this was 

also exploited to prepare vertically aligned silica mesochannels bearing organo-functional 

groups [44, 45]. 

 

2.3.2 Application in bioencapsulation 

 
The developed electrochemically-assisted generation of sol gel thin films is interesting for 

biomolecules immobilization. Figure I-5 shows the process of protein enscapsulated in thin 

sol-gel film through electrodeposition. In the presence of a biomolecule in the starting sol, this 

electrodeposition process leads to its encapsulation within the thin film, after washing and 

drying, a thin sol-gel film containing biomolecule modified electrode is obtained. The 

possible application was shown recently by some research groups [46, 47, 48]. Nadzhafova, 

et al. point out that electrogeneration of silica gel (SG) films on glassy carbon electrodes 

(GCEs) can be applied to immobilize biomolecules – hemoglobin (Hb) or glucose oxidase 

(GOD) or both of them in mixture [46]. After encapsulation, Hb was found to keep its 

peroxidase properties and GOD its enzymatic activity, and the biomolecules are very close to 

the electrode surface as direct electrochemistry has been pointed out. At the same time, Xia, et 

al. also present a strategy for the one-step immobilization of GOD in a 3D porous silica 

matrix using an electrochemically promoted sol gel process and bubble template [47], and the 

formed silica structure was proven to reduce mass transport resistance greatly because the 

porous structure existed. Tian, et al. report the development of microelectrode biosensors 

based on a Ruthenium Purple (RP)-coated gold electrode [48]. A desired gel layer is formed 

on the RP modified electrode using controllable sol-gel deposition technique to fabricate ATP 

and hypoxanthine amperometric biosensors. The formation of the gel film is not affected by 

the inner RP layer and the bioactivity of enzymes entrapped in gel film is well retained.  
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Figure I-5.The process of protein enscapsulated in thin sol-gel film through electrodeposition.  

 

Despite these different examples, the application of electrochemically-assisted generation 

of sol gel thin films in bioencapsulation has been little exploited. To date, and to our 

knowledge, no attempt has been made to use this synthetic approach to entrap dehydrogenase 

in sol-gel silica films in the course of their electrodeposition, moreover, such modifications 

has not been applied to non-planar supports to functionalize the internal surfaces of 

macroporous (pore size, 0.5 - 1 µm) gold electrodes.  

 

3. Dehydrogenase-based electrochemical reactor: the need 
for immobilization and cofactor regeneration 

3.1 Enzymes and cofactor 

Electroenzymatic reaction can provide a promising process to synthesize chiral 

compounds. Furthermore, in most cases no side reactions occur and therefore downstream 

processing can be simplified. It is reported that there are more than 250 NAD-dependent 

dehydrogenases and 150 NADP dependent dehydrogenases which can catalyze the 

oxidation/reduction of a variety of substrates. The advantage of dehydrogenase enzymes over 

the oxidases is that they are oxygen-independent, more abundant, and more substrate specific. 

[49].  

The dehydrogenase needs a small molecule, called a cofactor, in order to be active [50]. 

The cofactor acts an acceptor or donor of small groups or atoms or electrons and provides the 

driving force for the oxidation or reduction of the substrate. The reactions are: 

 

 

    Oxidation reaction:    SH2  + NAD(P)
+       dehydrogenase  

    S   +  NAD(P)H + H
+
 

 

    Reduction reaction:     S + NAD(P)H
 
 + H

+      dehydrogenase  
      SH2  + NAD(P)

+
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Where SH2 represents the reduced substrate and S the oxidized substrate, NAD(P)
+
 and 

NAD(P)H represents respectively the oxidized and the reduced form of β-Nicotinamide 

adenine dinucleotide (Figure I-6). 

However, the applications of dehydrogenase in electrosynthesis and biosensor are not yet 

a success story. This can be attributed to some restrictions in the use of dehydrogenases. The 

primary limitation is that, in contrast to oxidases, which have redox cofactors tightly bound 

within their molecules, the NAD(P) cofactor is not bound to dehydrogenase molecules. 

Therefore, unlike the case of oxidase-based biosensors, dehydrogenase-based systems cannot 

be readily incorporated into reagentless devices. The latter systems require that both a 

dehydrogenase and its cofactor are immobilized in such a way that a cofactor has an easy 

access to the enzyme. Another limitation in using dehydrogenases is the fact that their 

cofactors are recycled only at high potentials at most electrodes, which leads to interferences 

from redox active species and usually yield enzymatically inactive NAD-dimers [49].  

 

                     
              
Figure I-6.  The structures of cofactors NAD(P)

+
 and NAD(P)H. 

 

 

3.2 Cofactor immobilization 
3.2.1 Physical entrapment 

 
The easiest solution to immobilize the cofactor is to bulk-modify carbon paste like 

materials and this approach is quickly adopted for the majority of studies involving NAD-
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dependent dehydrogenase electrode. In this case the cofactor is mixed with carbon power and 

a binder (typically paraffin oil) before being packed into a cavity to form the electrode [51]. 

Noguer et al. designed amperometric acetaldehyde biosensor based on sol-gel immobilization 

of aldehyde dehydrogenase (AlDH) and NAD
+
 on screen-printed electrodes [52]. However, 

the simple encapsulation displays a major drawback, as it leads to rapid leaching of the 

cofactor in the solution during the electrochemical operation.  

 

3.2.2 Covalent bonding 

 
One possibility to improve the stability of the immobilization is the chemical attachment 

of the cofactor to a macromolecule that can be encapsulated or immobilized on the electrode 

without leaching. Mobility of the cofactor is vital for its efficient interaction with enzymes. 

The spacer is usually linked to the adenine moieties of the NAD(P)
+
 molecule, and should 

provide some flexibility for the bioactive part of the cofactors, allowing them to be associated 

with the enzyme molecules. One approach of cofactor immobilization involves the covalent 

coupling of the NAD(P)
+
 derivatives to some water-soluble polymers, dextran [53, 54, 55], 

poly(ethylenimine) (PEI) [56], poly(ethyleneglycol) (PEG) [57] or chitosan [49]. For example, 

a reagentless ethanol biosensor was developed by incorporating alcohol dehydrogenase, 

NADH-oxidase and NAD
+
-dextran in a poly(vinylalcohol) (PVA) matrix on an electrode 

surface [54]. Zheng et al [56] explored a reagentless biosensor by using a ferrecene-labled 

high meolecular weight cofactor derivative (PEI-Fc-NAD
+
). Mak et al [57] presents an 

amperometric formate biosensor using FDH and SHL coimmobilized with PEG-NAD
+ 

(MW=20 000) in a photopolymerized PVA matrix in front of a Clark- electrode. Zhang et al 

[49] developed an electrochemical biosensor through the co-immobilization of glucose 

dehydrogenase (GDH) and its cofactor NAD
+
 on the scaffolds of a biopolymer chitosan, in 

this method, the dehydrogenase and the cofactor are covalently attached to the polymeric 

chains on the surface of the electrode.  This electrode displays a good operational stability 

during continuous 25-h long experiments.  

 

Of related interest is the immobilization of the cofactor on particles. Liu et al. reported 

that the cofactor NAD
+
 covalently attached to silica nanoparticles could be successfully 

coordinated with particle-immobilized enzymes and enabled multistep biotransformations 

[58]. In this method, NAD
+
 was immobilized onto the silica particles by forming covalent 

bonds through the epoxide group on the surface of Glycidoxypropyl trimethoxysilane (GPS) 



 

                                                                                                                 Chapter I. Introduction 

 

24 

 

functionalized silica nanoparticles. One limitation of covalent coupling comes from the rather 

complex modification, which results in a substantial decrease of cofactor efficiency. However, 

the reaction between epoxide group and the adenine moieties of the cofactor is rather simple, 

which allows good activity of cofactor to be detected with high stability. In the present work, 

we will consider GPS for direct attachment of NAD
+
 in sol-gel thin film. 

 

3.2.3 π-π stacking 

 
The soft immobilization of NAD

+
 on carbon nanotubes by π-π-stacking is also a 

promising avenue to avoid decrease of their efficiency. Zhou et al [59] describes a facile 

approach to the preparation of integrated dehydrogenase-based electrochemical biosensors 

through noncovalent attachment of NAD
+
 onto carbon nanotubes with the interaction between 

the adenine subunit in NAD
+
 molecules and multiwalled carbon nanotubes (MWCNTs). 

Compared with the existing methods for surface confinement of NAD
+
 cofactor, this method 

is simple and is thus envisaged to be useful for general development of integrated 

dehydrogenase-based bioelectrochemical devices. To date, however, this method was not 

estimated with the use of additional electron transfer mediator. 

 

3.3 Electrochemical cofactor regeneration 
 
       The electrochemistry of NAD(P)

+
/NAD(P)H is highly irreversible, and the oxidation of 

NADH or the reduction of NAD
+
 at bare electrode only occurs at high overpotential. Several 

efficient methods have been developed for cofactor regeneration. Syntheses where the 

cofactor NAD(P)
+
 / NAD(P)H has to be regenerated to its oxidized/reduced  state can be 

carried out with direct, indirect and enzyme-coupled electrochemical cofactor regeneration 

[60] (Figure I-7). Direct regeneration means that the species to be regenerated itself reacts at 

the electrode (Figure I-7A). Indirect regeneration means that another substance (a so-called 

mediator, Figure I-8) acts as an electron shuttle between the electrode and the cofactor used 

(Figure I-7B). If a second enzyme is used as the electron shuttle the process is called enzyme-

coupled electrochemical cofactor regeneration (Figure I-7C). Direct regeneration is not 

normally used in practice, so we only focus on indirect regeneration and enzyme-coupled 

electrochemical cofactor regeneration. 

 



 

                                                                                                                 Chapter I. Introduction 

 

25 

 

                        
 

NAD(P)
+
-dependent oxidation reactions                    NAD(P)H-dependent reduction reactions 

 

 
Figure I-7. NAD(P)

+
/NAD(P)H-dependent reactions: (A) direct electrochemical regeneration, 

(B) indirect electrochemical regeneration, (C) enzyme-coupled electrochemical regeneration 

[60]. 

 

 

 
 
Figure I-8.  Structures of some typical mediators. 

 

 

3.3.1 Indirect electrochemical regeneration 
 

Indirect electrochemical regeneration is widely used to overcome the problems of the high 

overpotential and the formation of inactive NAD-dimers. A mediator meeting the following 

criteria has to be applied [61]:  
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(1) The mediator must be stable. 

(2) The electrochemical activation of the mediator must be possible at suitable potentials. 

(3) The mediator must not transfer the electrons to the substrate. 

(4) Only enzymatically active cofactor must be formed. 

 
3.3.1.1 NAD(P)+-dependent oxidation reactions 

 
 For the efficient electrochemical oxidation of NAD(P)H, mediated electrocatalysis is 

necessary, and a wide range of  mediators has been studied. Organic compounds that undergo 

two-electron reduction-oxidation processes and also function as proton acceptors-donors upon 

their redox transformations have been found to be ideal for the mediation of NAD(P)H 

oxidation. Some redox mediators such as quinones [62 ,63 ,64], diamines [65 , 66 ] and 

phenazine and phenoxazine dyes [67, 68, 69] have been used to recycle the NADH back to 

the enzymatically active NAD
+
. The activity of these mediators toward the NADH oxidation 

has been explained in terms of a hydride transfer mechanism in which the mediator accepts 

the hydride and has the ability to delocalize the electrons. The oxidation of NADH has also 

been investigated using ferrocene derivatives [ 70 ], transition-metal complexes [ 71 ], 

conductive polymers [72, 73], nitrofluorenone derivatives [74, 75], dichloroindophenol [76], 

and tetracyanoquinodimethane-tetrathiafulvalene [77]. Some compounds demonstrate very 

high rates for the mediated oxidation of NAD(P)H in aqueous solutions. However, such 

mediator-based electrodes have displayed intrinsic difficulties, which were related to the 

limited stability of mediators and their leaching from the electrodes. 

 Another approach to the facilitated oxidation of NADH included the use of electrodes 

based on different forms of carbon, e.g., carbon nanotubes (CNTs) [78, 79, 80] and pyrolytic 

graphite [81]. Such materials significantly decreased the NADH overpotential, which was 

ascribed to the edge-plane sites/defects present in the pyrolytic graphite and suspected in 

CNTs [82]. Recently, one interesting paper demonstrates that further decrease in the NADH 

overpotential can be achieved at CNTs that were activated by microwaving CNTs in 

concentrated nitric acid [83], as indicated by a shift in the anodic peak potential of NADH 

(ENADH) from 0.4 V to 0.0 V.  

 

3.3.1.2 NAD(P)H-dependent reduction reactions 

 
    Contrary to the wide range of mediators available for NADH oxidation, the number of 

mediators for the regeneration of reduced cofactors is relatively small. The mediator for the 
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regeneration of reduced cofactors must indeed operate at potentials less cathodic than -0.9 V 

(otherwise direct electrochemical reduction of NAD(P)
+
 will lead to dimmer formation) and  

more cathodic than the standard potential of the cofactor redox couple ( i.e., -0.59V vs. SCE 

for NAD
+
/NADH [84]) to make the reduction reaction thermodynamically feasible. The 

systems to date fulfilling these requirments are (2, 2’-bipyridyl)rhodium complexes, Rh(bpy)). 

The electrocatalytic process includes the regioselective transfer of two electrons and a proton 

to NAD(P)
+
. 

In these systems, hydrido-rhodium species are assumed to be the active catalytic moiety. 

Tris(bipyridine)rhodium (III) [ 85 ], (pentamethylcyclopentadienyl-2, 2'-bipyridine-chloro) 

rhodium (III) [86, 87], and chlorotris[diphenyl(m-sulfonatophenyl)phosphine] rhodium (I) [88] 

have been used as homogeneous mediation of electrons to NAD(P)
+
. The catalytic efficiency 

of a series of Rh-complexes has been studied [89] and it was shown that the catalyst activity 

decreases in the presence of electron-withdrawing substituents in the 2, 2'-bipyridine ligand 

and increases by electron-donating substituents. Substituents in the 6-position of the ligand 

slow the catalytic reaction because of steric effects. Structure-activity relationships were 

found in the mechanism of the regioselective reduction of NAD
+
 by Rh-complexes [90]. 

 

3.3.2 Enzyme-coupled electrochemical regeneration 
 

When considering electrosynthesis applications, it is essential to perform a very smooth 

regeneration of the cofactor, especially if the cofactor is successfully immobilized with the 

protein(s), to prevent non-controlled oxidation of the expensive NADH (or reduction of 

NAD
+
). The regeneration of NAD(P)H with the participation of mediator-contacted enzymes 

ensures that the regeneration of cofactor proceeds selectively, and only enzymatically active 

cofactor is produced. 

 

3.3.2.1 NAD(P)+-dependent oxidation reactions 

 
    It is possible to combine indirect regeneration of NAD(P)

+
 with an enzymatic regeneration 

step. For example, diaphorase has been applied to oxidize NADH using a variety of quinone 

compounds [91], ferrocene derivatives [92, 93], or osmium redox polymers [94, 95] as 

mediators between the enzyme and electrode. Ferrocene/diaphorase is commonly employed 

for NAD
+
 regeneration. Kashivagi et al. report the study on the characteristics of poly(acrylic 

acid) coated electrode coimmobilizing Fc and diaphorase and the application of the electrode 

to macro-electrocatalytic oxidation of NADH [92]. To continue the studies, this group has 
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carried out further immobilization of ADH into poly(acrylic acid) layer of the above modified 

electrode and achieved a smooth electrocatalytic oxidation of alcohol [93]. 

Osmium/diaphorase is also an efficient system for NAD
+
 regeneration. Nikitina et al. report 

on the development of a bi-enzyme biosensor using diaphorase and formaldehyde 

dehydrogenase (FDH) as bio-recognition elements. The sensor architecture comprises a first 

layer containing diaphorase cross-linked with an osmium complex-modified redox polymer. 

On its top, a second layer was formed by additional cross-linking of FDH with poly(ethylene 

glycol)(400)diglycidyl ether [94]. Antiochia et al. develop an amperometric biosensor for 

glucose monitoring. Glucose dehydrogenase(GDH) and diaphorase (DI) were co-immobilized 

with NAD
+
 into a carbon nanotube paste (CNTP) electrode modified with an osmium 

functionalized polymer [95]. 

    NADH oxidase is also immobilized on the electrode surface for NAD
+
 regeneration. Its 

stability and its range of useful pH are better than those of diaphorase. A series of 

dehydrogenase biosensors without cofactor addition have been developed by Marty’s group, 

which depended on the immobilized NADH oxidase to regenerate NAD
+
 [53, 54, 55]. The 

biosensors were developed through the combination of alcohol dehydrogenase, NADH 

oxidase and NAD-dextran with addition of a mediator hexacyanoferrate (III). The detection 

was based on the oxidation of the mediator hexacyanoferrate (III) by applying a potential 

difference of 100 mV between two platinum electrodes in the presence of an excess of 

hexacyanoferrate (III), corresponding to 250 mV versus SCE [53, 55]. Contrary to diaphorase, 

NADH oxidase also accepts oxygen as an electron acceptor. A reagentless sensor without 

addition of cofactor and mediator can thus be designed since oxygen is always present in the 

working medium [54]. NADH oxidase catalyses the reaction of NADH oxidation in the 

presence of oxygen to generate hydrogen peroxide. Hydrogen peroxide can be detected by 

applying a potential difference of 550 mV between two platinum electrodes, equivalent to ca. 

600 mV versus SCE. 

 

3.3.2.2 NAD(P)H-dependent reduction reactions 

 
As it is very difficult to find an electrochemical redox catalyst that fulfils all requirements 

for regenerating NAD(P)H effectively, the interest of this second enzyme is to extend the 

choice of mediators that are likely to regenerate NAD(P)H. Many enzymes have been used in 

this context to provide the bioelectrocatalytic reduction of NAD(P)
+
. ferredoxin-NADP

+
 

reductase (FNR) [96], lipoamide dehydrogenase (LipDH) [97], diaphorase [98, 99], alcohol 
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dehydrogenase [100], and hydrogenase [101, 102]. A variety of low potential electron-transfer 

mediators have been used to activate the reductive enzymes, for instance viologen derivatives 

[97, 98, 99], flavins [101], quinones [96], or the redox protein ferredoxin [103]. Some redox 

enzymes can directly communicate with electrode supports and thus stimulate the 

regeneration of the NAD(P)H cofactor. For example, hydrogenases (from Rhodococcus 

opacus and Atcaligenes eutrophus H16) have been successfully applied for the 

bioelectrocatalytic regeneration of NADH without the application of a redox-mediator [104]. 

However, the electrocatalytic rates of these systems are generally too slow to produce 

observable catalytic current on the cyclic voltammetric time scale. Among the electron-

transfer mediators, viologen is often used in combination with enzyme for NADH 

regeneration. The viologen together with LipDH has been tested in a continuous process. 

Bergel et al. applied this regeneration system in their Dialysis-Membrane Electrochemistry 

Reactor (D-MER) together with an alcohol dehydrogenase for the synthesis of cyclohexanol 

from cyclohexanone [97]. Kashiwagi, et al present a poly(acrylic acid) coated graphite felt 

electrode immobilizing all the components of viologen, diaphorase, NAD
+
, and alcohol 

dehydrogenase for the enzymatic reaction. NADH was regenerated with viologen together 

with diaphorase [98]. The regeneration system viologen/diaphorase is also used 

incombination with NAD
+
 and D-lactate dehydrogenase, The optimal concentration of 

diaphorase, viologen and NAD
+
 in the mediated electrocatalytic reduction of NAD

+
 were 

studied by applying cyclic voltammetry [99]. 

Among the enzymes for cofactor regeneration, diaphorase is the most interesting one. The 

same diaphorase can be used for both NADH oxidation and NAD
+
 reduction. The co-

immobilization in active forms of both dehydrogenase and diaphorase would allow the reactor 

to perform alternatively oxidation or reduction reaction with simply changing the mediator 

system and the applied potential. For this reason the preparation of such active bio-composite 

layers would be of great value for electrosynthesis application. 

 

4. Immobilization of charge transfer catalyst on electrode 

surface 

  For a technologyically useful configuration, the mediator must be immobilized on the 

electrode surface. A successful system should show good stability of the immobilized 

mediator, regenerate NAD
+
 faster than it can be consumed by the enzyme, to appropriately 
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shift the dehydrogenase equilibrium towards the product side so that high current densities 

can be obtained. A wide variety of ways to immobilize mediator species at the electrode 

surfaces have been described in the literature. They are briefly summarized hereafter. 

 

4.1 Carbon paste electrode 
 
    The carbon paste (CP) electrodes provide a straightforward way to immobilize the 

mediators. In several cases mediators have been directly incorporated in CP electrodes [105, 

106, 107] to produce NADH and dehydrogenase substrate electrodes. Weiss et al. present a 

base-stable electron mediator, 3,4-dihydroxybenzaldehyde (3,4-DHB), modified electrode 

with the mediator mixed directly into the carbon paste [107]. The kinetics of the catalytic 

oxidation of NADH is studied at these modified carbon paste electrodes. However, the 

voltammograms were unstable and change upon continued scanning. The key element for 

such configurations is that the mediator has to have a higher affinity for the hydrophobic 

carbon paste phase than for the aqueous analytical matrix. This has not always been achieved, 

and mediator leaching could be the limiting stability factor in this case. To solve the problem, 

Yao, et al synthesized an oil-soluble mediator, 7-dimethylamine-2-methyl-3-b-naphtamido-

phenothiazinium chloride (3-NTB) and apply the mediator to the CP/dehydrogenase electrode 

[108]. In the case of the 3-NTB modified electrode, 3-NTB was not soluble in an aqueous 

solution, so that the magnitude of the current response did not change for 2 weeks. Thus, the 

usage of an oil-soluble mediator can improve the long term stability of the CP electrode. 

 

4.2 Surface activation 
 
    Surface activation approaches have also been reported in the last few years. As mentioned 

earlier, these electrodes cause electrocatalytic oxidation at lower potentials but not necessarily 

at those mediators. For example, electrochemical anodization [109, 110], microwave plasma 

[83], vacuum heat treatments [111] are used to improve the heterogenenous electron transfer 

rate of selected redox couples at various forms of carbon electrode. Remarkable stability and 

retention of the electrocatalytic activity were observed when carbon fibers were electro-

activated, and this carbon fiber was used for NADH detection and discrimination from 

interferents with fast scan voltammetry [109, 110]. In a recent publication, CNTs were 

activated by microwaving in concentrated nitric acid, the shift in ENADH was due to the redox 

mediation of NADH oxidation by traces of quinone species that were formed on the surface of 

treated CNTs [83].  
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4.3 Precipitation 
 

    One simple method included "precipitation" on electrode surfaces of various transition 

metal hexacyanoferrate [ 112 ]. Among the transition metal hexacyanoferrates, cobalt 

hexacyanoferrate is considered as attractive material to modify the electrode surfaces for 

NADH oxidation due to its excellent reversible redox behavior [113, 114].
 
The simple 

electrochemical deposition process can lead to the formation of the metal hexacyanoferrate 

on the electrode surface. In general, this type of modified electrodes, showed low detection 

limits, well behaved electrochemistry, fast response times, and high sensitivities to NADH, 

while being amenable to careful mechanistic studies and valid conclusions for mediator 

design for NADH electrochemical oxidation. However, their stability was generally low. 

 
4.4 Monolayers 

 

Various ways to immobilize mediator monolayers are available. Self assembled 

monolayers could be formed if the mediator contains groups that absorb strongly, such as 

thiol groups on gold [115,116]. Another way to form monolayers is to covalently attach the 

mediator to the electrode surface [ 117 , 118 ]. To do this the electrode surface is first 

fuctionalized by generation of groups that will permit the subsequent covalent attachment of 

the mediators, for example, the surface of  electrode could be functionalized by a strongly 

absorbed species, such as  thiol compound on gold, which has an amino or carboxylic group 

at the other end. In this case, the sulfur strongly absorbs onto the gold surface, giving an 

electrode functionalized with NH2 or COOH groups. The mediator species themselves can 

then be covalently attached to the electrode by forming a chemical bond to the NH2 or COOH 

groups. Recently, one interesting application of the monolayer is developed. For the first time 

the inner surface of highly organized macroporous electrodes was modified with monlayer 

catalyst [119] and also a model bioelectrocatalytical system containg a redox mediator, a 

cofactor, and dehydrogenase [120, 121]. Such monolayer could provide a means to control the 

distribution and orientation of immobilized species, however, the concentration of mediator 

groups at the electrode surface is limited by steric packing constraints. 
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4.5 Electropolymerization 
 

Conducting polymers are a natural choice for preparing arrays of voltammetric sensors 

because they have a rich electrochemical behavior and their electrochemical properties can be 

modulated by introducing chemical modifications in the sensitive materials [ 122 ]. 

Electropolymerization is a good approach to prepare polymer modified electrodes (PMEs) as 

adjusting electrochemical parameters can control film thickness, permeation and charge 

transport characteristics. PMEs have many advantages in the detection of analytes because of 

its selectivity, sensitivity and homogeneity in electrochemical deposition, strong adherence to 

electrode surface and chemical stability of the film [123]. Various dyes like Meldola blue 

[124], phenothiazine [125], thionine [126], and methylene green [127] have been immobilized 

on electrode by polymerization for detection of NADH at low potential. These films typically 

have a 10
-6

-10
-8

 mol/cm
2
 surface coverage and they present more important swelling problems 

in aqueous solutions than the previously mentioned adsorbed monolayers. These problems are 

reflected in longer response time, higher detection limit, and lower, in general, sensitivity for 

NADH detection. 

 

5. Dehydrogenase, cofactor and mediator coimmobilization 

    Dehydrogenases have attracted considerable attention because they are of increasing 

interest for electroenzymatic synthesis, biosensor and bio-fuel-cells or biobattery. The main 

technological barrier in the fabrication these reagent free devices is the development of 

functional film allowing the stable immobilization of all component of the electrochemical 

detection like cofactor, mediator and dehydrogenase at the surface of the transducer. Ideally, 

the immobilization should be done in such a way (Figure I-9) that dehydrogenases are 

durably immobilized and active, the cofactor is durably immobilized close to the enzyme, and 

mediator can reduce the overpotential without leaching. Moreover, in this system, it is 

essential that the produced NADH (or NAD
+
) is instantaneously consumed by the mediator 

(or another enzyme on the electrode surface for cofactor regeneration), otherwise the 

equilibrium will be reached and the further production of NADH (or NAD
+
) will cease. The 

reduced (or oxidised) mediator in turn must also be rapidly reoxidised (or reduced) to recreate 

its active form. In essence, this means that all three reaction steps (enzymatic, mediated and 

electrochemical) need to occur very close in space for a successful approach. To achieve the 
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co-immobilization, a suitable matrix should be found, which should have good balance 

between the permeability of the substrate or products and the retention of the enzyme, 

cofactor and mediator. Consequently, and predictably, the development of this kind of 

functional film has been rather slow, only few examples in the application of biosensor are 

available. Typically, such biosensors have been designed using redox mediators to recycle 

enzyme cofactors and immobilizing the dehydrogenases and their cofactors by entrapping 

them in carbon pastes, membranes, composite materials, macroporous electrodes, and 

assembled layers. Table I-1 shows the comparison of amperometric reagentless biosensors 

based on dehydrogenase/cofactor system. We can observe from the table, some of them show 

low sensitivity, some of them have the problem of the stability. So it is still a challenge to 

construct this kind of functional layer.  

 

 

 

 

 

                                                                             
                     Figure I-9 A scheme of functional film.   

 

   

    Up to now, sol-gel chemistry was not considered for durable cofactor immobilization, 

which is however mandatory for the elaboration of reagentless devices. The focus of the thesis 

is on the comparison of different strategies in order to get the stable immobilization of a bi-

enzymatic system (a dehydrogenase and a diaphorase), the cofactor NAD
+
/NADH and an 

electron mediator in a sol-gel matrix deposited as a thin film on an electrode surface. This 

layer can be applied in electro-enzymatic synthesis, but the finding of this work can also be 

applied in reagent free amperometric sensors and bio-fuel-cells or biobattery. 

 

 

cofactor 

Mediator 
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Enzyme 
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Table I-1. Comparison of Amperometric Reagentless Biosensors Based on Dehydrogenase 

/Cofactor System 

 

Sensor assembly
a
 

Sensitivity  

(mA M
-1

 cm-
2) 

Stability
b
 

Linear range 

      (mM) 
Ref 

GC/CNT/GDI/CHIT/Nafion 

(GDH) 
1.8 (24 h, 100%)/ (1.5 months, 64%) 0.02-2.0 49 

GC/ TFC/Ca
2+

/PL(GDH) 0.67 ? ? 128 

GC/ MB/Nafion(GDH) 0.49 ? ? 127 

CP/PS-TBO(GDH) 4.0 ? 0.1-5.0 129 

CP/PMA(GDH) 0.014 ?/(4 months, ?) 5-36 130 

CP/PMA/Nafion(GDH) 0.002 ? 10-330 130 

CP/osphendione(GDH) ? (8 h, 92%)/(1 month, 92%) ? 131 

CP/Ru complex(GDH) ? ?/(7 days, 60%) ? 132 

CP/MB(GDH) ? (1 day, 10%) ?-20 133 

Au/Ca
2+

/Nafion(GDH) ? (10 cycles, ?)/? ? 134 

GC/NAD+/MWCNT(GDH) ? ? 0.01-0.30 59 

Au/PEI-Fc-NAD (ADH) ? ? ?-30 56 

Pt/PVA-SbQ/NADH oxidase 

/NAD-dextran/ cellophane 

membrane (ADH) 

2 (80 assays)/(6 days) 0.0003-0.1 54 

 
a
 GC, glassy carbon; TFC, trinitrofluorenonecarboxylic acid; PL, polylysine; MB, Meldola 

Blue; CP, carbon paste; PS, modified polystyrene; TBO, toluidine blue O; PMA, 

polymethacrylate; CHIT, chitosan; GDI, glutaric dialdehyde;; PVA-SbQ, Poly(vinylalcohol) 

bearing styrylpyridinium groups; GDH, Glucose Dehydrogenase; ADH, Alcohol 

dehydrogenase; CNT, carbon nanotubes; PEI-Fc-NAD, A ferrocene-labeled high molecular 

weight cofactor derivative;?, not reported. 
b 

Operational stability (hours, h)/long-term 

stability (days or months). 

 

 

6. Objective beyond the state-of-the-art 

 

Based on the works reported in the literature, we have first investigated in detail the 

preparation of different kinds of sol-gel routes for dehydrogenase encapsulation. It was known 

that protein and enzyme encapsulation into electrogenerated sol-gel thin films was possible 

[46, 47, 48]. However, first attempt to use similar approach for bioencapsulation of 

dehydrogenase was not successful. DSDH was found to be very sensitive to the silica gel 

environment. The addition of a positively-charged polyelectrolyte was necessary to ensure 

effective operational behavior of the biomolecules, which allow the successful encapsulation 

of dehydrogenase inside sol-gel matrix by using both drop-coating and electrodeposition 

(chapter III). Dehydrogenase is dependent on free diffusing cofactor in stoichiometric 

amounts to shuttle the redox equivalents from the enzyme to the substrate. We have 

investigated different strategies allowing the stable immobilization of this cofactor in the sol-



 

                                                                                                                 Chapter I. Introduction 

 

35 

 

gel matrix (chapter IV). In order to overcome the inherent difficulties of cofactor regeneration, 

a common approach is to confine the mediator at the electrode surface to facilitate the 

interfacial electron transfer reaction. Several strategies for mediator immobilization have been 

developed and used for the elaboration of reagentless device with co-immobilized 

dehydrogenase and cofactor (chapter V and chapter VI). A special attention was given to the 

preparation of the sol-gel layer by electrochemically-assisted deposition. While several 

systems operated well when the sol-gel layer was prepared by drop-coating, it was much more 

difficult to co-immobiliz all the elements of the biocomposite by electrochemical 

deposition...... Most of the studies presented in this thesis have been performed in the 

oxidation reaction. In addition, we also studied the immobilization of Rh(III) mediator on 

carbon nanotubes for the electrocatalytic reduction of NAD
+
. 
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Chapitre II. Partie expérimentale 

 

 

 

    Afin de mener à bien le travail expérimental présenté dans cette thèse, différents composés 

et techniques ont été utilisés pour préparer et caractériser les couches minces actives. Ce 

chapitre donne une description des précurseurs de silice, des enzymes, des polymères et des 

protocoles utilisés pour la préparation des molécules de cofacteur immobilisées et des 

médiateurs. Une série de méthodes utilisées pour préparés le sol pour la bioencapsulation et 

les différentes électrodes utilisés dans cette thèse sont également décrits. Enfin, les techniques 

analytiques utilisées dans cette étude sont présentées. 
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Chapter II. Experimental part 

 

 

 

To conduct the work presented in this thesis, several chemicals and techniques have been used 

to prepare and characterize the active film. This chapter presents the description of the sol-gel 

precursors, enzymes, cofactors, mediators, Polymer additives and the protocols used for the 

cofactor and mediator synthesis. A series of methods used to prepare the starting sols and the 

working electrodes in this thesis are also described. At last, the analytical techniques used in 

the studies are described. 
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1. Chemicals and biomolecules 

1.1. Sol-gel reagents 

 

This work focuses on designing functional layers based on silica sol-gel thin films to co-

immobilize dehydrogenase, cofactor and mediator. A series of precursor with different 

properties are used (Table II-1). Tetraethoxysilane and Tetramethoxysilane are the most 

common precursors used to prepare sol-gel film. 3-Glycidoxypropyl-trimethoxysilane has 

three OCH3 groups and a glycidoxy group. The epoxy ring at the end of the glycidoxy group 

displays chemical activity and can react with other active groups. Aminopropyltriethoxysilane 

is an aminopropyl-functionalized silane precursor. The positive charges held by the 

protonated aminopropyl groups could provide suitable environment for bioencapsulation. 

sodium metasilicate, Ludox® HS-40 colloidal and Sodium silicate solution have been used 

for protein encapsulation in order to avoid any trace of alcohol (i.e. aqueous sol-gel route) . 

 

Table II-1. Information of used precursors 

Chemicals Formula Grade 
MW 

(g.mol
-1

) 
Suppliers 

Tetraethoxysilane (TEOS) Si(OC2H5)4 98 % 208.33 Alfa Aesar 

Tetramethoxysilane (TMOS) Si(OCH3)4 99 % 152.22 Aldrich 

3-Glycidoxypropyl-

trimethoxysilane (GPS) 
C9H20O5Si 98 % 236.34 Aldrich 

Aminopropyltriethoxysilane 

(APTES) 
H2N(CH2)3Si(OC2H5)3 99 % 221.37 Aldrich 

Sodium metasilicate Na2SiO3 95 % 122.06 Aldrich 

Ludox® HS-40 colloidal SiO2 40 % 60.08 
Sigma-

Aldrich 

Sodium silicate solution 
Na2O 

SiO2 

10.6 % 

26.5 % 
 

Sigma-

Aldrich 

Sodium silicate solution 

(water glass) 

Na2O 

SiO2 

8.7 % 

28.4 % 
 Molekula 
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1.2 Enzymes 

    In the production of chiral compounds, the oxidation or reduction of prochiral substrates by 

dehydrogenases is the preferred reaction. Two kinds of dehydrogenase have been cloned and 

used in this project, D-sorbitol dehydrogenase (DSDH) and galactitol dehydrogenase (GatDH). 

DSDH and GatDH have been applied in both anodic and cathodic modes, using respectively 

D-sorbitol and fructose (for DSDH) and hexanediol and hydroxyacetone (for GatDH). 

D-sorbitol dehydrogenase solution (DSDH, 10 mg/mL, 100 units/mg) and Galactitol 

dehydrogenase (GatDH, 10 mg/mL, 14 units/mg ) have been provided by Pro. G. W. Kohring 

(The group of microbiology of Saarland University, Germany), which have been prepared by 

overproduction of the His(6) tagged protein in Escherichia coli BL21GOLD (DE3) and 

purification of the enzyme with Histrap columns (GE Healthcare). The activity of the protein 

suspension was measured as NADH production by oxidation of D-glucitol in a photometric 

assay at 340 nm. 

    Diaphorase (DI, 1020 units/mg) was obtained from Unitika, Japan.  

 

1.3 Cofactors 

1.3.1 Commercial cofactors  

The Nicotinamide redox cofactors (NAD
+
 and NADH) play important roles in biological 

electron carriers, which are based on the transfer of two electrons and one proton. β-

Nicotinamide adenine dinucleotide (NAD
+
, ~98 %), β-Nicotinamide adenine dinucleotide, 

reduced dipotassium salt (NADH, ~97 %) and β-Nicotinamide adenine dinucleotide-dextran 

(NAD
+
-dextran, attached through C8 to soluble dextran, D-4133, with a 6 carbon spacer) 

were supplied by Sigma.  

 

1.3.2 NAD- derivatives Synthesis  

1.3.2.1 PEI-NAD 

PEI-NAD was prepared according to the reference [1]. NAD
+
 (200 mg) was dissolved in 40 

mL dimethylsulfoxide containing 8 g succinic anhydride. After 24 h at room temperature, the 

NAD
+
 components (mixture of unreacted NAD

+
 and succinyl-NAD) were precipitated with 

60 mL acetone. The precipitate was washed 3 times with acetone and recovered by 

centrifugation. After centrifugation, 20 mL buffer containing 700 mg EDC was added, and pH 

was adjusted to 4.7 for activating the carboxylic groups of succinyl-NAD for 1 h. After 
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activation, 300 mg PEI was added and reacted for another 12 h at 4 °C. The reaction mixture 

was dialysis against 50 mM phosphate buffer (pH 7.0) for 12 h at 4 °C. 

 

1.3.2.2 NAD-GPS  

     The method involves the direct in situ functionalization of NAD
+
 with a glycidopropyl-

silane, GPS, precursor [2]. NAD
+
 and GPS educts were typically prepared by mixing together 

25 mg NAD
+
 and 37.5 mg GPS in 400 µL Tris-HCl buffer solution (pH 7.5) at 4°C under 

shaking for 12 h. 

 

1.4 Mediators 

1.4.1 Electron mediator for oxidation of NADH 

1.4.1.1 Commercial electron mediator 

 

    The use of an electron-transfer mediator can help to overcome the problems observed 

during the direct electrochemical oxidation of NADH. In this work, we have tested a series of 

mediators (Table II-2). 

 

Table II-2. Information of used electron mediator for NADH oxidation 

Chemicals Formula 
   MW 

(g.mol
-1

) 
Suppliers 

Methylene Green (MG) C16H17ClN4O2S.0.5ZnCl2 433.01 Sigma 

Meldola’s blue (MB) C18H15ClN2O.xZnCl2 370.78 Acros organics 

Nile blue chloride (Nb) C20H20ClN3O 85% 353.85 fluka 

Ferrocenedimethanol (FDM) C12H14FeO2 98 % 246.09 Aldrich 

Ferrocenemethanol (FM) C11H12FeO 97 % 216.07 Aldrich 

 

1.4.1.2 Synthesis of non commercially-available electron mediator  

 

① PEI-Fc 

Ferrocene was tethered to poly(ethyleneimine) (PEI) based on the procedure reported in the 

literature [3, 4]. FcCHO (90 mg) was dissolved in 15 mL ethanol and added within 1 h to 30 

mL of ethanol solution containing 400 mg PEI. The mixture was stirred for 1 h at room 

temperature, then NaBH4 was carefully added in portions at 0 °C, and stirred continually for 
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another 2 h. Finally, the mixture was dried under vacuum condition and the residue was 

extracted with distilled water. The aqueous solution was purified by membrane dialysis 

against water for 12 h and dried. The polymer so obtained was referred as PEI-Fc. 

 

② Ferrocene functionalized  organoalkoxysilane: ferrocene-alkyl-silane 

      (provided by the group of A. Demir, METU, Ankara, Turky)  

 

Fe
CHO

+

H2N Si(OMe)3

N
H

Si(OMe)3H2N

1

2

3

or

1. THF, MS 4 oA

2. NaBH4, EtOH

Fe

H
N

Si(OMe)3

Fe

H
N

H
N

Si(OMe)3

or

4

5

 

                                

    Figure II-1. Functionalization strategies of Ferrocene-type mediators with siloxy-functions. 

 

   Synthesis of siloxane end-group mediators was also considered for possible immobilization 

in sol-gel thin films. For the synthesis of ferrocene-siloxane compounds with different chain 

lengths (Figure II-1), two methoxysilane derivatives 2 and 3 was used. 1 mM of 1 (214 mg) 

and 1 mM of 2 or 3 were dissolved in 10 ml of dry THF in the presence of 100 mg of MS 4 

o
A under argon atmosphere. The mixture was stirred overnight and filtered off to remove 

molecular sieves. The filtrate was concentrated and dissolved in 10 ml of absolute ethanol. 2 

mmole of NaBH4 was added portionwise to the solution in a ice-bath. After 3 h, the ethanol 

was removed. The remaining mixture was dissolved in 10 ml of DCM and extracted with 10 

ml of water. The aq. phase was washed with 10 ml of DCM. The combined organic phases 

was dried over MgSO4 and concentrated to give 4 or 5. 

 

③ Synthesis of Os-containing redox polymers  

Os-containing redox polymers were kindly provided by group of Prof. Wolfgang 

Schuhmann, and synthesised by Sascha Pöller (Analytische Chemie – Elektroanalytik & 

Sensorik & Center for Electrochemical Sciences – CES; Ruhr-Universität Bochum, Bochum, 

Germany). Molecular structures of the synthesized Os-containing redox polymers are shown 

in Figure II-2. 



                                                                                                       Chapter II. Experimental part 

 

55 

 

 

                     

                       Compound1                                                                 Compound 2 

 

 

                          

                          Compound 3                                                                         Compound 

 

     Figure II-2. Molecular structures of the synthesized Os-containing redox polymers. 

 

 

④ Commercial carbon nanotubes and functionalization 

The different carbon nanotubes used in this work are presented in Table II-3. The 

functionalization has been obtained by microwaved treatment, methylene green 

polymerization and wrapping by the osmium polymer. 
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        Table II-3.  Characteristic and origin of carbon nanotubes used in this thesis 

Chemicals 
Diameter   

(nm) 

Length 

(µm) 
Purity Suppliers 

Multi-walled carbon nanotubes (MWCNTs) 5.5  5  95 %  Aldrich 

Carboxylic acid functionalized Single-walled 

carbon nanotubes (SWCNTs-COOH) 

4-5 0.5-1.5 90 % Aldrich 

Carboxylic acid functionalized Muti-walled 

carbon nanotubes (MWCNTs-COOH) 

15±5 

 

1-5 95 % Nanolab 

Multi-walled carbon nanotubes (MWCNTs) 15±5 

 

1-5 95 % Nanolab 

 

• Microwaved MWCNTs (MWCNTs-µW) 

Different kinds of MWCNTs were treated by microwaving based on the procedure reported 

in the previous article [ 5 ]. Table II-3 shows their information. The MWCNTs were 

microwaved in a concentrated nitric acid (70%) for 10-20 min. The microwaving was 

performed at 50 °C, 20 psi, and 100% power using the Discover Labmate single-mode 

microwave oven (CEM, 300 W). After microwaving, the MWCNTs were subjected to at least 

three centrifugation/decanting cycles in fresh aliquots of deionized water to remove any 

remaining impurities. In addition, the acid-treated MWCNTs suspensions were neutralized 

with a sodium hydroxide solution and washed extensively with water to a neutral pH. The 

final rinsing was performed with ethanol. The MWCNTs were dried in an oven at 85 °C 

overnight and stored in closed vials at room temperature. 

 

• Polymerized methylene green(MG) on the MWCNTs modified GCE (GCE/MWCNTs-PMG) 

Chitosan/MWCNTs suspension was prepared by dispersing 1.0 mg MWCNTs (MWCNTs, 

Aldrich) in 1mL of chitosan solution (0.2 % in 0.05 M acetic acid solution). An aliquot (5 µL) 

of this resulting solution was deposited onto the surface of the GCE. The solution was then 

allowed to dry at room temperature to get MWCNTs/GC electrode. Electropolymerization of 

MG on MWCNTs/GC electrode was carried out using cyclic voltammograms in 0.1 M pH 7.0 

PBS containing 0.5 mM MG and 0.1 M KCl in a potential range from -0.5 to 1.2V at a scan 

rate of 50 mV/s. After successively cycling for 10 cycles, the electrodes were rinsed with 

doubly distilled water thoroughly and kept at room temperature drying for further use [6, 7]. 
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• MWCNTs-Osmium (MWCNTs-Os) 

2 mg MWCNTs (MWCNTs-COOH, Nanolab) were dispersed in 2 mL distilled water by 

sonication. Then, 250µL the resulting solution and 150 µL osmium-polymer solution were 

mixed together. The mixture was first sonicated for 1 h and then stirred for 24 h at room 

temperature.  

 

1.4.2 Electron mediators for reduction of NAD+ 

 

1.4.2.1 Syhthesis of [Cp*Rh(bpy)Cl]+ derivatives  

A series of substituted (2,2’-bipyridyl) (pentamethylcyclopentadienyl)-rhodium complexes 

([Cp*Rh(bpy)Cl]
+
) derivatives have been synthesized by by the group of A. Demir (METU, 

Ankara, Turky) (Figure II-3) according to literature [8, 9, 10, 11, 12, 13], which could be 

used afterwards as precursors to immobilize such compounds onto electrode surfaces for the 

reduction of NAD
+
. Basically, the “simple” mediators (1-10, Figure II-3) have been prepared 

by reaction of the corresponding unsubstituted and suitably 4,4’-derivatized 2,2’-bipyridine 

derivatives with (RhCp*Cl2)2. 2,2’-bipyridine, 4,4’-dimethoxy-2,2’-bipyridine, 4,4’-dimethyl-

2,2’-bipyridine, 4,4’-diamino-2,2’-bipyridine,4,4’-di-t-butyl-2,2’-bipyridine and (RhCp*Cl2)2 

are commercially available and purchased from Aldrich. Other derivatives of 2,2’-bipyridine 

were synthesized from 4,4’-dimethyl-2,2’-bipyridine. The preparation of the more 

“sophisticated” derivatives 11 & 12, which are likely to be used as precursor reagents for 

immobilization on electrode surfaces, has required more elaborated synthetic procedures.  

 

1.4.2.2 CNTs-Rh 

The non functionalized [Cp*Rh(bpy)Cl]
+
 complex can be efficiently immobilized on the 

CNT surface by π-π-stacking interaction. 5 mg [Cp*Rh(bpy)Cl]
+
 and 2 mg CNTs (SWCNTs-

COOH, nanolab) were dispersed in 2 mL distilled water. The mixture was first sonicated for 1 

h and then stirred for 24 h at room temperature.  
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                                     Figure II-3. Functionalized Rh(III) mediators.  

 

1.5 Polymer additives 

A series of polymer additives with different charges have used in this work. The effects of 

the introduction of these polymer additives into sol-gel for bioencapsualtion are also 

investigated. Table II-4 shows the information of used polymer additives. 

 

Table II-4. Information of used polymer additives 

Chemicals Short name 
Concentration 

(wt %) 
Suppliers 

Poly(dimethyldiallylammonium 

chloride) 
PDDA  20 % Aldrich 

Poly(ethyleneimine) PEI Water free Aldrich 

Poly(allylamine) PAA 20 % Aldrich 

Nafion perfluorinated  

ion-exchange resin 
NF 5 % Aldrich. 
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1.6 The other chemicals and solutions 

All other reagents are of analytical grade. They include K2HPO4 (99%, Prolabo), KH2PO4 

(99%, Prolabo), ethanol (Merck) and HCl (36%, Prolabo). Chitosan (medium molecular 

weight) was supplied by Aldrich. D-Sorbitol (98%), D-fructose (99 %), ferrocene 

carboxyaldehyde (FcCHO), succinic anhydride, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC), sodium borohydride (NaBH4) and tris(hydroxymethyl) 

amino-methane (Tris) were obtained from Sigma.  

Tris-HCl (pH 9.0) buffers were prepared by adding suitable amounts of HCl to 0.1 M Tris 

solutions, which was used to investigate the oxidation reaction. Phosphate buffer solution 

(PBS, 0.1M, pH 6.5) is used to investigate the reduction reaction. All solutions were prepared 

with high-purity water (18 M cm
-1

) from a Millipore milliQ water purification system. 

 

2. Electrodes 

In this work, a glassy carbon electrode (GCE, 3mm in diameter), a gold electrode (Au, 4 

mm in diameter) or a macroporous gold electrode served as workiong electrode. Prior each 

measurement, glassy carbon electrodes (GCE) or gold electrodes were first polished on wet 

emery paper 4000, using Al2O3 powder (0.05 mm, Buehler), then rinsed thoroughly with 

water and ultrasonicated in water and alcohol bath to remove the embedded alumina particles.  

Macroporous gold electrodes (Figure II-4) were provided by partner 2 (ENSCPB, 

Bordeaux), which were obtained by electrodeposition of gold through a silica bead colloidal 

crystal followed by the dissolution of the silica template. The Langmuir Blodgett technique is 

used to transfer successive layers of monodisperse beads on gold-coated glass substrates, 

previously treated by cysteamine in order to make the sample surface hydrophilic [14, 15]. 

The gold electrodeposition was operated at -0.66 V vs. saturated Ag/AgCl after 10 minutes 

dipping in the commercial gold plating bath in order to let the solution infiltrate the template. 

After the deposition step the samples were rinsed with distilled water and placed 10 minutes 

in 5% HF in order to remove the silica colloidal crystal. The pore diameter and the thickness 

of the porous material were controlled as described in previous work [16]. 
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Figure II-4. The 3-dimensional structure of macroporous gold electrode. 

 

 

3. Preparation of sol-gel for bioencapsulation 

We have explored various starting sol compositions for bioencapsulation (see Table II-5).  

The release of alcohol during the hydrolysis of sol A has been considered an obstacle, due to 

its potential denaturing activity on the entrapped protein. Methanol being less harmful than 

ethanol, TEOS can be replaced by TMOS (Sol B and C). Alcohol can also be removed from 

the sol by evaporation (Sol D). Aqueous sol-gel routes (Sol E and F) have been tested in order 

to avoid any trace of alcohol. A natural polymer (chitosan), or a polyelectrolyte (PDDA and 

PEI) was used as additive in Sol G, H, I, J and K which can be also advantageous in 

providing a better environment for biosencapsualtion. 

 

Sol A and B have been mainly used during the first series of electrodeposition and Sol C, 

D, E, and F have been widely used in control experiments and tested, when possible, for spin-

coating deposition, drop-coating or electrodeposition. Actually, none of them were 

satisfactory when used as thin biocomposite films on glassy carbon as no voltammetric 

signals can be detected in the presence of the enzymatic substrates, independently on the used 

enzyme (DSDH, GatDH), contrarily to what is observed for haemoglobin (which is found 

electrochemically and electrocatalytically active in all gels).  

 

At that stage of the project, it has thus been decided to initiate studies with chitosan as an 

alternative encapsulation matrix, to evaluate the interest of polymeric additives and, 

depending on the obtained results, to exploit the conclusions to improve the response of sol-

gel biocomposites. Sol G was developed for dehydrogenase enzymes encapsulation. All 

investigations performed using drop-coating or spin-coating to deposit sol-gel films have been 

found to lead to electrochemically detectable bioactivity. However, no detectable 
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electrochemical signal was observed by electrodeposition. The first experiments performed 

with Sol H and DSDH showed the feasibility of encapsulation of active enzymes in 

electrodeposited sol-gel thin films. However, this kind of sol-gel can not work for enzyme and 

cofactor co-immobilization. At this stage, Sol I was developed for enzyme and cofactor co-

immobilization. Finally, Sol J and K are developed for co-encapsulate enzyme, cofactor and 

mediator. 

 

Table II-5. Information of different methods used to prepare the starting sols 

Materials 

 

Procedures used to prepare the starting sols for films formation 

 

Sol A [17] 

 

 

 

The sol was prepared by dissolving 2.125 g TEOS, 2 mL H2O and 2.5 mL HCl (0.01 M), 

which were mixed for 12 h using a magnetic stirrer, then NaOH was added in the 

medium to increase pH at a value of about 4 and electrodeposition was applied. 

 

Sol B 

 

Same system as Sol-Gel A, but using TMOS instead of TMOS 

 

Sol C [18] 

 

 

 

The sol was prepared by stirring 2.56 g TMOS with 0.6 mL H2O and 0.06 mL HCl (0.62 

M) for 20 min. Phosphate buffer (1.0 mL, 0.01M, pH=8.2) was added to the sol (1.0 mL) 

which is shaken vigorously. 

 

Sol D [19] 

 

 

 

The sol was prepared by stirring of 4.46 mL TEOS, 1.44 mL H2O and 0.04 mL HCl 

(0.62 M) for 1 h. Then 1 mL of the resulting sol was mixed with 1 mL of deionised 

water, and evaporated for a weight loss of 0.62 g. 

 

Sol E [20] 

 

 

 

 

 

11.5 g Sodium silicate (3.25 SiO2/Na2O) was combined with 34 mL DI water. To this 

aqueous solution is added 15.4 g of strongly acidic cation-exchange resin with stirring to 

bring the pH of the solution to a value of 4. The resin is then filtrated. 0.3 mL of 2 M 

Hydrochloric acid was added to the sol to adjust the pH 2.0. A phosphate buffer (1 M, 

pH 7) containing enzyme was added to the sol solution in a 1:5 (volume) ratio. 

 

Sol F [21] 

 

 

 

0.61 g Sodium silicate was combined with 50 mL de-ionized water. To this aqueous 

solution was added 1.6 mL 37% HCl to decrease the pH to 0.84. 2 mL of resulting 0.1 M 

sodium silicate was added to 3 mL ludox (SM-30), which was shaken vigorously. 

 

Sol G 

 

The sol was prepared by dissolving 0.04 g TEOS, 800 µL ethanol and 1 mL HCL 

(0.01M), which were mixed for 2.5 h using a magnetic stirrer.  

 

Sol H 

 

Same system as Sol-Gel A, but diluted 3 times with water for further use.  

Sol I Same system as Sol-Gel A, but diluted 6 times with water for further use.  

 

Sol J The sol was prepared by dissolving 0.18g TEOS, 0.13g GPS, 0.5 mL H2O and 0.625 mL 

HCl (0.01M), which were mixed for 12 h using a magnetic stirrer. Then diluted 2 times 

with water for further use. 

 

Sol K The sol was prepared by dissolving 0.18 g TEOS, 0.13 g GPS, 0.02 g Fc-silane, 0.5 mL 

H2O and 0.625 mL HCl (0.01 M), which were mixed for 12 h using a magnetic stirrer. 

Then diluted 2 times with water for further use. 
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4. Preparation of electrodes  

4.1 Preparation of electrodes for chapter III 

4.1.1 Drop-coating 

25 µL of Sol G was mixed with 15 µL PDDA solution (20 wt. %) and 20 µL of the enzyme 

solution (10 mg/mL). An aliquot (5 µL) of this resulting sol was deposited onto the surface of 

the GCE. The solution was then allowed to dry at 4 °C overnight. The prepared electrodes 

were rinsed thoroughly with water and stored in Tris-HCl buffer solution for 15 min prior to 

the electrochemical measurement. In attempting to optimize the film composition, the 

electrodes containing various amounts of TEOS and additives (PDDA, PEI, PAA, Nafion, 

Chitosan) were prepared by adjusting the concentrations of each component as desired and 

applying the same protocol as above to form the biocomposite films. Composites made of 

both silica and chitosan were typically prepared by mixing together 20 µL of the starting sol 

G with 20 µL of a chitosan solution (0.5 % in 0.05 M acetic acid solution), 20 µL PDDA 

solution and 20 µL DSDH suspension. The pure chitosan film was obtained by mixing 20 µL 

chitosan, 20 µL PDDA and 20 µL DSDH suspension. When PDDA was not introduced, it 

was replaced by the same volume of water. An aminopropyl-functionalized material was also 

prepared by introducing aminopropyltriethoxysilane (APTES) into the sol in addition to 

TEOS (1:1 molar ratio). 

 

Some biocomposite materials were also prepared in the form of monoliths for UV-vis 

monitoring of the enzymatic activity. They were prepared according to a protocol from the 

literature [22]. Sol 1 was prepared by mixing 125 µL of the starting Sol C with 125 µL of 

phosphate buffer (5 mM, pH 8.0) and 25 µL of the DSDH suspension. Sol 2 was prepared as 

sol 1 and 25 µL of PDDA solution was also added. The gels were allowed to age at 4°C for 6 

days. Before use, the gels have been washed three times with 3 mL of 0.1M Tris-HCl (pH 9.0) 

to remove weakly adsorbed DSDH. 

 

4.1.2 Electrodepostion 

100 µL of DSDH (10 mg/mL) and 100µL of PDDA were added to 100µL of the above 

hydrolyzed Sol H. The mixture was put into the electrochemical cell where electrochemically-

assisted deposition was performed at -1.3 V at room temperature for several tens of s. The 

electrodes were immediately rinsed with water, and dried overnight in a fridge at 4 °C. The 

prepared electrodes were rinsed thoroughly with water and stored in Tris-HCl buffer solution 
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for 15 min prior to the electrochemical measurements. In attempting to optimize the film 

composition, the electrodes containing various amounts of TEOS, PDDA and DSDH were 

prepared by adjusting the concentrations of each component as desired and applying the same 

protocol as above to form the bio-composite films. 

 

4.2 Preparation of electrodes for chapter IV 

4.2.1 Co-immobilization of DSDH and NAD+ in sol-gel matrix prepared by drop-coating 

 

  ①  Preparation of GCE/TEOS/PEI/(DSDH+DI)/NAD
+
   

20 µL of sol I was mixed with 10 µl PEI solution (20 wt%, pH 9.0), 10 µl NAD
+
 solution (90 

mM), 15 µl DSDH solution (10 mg/ml) and 10 µl DI solution (5 mg/ml). The biocomposite 

film was then formed by drop-coating, by depositing an aliquot (5 µl) of this resulting sol 

onto the GCE surface and allowing the solvent to evaporate by drying overnight at 4 °C. 

 

  ② GCE/TEOS/PDDA/(DSDH+DI)/NAD
+
 and GCE/TEOS/PAA/(DSDH+DI)/NAD

+
 have 

been prepared as above by replacing the PEI solution by PDDA and PAA solutions (20 wt. % 

in water), respectively.  

 

③ Electrodes doped with carbon nanotubes, GCE/TEOS/PEI/SWCNT/(DSDH+DI)/NAD
+
 

and GCE/TEOS/PEI/(DSDH+DI)/NAD-SWCNT were obtained by suspending 1.0 mg 

SWCNT or NAD-SWCNT in 1.0 ml of sol I prior to mixing with PEI, DSDH and DI 

solutions and following the same drop-coating procedure afterwards. The NAD-SWCNT 

sample (carbon nanotubes with adsorbed/noncovalently attached NAD
+
) was previously 

prepared according to a protocol reported in the literature [23], by mixing 2 mg SWCNT with 

50 mg NAD
+
 in 2 mL water under stirring for 48 h and then recovering the solid phase by 

filtration (0.45 µm, Millipore). 

 

   ④ GCE/TEOS/PEI/(DSDH+DI)/NAD-dextran and GCE/TEOS/PEI/(DSDH+DI)/NAD-GPS 

have been also prepared as above except that the 10 µl aliquot of NAD
+
 solution was replaced 

by respectively 10 µl of NAD-dextran solution (62.5 mg/ml in Tris-HCl buffer at pH 7.5) or 

10 µl of NAD-GPS solution (typically prepared by mixing together 25 mg NAD
+
 and 37.5 mg 

GPS in 400 µl Tris-HCl buffer solution (pH 7.5) at 4°C under shaking for 12 h. 
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4.2.1 Co-immobilization of DSDH and NAD+ in electrodeposited sol-gel thin film 

70 µL DSDH (10 mg/mL), 30 µL PDDA, 40 µL PEI, 40 µL DI and 50 µL NAD-GPS 

composite were added to 70 µL of the above hydrolyzed Sol H. The mixture was put into the 

electrochemical cell where electrochemically-assisted deposition was performed at -1.3 V at 

room temperature for 60 s. The electrodes were immediately rinsed with water, and dried 

overnight in a fridge at 4 °C. The prepared electrodes were rinsed thoroughly with water and 

stored in Tris-HCl buffer solution for 15 min prior to the electrochemical measurements. In 

attempting to optimize the film composition, the electrodes containing only PDDA or PEI 

were prepared by adjusting the concentrations of each component as desired and applying the 

same protocol as above to form the bio-composite films. 

 

4.3 Preparation of electrodes for chapter V 

4.3.1 Fc-PEI and Os-polymer as co-immobilized mediator 

20 µL Sol J was mixed with 10 µL PEI solution (10 wt. %, pH 9.0), 15 µL the Fc-PEI or 

Os-polymer solution, 10µL DI (5mg/mL), 15µL DSDH and 10µL NAD-GPS. An aliquot (5 

µL) of this resulting sol was deposited onto the surface of the GCE. The solution was then 

allowed to dry at 4 °C overnight. The prepared electrodes were rinsed thoroughly with water 

and stored in Tris-HCl buffer solution for 15 min prior to the electrochemical measurement. 

The electrodes prepared in the absence of GPS or the enzyme and cofactor were obtained by 

adjusting the concentrations of each component as desired and applying the same protocol as 

above to form the biocomposite films. 

 

50 µL PEI, 60 µL Fc-PEI or Os-polymer solution, 40 µL DI, 60 µL DSDH and 40 µL 

NAD-GPS were added to 100 µL of the Sol J. The mixture was put into the electrochemical 

cell where electrochemically-assisted deposition was performed at -1.3 V at room temperature 

for 60 s. The electrodes were immediately rinsed with water, and dried overnight at 4°C.  
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4.3.2 Fc-silane as co-immobilized mediator 

    Drop-coated sol-gel film modified electrodes were prepared with the same protocol as 

above by mixing 20 µL Sol K, 10 µL PEI solution (10 wt. %, pH 9.0), 15 µL water, 10 µL DI 

(5 mg/mL), 15 µL DSDH and 10 µL NAD-GPS.  

   Electrodeposited so-gel film modified electrodes are prepared with the same protocol as 

above by mixing 50 µL PEI, 60µL water 40µL DI, 60µL DSDH, 40µL NAD-GPS and 100µL 

of the Sol K. 

 

4.4 Preparation of electrodes for chapter VI 

4.4.1 MWCNTs-µW & sol-gel matrix 

GCE/MWCNTs-µW (GCE/MWCNTs) were prepared by casting 5 µL of suspension of 1.0 

mg of microwaved MWCNTs (see chapter II 1.4.1.2) (untreated CNTs) in 1.0 mL of 0.1wt 

% chitosan solution on the surface of GC electrode and dried for 2 h at room temperature. The 

film electrodes were rinsed repeatedly with water and soaked in a pH 7.40 phosphate buffer 

solution while stirring to remove any loose materials. The electrodes were stored at room 

temperature when not in use. 

 

①①①① GCE/MWCNT-µWs&TEOS/PEI/DSDH  

20 µL of Sol I was mixed with 20 µL PEI solution (10 wt %, pH 9.0) and 20 µL DSDH 

solution (10 mg/mL). An aliquot (5 µL) of this resulting sol was deposited onto the surface of 

the GCE/MWCNT-µWs. The solution was then allowed to dry at 4°C overnight. 

 

②②②② GCE/MWCNT-µWs &electrodepositedTEOS/PEI/DSDH  

70 µL PEI, 80 µL DSDH and 50 µL water were added to 100 µL of the Sol H. The mixture 

was put into the electrochemical cell with GCE/MWCNT-µWs as working electrode where 

electrochemically-assisted deposition was performed at -1.3 V at room temperature for 60 s. 

The electrodes were immediately rinsed with water, and dried overnight at 4°C. 

 

③③③③GCE/MWCNT-µWs&electrodepositedTEOS/PEI/DSDH/NAD-GPS
 
film modified electrode  

70 µL PEI, 80 µL DSDH and 50 µL NAD-GPS were added to 100 µL of the Sol H. The 

mixture was put into the electrochemical cell with GCE/MWCNT-µWs as working electrode 
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where electrochemically-assisted deposition was performed at -1.3 V at room temperature for 

60 s. The electrodes were immediately rinsed with water, and dried overnight at 4°C. 

 

4.4.2 MWCNTs-PMG &sol-gel matrix 

The preparation of GCE/MWCNT-PMG has been described in chapter II 1.4.1.2. 

 

①①①① GCE/MWCNT-PMG &TEOS/PEI/DSDH film modified electrode 

20 µL of Sol I was mixed with 10 µL PEI solution (10 wt %, pH 9.0), 10 µL water and 20 

µL DSDH solution. An aliquot (5 µL) of this resulting sol was deposited onto the surface of 

the GCE/MWCNT-PMG. The solution was then allowed to dry at 4°C overnight. The 

prepared electrodes were rinsed thoroughly with water and stored in Tris-HCl buffer solution 

for 15 min prior to the electrochemical measurement.  

 

②②②② GCE/MWCNT-PMG &TEOS/PEI/DSDH/NAD-GPS
 
film modified electrode 

20 µL of Sol I was mixed with 10 µL PEI solution (10 wt %, pH 9.0), 10 µL NAD (or 

NAD-GPS composite) solution and 20 µL DSDH solution. An aliquot (5 µL) of this resulting 

sol was deposited onto the surface of the GCE/MWCNT-PMG. The solution was then allowed 

to dry at 4°C overnight. The prepared electrodes were rinsed thoroughly with water and stored 

in Tris-HCl buffer solution for 15 min prior to the electrochemical measurement.  

 

③③③③  GCE/MWCNT-PMG&electrodepositedTEOS/PEI/DSDH/NAD-GPS
 

 film modified 

electrode 

70 µL PEI, 80 µL DSDH and 50 µL NAD-GPS are added to 100 µL the Sol H. The 

mixture is put into the electrochemical cell with GCE/MWCNT-PMG as working electrode 

where electrochemically-assisted deposition was performed at -1.3 V at room temperature for 

60 s. The electrodes are immediately rinsed with water, and dried overnight at 4°C. 

 

4.4.3 MWCNTs-Os&sol-gel matrix 

Chitosan/MWCNTs-Os solution was prepared by mixing in 1:1 volume the resulting 

MWCNTs-Os solution (see chapter II 1.4.1.2) to 0.2 % chitosan solution (0.2 % chitosan 

solution in 1 % acetic acid). GCE/MWCNT-Os was prepared by depositing 5 µL 

Chitosan/MWCNTs-Os solution and allowed to evaporate at the room temperature. 
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①①①① GCE/MWCNT-Os &TEOS/PEI/DSDH/NAD-GPS/DI 

20 µL of Sol I was mixed with 10 µL PEI solution (10 wt %, pH 9.0), 10 µL NAD-GPS 

solution, 10 µL DI and 15 µL DSDH solution. An aliquot (5 µL) of this resulting sol was 

deposited onto the surface of the GCE/MWCNT-Os. The solution was then allowed to dry at 

4°C overnight. The prepared electrodes were rinsed thoroughly with water and stored in Tris-

HCl buffer solution for 15 min prior to the electrochemical measurement.  

 

②②②② GCE/MWCNT-Os &electrodepositedTEOS/PEI/DSDH/NAD-GPS/DI 

50 µL NAD-GPS, 40 µL DI (5mg/mL), 70 µL DSDH (10 mg/mL) and 60 µL PEI were 

added to 80 µL of the above Sol H. The mixture was put into the electrochemical cell with 

GCE/MWCNT-Os as working electrode where electrochemically-assisted deposition was 

performed at -1.3 V at room temperature for 60 s. The electrodes were immediately rinsed 

with water, and dried overnight at 4°C. 

 

4.4.4 CNTs/Rh(III)&sol-gel matrix 

   Chitosan/CNTs/Rh solution was prepared by mixing in 1:1 volume the resulting CNTs/Rh 

suspension (see chapter II 1.4.2.3) to 0.5 % chitosan solution (0.5 % chitosan solution in 1 % 

acetic acid). The CNTs-Rh modified electrode was prepared by depositing 5 µL 

Chitosan/CNTs/Rh solution and allowed to evaporate at the room temperature. 

 

5. Methods of analysis 

5.1 Electrochemical measurements 
[ 24]

 

5.1.1 Cyclic voltammetry (CV)  

 Cyclic voltammetry is the most widely used technique for acquiring qualitative 

information about electrochemical reactions. It is often the first experiment performed in an 

electroanalytical study. In particular, it offers a rapid location of redox potential of the 

electroactive species, and convenient evaluation of the effect of various parameters on the 

redox process. This technique is based on varying the applied potential at a working electrode 

in both forward and reverse directions (at selected scan rates) while monitoring the resulting 

current. The corresponding plot of current versus potential is termed a cyclic voltammogram. 

Figure II-5 shows the response of a reversible redox couple during a single potential cycle. It 

is assumed that only the oxidized form O is present initially. Thus, a negative-going potential 

scan is chosen for the first half-cycle, starting from a value where no reduction occurs. As the 
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applied potential approaches the characteristic E
0
 for the redox process, a cathodic current 

begins to increase, until a peak is reached. After traversing the potential region in which the 

reduction process takes place, the direction of the potential sweep is reversed. During the 

reverse scan, R molecules (generated in the forward half cycle, and accumulated near the 

surface) are reoxidized back to O and an anodic peak results. The important parameters in a 

cyclic voltammogram are the two peak potentials (Epc, Epa) and two peak currents (ipc, ipa) 

of the cathodic and anodic peaks, respectively. Cyclic voltammetry can be used for the study 

of reaction mechanisms and adsorption processes, which can also be useful for quantitative 

purposes, based on measurements of the peak current. 

 

 

 

 

Figure II-5  Typical cyclic voltammogram for a reversible O + ne-→ R and R → O + ne- 

           Redox process. 

 

5.1.2 Chronoamperometry in hydrodynamic mode 

The basis of chronoamperometry techniques is the measurement of the current response to 

an applied potential. A stationary working electrode and stirred solution are used. The 

resulting current-time dependence is minitored. As mass transport under these conditions is 

solely by convection (steady state diffusion), the current-time curve reflects the change in the 

concentration gradient in the vicinity of the surface, which is directly related to concentration 

in solution. 
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In this work, all cyclic voltammetry (CV) and chrono amperometry experiments are 

conducted using a conventional three-electrode cell. The working electrode was a glassy 

carbon electrode (GCE, 3mm in diameter), a gold electrode (Au, 4 mm in diameter) or a 

macroporous gold electrode, a gold wire served as auxiliary electrode, and an Ag/AgCl 

electrode (saturate KCl internal electrolyte) was used as the reference. All electrochemical 

experiments have been performed at room temperature and carried out using an Autolab 

PGSTAT-12 potentiostat (Eco Chemie) monitored by the GPES (General Purpose 

Electrochemical System) software. 

 

5.2 UV-VIS Spectroscopy (UV) 

The principles of UV centre on the fact that molecules have the ability to absorb 

ultraviolet or visible light. This absorption corresponds to the excitation of outer electron in 

the molecules concerned. When a molecule absorbs energy an electron is promoted from the 

Highest Occupied Molecular Orbital (HOMO) to the lowest Unoccupied Molecular Orbital 

(LUMO).  

As with any UV-Vis spectrometer, three of the main elements are a UV-light source, a 

monochromator and a detector. The monochromator works as a diffraction grating to dispense 

the beam of light into various wavelengths. The detectors role is to record the intensity of the 

light which has been transmitted. Before the samples are run, a reference must first be taken. 

This calibrates the spectra to screen out any spectral interference. In the case of liquid samples 

the solvent which has been used to dissolve the sample is used. However, there are certain 

criteria that solvent must pass before they can be deemed as suitable solvents. The main 

criterion is that the solvent should not absorb ultraviolet radiation in the same region as the 

sample being analysed. The apparatus used in this study is a UV-vis spectrophotometer 

Beckman Du 7500, which was used to measure NADH concentrations in solution at 340 nm. 
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5.3 Attenuated Total Reflectance–Fourier Transform Infrared 

Spectroscopy    (ATR-FTIR spectroscopy)  

 

                          

                              Figure II-6. A multiple reflection ATR system. 

 

Infrared spectroscopy is a widely used technique that for many years has been an important 

tool for investigating chemical processes and structure [25]. The combination of infrared 

spectroscopy with the theories of reflection has made advances in surface analysis possible. 

Specific IR reflectance techniques may be divided into the areas of specular reflectance, 

diffuse reflectance, and internal reflectance. An innovative technique (ATR-FTIR 

spectroscopy) for monitoring the transport process of low molecular weight species was 

established based upon internal reflectance. This enabled the monitoring of individual species 

in-situ, while providing additional chemical information on any changes that may be 

occurring during the transport process. 

Figure II-6 shows the principles of ATR-FTIR. An attenuated total reflection accessory 

operates by measuring the changes that occur in a totally internally reflected infrared beam 

when the beam comes into contact with a sample. An infrared beam is directed onto an 

optically dense crystal with a high refractive index at a certain angle. This internal reflectance 

creates an evanescent wave that extends beyond the surface of the crystal into the sample held 

in contact with the crystal. It can be easier to think of this evanescent wave as a bubble of 

infrared that sits on the surface of the crystal.This evanescent wave protrudes only a few 

microns (0.5 µ - 5 µ) beyond the crystal surface and into the sample. Consequently, there must 

be good contact between the sample and the crystal surface. In regions of the infrared 

spectrum where the sample absorbs energy, the evanescent wave will be attenuated or altered. 

The attenuated energy from each evanescent wave is passed back to the IR beam, which then 
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exits the opposite end of the crystal and is passed to the detector in the IR spectrometer. The 

system then generates an infrared spectrum.  

The apparatus used in this study is a Bruker Vector 22 spectrometer equipped with a KBr 

beam splitter and a deuterated triglycine sulfate (DTGS) thermal detector. FTIR spectra were 

recorded between 4000 and 700 cm
-1

. Recording of spectra, data storage and data processing 

were performed using the Bruker OPUS 3.1 software. The resolution of the single beam 

spectra was 4 cm
-1

. The number of bidirectional double-sided interferogram scans was 200, 

which corresponds to a 2 min accumulation. All interferograms were Fourier processed using 

the Mertz phase correction mode and a Blackman-Harris three-term apodization function. 

Measurements were performed at 22 ± 1°C in an air-conditioned room. A nine-reflection 

diamond ATR accessory (DurasamplIR ™, SensIR Technologies) was used for acquiring 

spectra. The incidence angle was 45° and the refraction index of the crystal was 2.4. No ATR 

correction was performed. 80 µL of the studied solution were put on the crystal. Appropriate 

spectra were used to remove spectral background: an air-reference, a water-reference, or a 

Tris-HCl buffer solution-reference. Water vapor subtraction was performed when necessary. 

In the course of reaction monitoring experiments, ATR-FTIR spectra were recorded every 5 

or 15 min.. 

 

5.4 Scanning electron microscopy (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that images the 

sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern. 

The electrons interact with the atoms that make up the sample producing signals that contain 

information about the sample's surface topography, composition and other properties such as 

electrical conductivity. Due to the very narrow electron beam, SEM micrographs have a large 

depth of field yielding a characteristic three-dimensional appearance useful for understanding 

the surface structure of a sample. A wide range of magnifications is possible, from about 10 

times (about equivalent to that of a powerful hand-lens) to more than 500,000 times, about 

250 times the magnification limit of the best light microscopes. Thus we are able to observe 

the particle morphology closely on a very fine scale.  

For conventional imaging in the SEM, specimens must be electrically conductive, at least at 

the surface, and electrically grounded to prevent the accumulation of electrostatic charge at 

the surface. Nonconductive specimens are therefore usually coated with an ultrathin coating 
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of electrically-conducting material, commonly gold or graphite, deposited on the sample 

either by low vacuum sputter coating or by high vacuum evaporation.  

The technique of SEM is to focus on a surface of specimen by lens using a condensed electron 

beam. The interaction between electrons and the material leads to the backscattered electron 

emission, X-rays, secondary electrons and so on. These electrons are collected by a detector, 

converted to a voltage and finally amplified.  

In this work, The morphologies and structures of the membranes of DSDH-encapsulated 

electrogenerated sol-gel silica on a GCE were examined on a scanning electron microscope 

(SEM, Hitachi X-650, Japan). 

 

5.5 Scanning electrochemical microscopy (SECM)
 [ 26, 27]

 

Scanning electrochemical microscopy (SECM) is a technique in which the current that flows 

through a very small electrode tip (generally an ultramicroelectrode with a tip diameter of 10 

pm or less) near a conductive, semiconductive, or insulating substrate immersed in solution is 

used to characterize processes and structural features at the substrate as the tip is moved near 

the surface. The tip can be moved normal to the surface (the z direction) to probe the diffusion 

layer, or the tip can be scanned at constant z across the surface (the x and y directions). The 

tip and substrate are part of an electrochemical cell that usually also contains other (e.g., 

auxiliary and reference) electrodes. The device for carrying out such studies involves means 

of moving the tip with a resolution down to the A region, for example, by means of 

piezoelectric elements or stepping motors driving differential springs, and is called a scanning 

electrochemical microscope. The abbreviation SECM is used interchangeably for both the 

technique and the instrument. In SECM the current is carried by redox processes at tip and 

substrate and is controlled by electron transfer kinetics at the interfaces and mass transfer 

processes in solution, so that measurements at large spacings, e.g., the range of 1 nm to 10 pm, 

can be made. In addition to the electrochemical measurement, the machine can be equipped 

by a sheaforce detection module that helps in positioning the electrode before electrochemical 

measurement. Here, only the sheaforce detection was used in order to determine the film 

thickness on conductive surface. The apparatus has been developed in the lab on the base of 

the SECM instrument from Senslytics (Ruhr-Universität, Bochum, Germany). 
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Chapitre III. Etude de faisabilité de 

l’encapsulation d’une déshydrogénase dans une 

matrice sol-gel 

 

    Ce chapitre montre les études qui ont été menées pour immobiliser sous une forme active la 

D-sorbitol déshydrogénase (DSDH) dans une couche mince sol-gel à la surface d’une 

électrode. Les études ont été menées sur électrodes de carbone vitreux avant d’être appliquées 

à la modification d’électrodes d’or macroporeuses. 

    Dans un premier temps, l’étude a été menée en utilisant le dépôt par évaporation à partir 

d’un sol à base seulement  de TEOS conduisant à l’encapsulation de la DSDH dans une 

matrice de silice pure. Ces conditions d’immobilisation ne permettent pas de mesurer une 

activité catalytique (par oxydation du NADH devant être produit par la protéine pendant 

l’oxydation du sorbitol). L’influence de l’introduction de différents additifs dans le sol  sur 

l’activité enzymatique a ensuite été étudiée. Il a ainsi été montré que l’introduction de 

polyélectrolyte positivement chargés au sein de la couche mince sol-gel permettait d’observer 

une bonne activité de la DSDH vis-à-vis de l’oxydation du D-sorbitol.  

    La bioencapsulation sol-gel a ensuite été obtenue par électrochimie. L’électrodépôt sol-gel 

est basé sur la modulation électrochimique du pH à la surface de l’électrode qui conduit à une 

transition sol-gel rapide seulement à proximité de l’électrode et à la formation de la couche 

mince. Le rôle des polyélectrolytes mis précédemment en évidence a été confirmé et la 

composition du sol ainsi que les paramètres d’électrogénération (temps et potentiel 

d’électrolyse) ont été optimisés. Il a été observé que ce procédé d’électrogénération sol-gel 

était parfaitement adapté à l’encapsulation de la DSDH et à la co-immobilisation avec la 

diaphorase (cette dernière protéine catalysant la régénération du cofacteur enzymatique en 

présence d’un médiateur redox). Enfin, le protocole optimal d’électrogénération a été appliqué 

à la fonctionnalisation contrôlée d’électrodes d’or macroporeuses présentant une grande 

surface électroactive. 
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Chapter III. Feasibility of dehydrogenase 

encapsulation in sol-gel matrix 

 

 

    In this chapter, the work focuses on the immobilization of the active dehydrogenase on the 

electrode surface. Here, sol-gel is chosen as the matrix for the D-sorbitol dehydrogenase 

(DSDH) encapsulation, which is expected to be likely to provide suitable environment for 

bioencapsulation. First of all, the feasibility of DSDH encapsulation in sol-gel film is 

evaluated by drop-coating (see section 2). DSDH encapsulation in pure silica thin films 

resulted in undetectable electrochemical signal. Then, the influence of polyelectrolyte (PE) 

additives on the sol-gel encapsulation of dehydrogenases has been evaluated by drop-coating. 

DSDH was found to be very sensitive to the silica gel environment and the addition of a 

positively-charged polyelectrolyte was necessary to ensure effective operational behavior of 

the biomolecules. Since the suitable sol-gel environment for DSDH encapsulation has been 

found by drop-coating, we then investigate the electrochemically-assisted deposition of sol-

gel thin films for DSDH encapsulation (see section 3). This was achieved via the electrolysis 

of a hydrolyzed sol containing the biomolecules to initiate the polycondensation of silica 

precursors upon electrochemically-induced pH increase at the electrode/solution interface.  

The composition of the sol and the conditions for electrolysis have been optimized with 

respect to the intensity and the stability of the electrochemical response to D-sorbitol 

oxidation. The electrochemically-assisted deposition of silica thin films was found to be a 

good strategy for DSDH immobilization as well as DSDH and diaphorase co-immobilization. 

At the end, this process has been extended to macroporous electrodes exhibiting a much 

bigger electroactive surface area. 
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1. Introduction  

 

Dehydrogenases are interesting enzymes for electrosynthesis applications, especially for 

the production of rare sugars as building blocks for pharmaceutical and food industry [1]. One 

of the main requirement for electrosynthesis is the stable immobilization of a large amount of 

active proteins on the electrode surface of the reactor [2, 3].  The encapsulation of proteins in 

a silica matrix using the sol-gel process is known to prevent their denaturation and to keep 

these proteins active for a long time, in some case longer than in solution, and can also allow 

the use of some enzymes in rather harsh conditions of pH and temperature [4]. When 

tetraethoxysilane (TEOS) is used as silica precursors, the hydrolysis of the ethoxy groups 

leads to a significant amount of ethanol potentially harmful for the enzyme. Ethoxy groups 

can be replaced by methoxy groups, to produce methanol that was reported to be less toxic for 

the enzyme [5]. Alcohol molecules can also be removed by solvent evaporation [6] and other 

sol-gel routes can also be involved in order to prevent the presence of any alcohol molecules 

in the starting sol [7]. A good example of this last strategy was reported recently for the 

encapsulation of horseradish peroxidase (HRP) in silica thin films obtained by 

electrochemically-assisted deposition with a sol based on ammonium hexafluorosilicate [8]. A 

favorable environment can also be obtained by the introduction of additives into the sol [9]. 

Recent efforts have been made to optimize the process by controlling the porosity of the 

material and the chemical environment of trapped species. This notably involved the use of 

biocompatible silane precursors, protein-stabilizing additives, charged polymers, or sugars 

and aminopeptides [4, 10, 11]. 

 

For electrochemical applications, the silica thin films can be effectively deposited on the 

surface of a flat electrode by the conventional sol-gel method using the controlled evaporation 

of the solvent by dip-coating, drop-coating, etc [12].  This has been largely exploited to 

design amperometric biosensor devices [13]. In the particular case of electro-enzymatic 

synthesis, the electroactive surface area of the reactor has to be increased in order to allow 

high flux of substrate to be oxidized or reduced.  This can be achieved, e.g., by the use of 

macroporous electrodes exhibiting very high surface areas [14, 15].  However, coating such 

porous electrodes in a controlled way with an enzyme-doped silica gel is somehow difficult 

with the evaporation methods cited above because they are mostly restricted to flat surfaces 

[16]. As an alternative, the silica layer can be produced at porous electrode surfaces by a local 
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modulation of pH [17]. This is achieved by a controlled electrolysis of the pre-hydrolyzed sol 

that induces the rapid gelification of the thin film.  The possible application of the 

electrochemically-assisted sol-gel deposition to bio-encapsulation was shown recently by 

some research groups, using glucose oxidase as a model enzyme [18, 19]. 

 

It is also essential for electrosynthesis application to ensure a very smooth regeneration of 

the cofactor, especially if the cofactor is successfully immobilized with the protein(s), to 

prevent non-controlled oxidation of the expensive NADH (or reduction of NAD
+
). 

Diaphorase catalyzes this cofactor regeneration in the presence of a molecular mediator, for 

example ferrocene species for oxidation or methylviologen for reduction [20 ]. The co-

immobilization of both dehydrogenase and diaphorase in active forms into a thin silica film 

would allow the reactor to perform alternatively oxidation or reduction reactions by “simply” 

changing the mediator system and the applied potential [21, 22]. For this reason the well-

controlled deposition of such active bio-composite layers in macroporous electrodes would be 

of great value for bioelectrocatalytic application. 

 

In this work, we used DSDH as model enzyme to evaluate the feasibility of dehydrogenase 

encapsulation in sol-gel film. First, we have evaluated the interest of various polyelectrolytes 

in combination to silica films for DSDH encapsulation (section 2). We have chosen 

positively-charged polyelectrolytes because of expected favorable interactions with the 

negatively-charged enzyme surface [23]. Comparing the electrochemical responses observed 

in the presence and absence of these additives allowed to evidence the critical role played by 

the polyelectrolyte in enhancing cofactor regeneration. Then, we show the electrochemically-

assisted deposition of silica-based thin films for DSDH immobilization as well as DSDH and 

diaphorase co-immobilization (section 3). The process and the sol composition have been 

optimized on flat glassy carbon electrodes before being applied to macroporous gold 

electrodes. The electrodeposited bio-composite containing both DSDH and diaphorase has 

been tested for electrochemical oxidation of D-sorbitol and a comparison was made between 

flat and macroporous gold electrodes. 
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2. Critical effect of polyelectrolytes on the electrochemical 

response of dehydrogenases entrapped in sol-gel thin films 

 

2.1 Preliminary observations 

 

D-sorbitol dehydrogenase (DSDH) needs electron transfer cofactors (NADH/NAD
+
) for its 

enzymatic activity. A large amount of work has been done over the past years in order to 

decrease the overpotentials for the electrochemical detection of this cofactor, especially when 

operating in oxidation mode [24]. For simplicity, we first considered the direct oxidation of 

NADH (i.e., without mediator) to evaluate the activity of the enzyme encapsulated into the 

sol-gel matrix to be tested. The overall reaction scheme is shown on Figure III-1. The sol-gel 

film contains encapsulated DSDH and the cofactor is present in solution (typically at a 

concentration of 1 mM) to which various concentrations of D-sorbitol were added. DSDH 

catalyses the oxidation of D-sorbitol into fructose and simultaneously NAD
+
 is reduced into 

NADH. The equilibrium of this enzymatic reactions strongly favors the substrate (D-sorbitol) 

rather than the product (fructose) side because of the very low formal potential of the 

NAD
+
/NADH redox couple (-560 mV versus saturated calomel electrode, pH 7.0, 25°C). Here, 

the electrochemical oxidation of NADH at the electrode surface pushes the reaction to the 

product side. The reduced form of the cofactor can be detected electrochemically on glassy 

carbon. In our experimental conditions, a well-defined oxidation peak was observed on bare 

glassy carbon electrode (GCE) around +0.7 V (versus Ag/AgCl reference electrode).  

 

 

 

 

 

 

 

Figure III-1. Enzymatic and electrochemical reactions occurring on the gel-enzyme modified 

GCE. 
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2.1.1 Enzyme encapsulation in pure silica films 

    The encapsulation of DSDH was first evaluated with using pure silica thin films (i.e., 

without any additive). Figure III-2 reports the electrochemical characterization of the film 

deposited by drop-coating on GCE. It is shown that the addition of D-sorbitol into the solution 

does not lead to noticeable modification of the current response and no peak current can be 

observed at the potential of NADH oxidation. Obviously, the enzyme does not exhibit 

electrochemically detectable activity when encapsulated into the pure silica layer. The actual 

sol contains a certain amount of alcohol that could be harmful for the enzyme (possible 

denaturation). Other sol-gel protocols have thus been tested: alcohol evaporation before 

enzyme encapsulation, use of other silica precursors (aqueous silicates or TMOS instead of 

TEOS). In all cases, the biocomposite films deposited on GCE did not reveal any measurable 

electroactivity. Several hypotheses can be proposed to explain the absence of response: (1) 

DSDH was not successfully incorporated into the sol-gel matrix; (2) enzyme entrapment was 

successful but led to loss in its biological activity; (3) DSDH was successfully entrapped in an 

active form but lack of effective electrochemical transduction made the detection not visible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure III-2. Cyclic voltammograms obtained using GCE modified with a silica/DSDH film 

in the absence (dashed line) and in the presence (plain line) of 12 mM D-sorbitol. The 

measurements have been performed in 0.1 M Tris-HCl buffer solution (pH 9) containing 1 

mM NAD
+
. Potential scan rate was 50 mV/s.  
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2.1.2 UV monitoring of the enzyme activity in gel monoliths 

    In order to distinguish between the above hypotheses, DSDH was encapsulated in sol-gel-

derived monoliths and its biological activity was monitored by UV spectroscopy via NADH 

generation upon addition of D-sorbitol in the medium. The biomaterial was prepared 

according to a protocol reported by Miller et al. [25], requiring notably a rather long aging 

period (6 days at 4°C). Significant shrinkage of the monolith occurred during gelification. The 

solid was then washed three times in 3 mL phosphate buffer solution in order to remove 

weakly encapsulated enzymes. It was then introduced into a solution containing 0.36 mM 

NAD
+
 and 5 mM D-sorbitol. The activity of encapsulated DSDH can be evidenced by UV 

monitoring of the solution phase at 340 nm (maximum absorbance for NADH detection). 

Figure III-3 shows the variation of generated NADH concentrations versus the contact time 

between the D-sorbitol solution and the enzyme-entrapped gel. As shown, DSDH was still 

active when encapsulated into the sol-gel silica material (see curve “b” in Figure III-3) but 

the response was much slower and much lower than that of free enzyme in solution (compare 

with inset in Figure III-3) as only 20 % of NAD
+
 have been transformed after 6 hours of 

reaction. A blank experiment (curve “a” in Figure III-3) confirms that UV response was 

indeed due to NADH generation originating from the activity of encapsulated DSDH.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-3. Evolution of the NADH concentration in solution (a) in the absence of enzyme 

encapsulated silica gel and in the presence of a gel monolith containing (b) only DSDH and 

(c) both DSDH and PDDA (1.7 % w/w) . Experiments were performed in 0.1M pH 9.0 Tris-

HCl buffer solution containing 0.36 mM NAD
+
 and 5 mM D-sorbitol. NADH concentration 

was determined by UV absorbance at 340 nm. Inset: free enzyme in solution. 
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The pH of the sol used for the enzyme encapsulation was comprised in between 5 and 7. In 

these conditions, negative charges are present on the silica surface due to silanol 

deprotonation (the point of zero charge of silica is reported to be in the range 2-3 [26]). The 

isoelectric point of DSDH is 4.3 [27]. During the protein encapsulation, the interaction 

between the silica matrix and the protein seems to be not so favorable in the pH conditions 

used here. The above sol-gel entrapment and UV monitoring experiments have thus been 

repeated on the basis of monoliths prepared in the presence of a positively-charged 

polyelectrolyte (PDDA) likely to act as a stabilizing intermediate between the enzyme and the 

silica surface. Results presented in Figure III-3 (curve “c”) show that this is indeed the case 

as a much higher activity was observed with the gel containing PDDA for which almost 90 % 

of NAD
+
 have reacted after the same period of time (6 h). It is noteworthy that the process is 

still much slower than for the free enzyme in solution, but the presence of PDDA in the sol-

gel encapsulation matrix provides definite advantage in comparison to undoped silica.  

 

2.2 Interest of additives for DSDH encapsulation onto electrode surfaces 

2.2.1 Sol-gel matrices 

The above results suggest that the presence of positively-charged moieties in the 

silica/DSDH biocomposite would be helpful to improve the enzyme activity and thereby to 

enhance the electrochemical response of GCE covered with such biocomposite films. We 

have evaluated two ways to introduce positive charges in the material: (1) the resort to a 

positively-charged organosilane (i.e., protonated aminopropyltriethoxysilane, APTES) and (2) 

the addition of positively-charged polyelectrolytes. 

 

Figure III-4A shows the typical response of a bio-composite film deposited on GCE from 

a sol made of 50 mol% APTES relative to the total content of precursor (TEOS+APTES), for 

increasing D-sorbitol concentrations in the solution. The modified electrode is now sensitive 

to the addition of the substrate in the 2 to 12 mM concentration range. The signals correspond 

to the oxidation of NADH produced by the enzyme encapsulated into the film. They are 

however less well-defined and positively-shifted (by ca. 100-150 mV) in comparison to 

NADH oxidation on bare GCE (inset in Figure III-4A). This suggests that the presence of the 

silica film induces some resistance to charge transfer kinetics. One can conclude from this 

first series of experiments that favorable electrostatic interactions between DSDH and the 

aminopropyl-functionalized silica matrix (point of zero charge = 9.8 [28]) is beneficial for 
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getting electrochemically detectable enzymatic activity. The positive charges held by the 

aminopropyl groups could also interact with NAD
+
 (which is also negatively charged), 

bringing DSDH and NAD
+
 together and allowing a higher net production of NADH [29, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-4. Influence of additives (A, 50 mol % APTES; B, 5 % w/w PDDA) introduced into 

the synthesis sol on the electrochemical response of DSDH-silica composite films on GCE, as 

measured by cyclic voltammetry in the presence of increasing concentrations of D-sorbitol. 

Cyclic voltammogram for solution-phase NADH (curve “a” without NADH and curve “b” 

with 5mM NADH) at bare GCE has been added as inset in part A of the figure. Potential scan 

rate 50 mV/s. Others conditions as in Figure III-2. 

 

Figure III-4B shows that even more impressive behavior can be obtained when using a 

polyelectrolyte (i.e., 5% PDDA) as additive in the starting sol. A well-defined electrochemical 

response was observed, increasing regularly by increasing the D-sorbitol concentration from 1 

to 9 mM, in the same conditions as those applied for films prepared in the absence of PDDA 

(Figure III-2.). The signal corresponds to the oxidation of NADH produced by the enzyme 

encapsulated into the film. The measured peak currents (~30 µA for 9 mM D-sorbitol, Figure 

III-4B), were largely superior to those reported when using APTES (~4µA for 10 mM D-

sorbitol, Figure III-4A). The interpenetrating PDDA-silica network thus provides a suitable 

microenvironment for DSDH encapsulation; it may also contribute to generate a more open 

structure than in pure silica, which would accelerate mass transport of the various reagents 

(substrate and cofactors). The key parameter seems however to be the favorable electrostatic 

interactions originating from the positive charges of the polymer additive, as confirmed by 

comparing the results obtained for various polyelectrolytes, i.e., three positively-charged 



                                  Chapter III. Feasibility of dehydrogenase encapsulation in sol-gel matrix 

 

86 

 

compounds in the condition of encapsulation (PDDA, PAA and PEI) and one displaying 

negative charges (Nafion). This is illustrated in Figure III-5, showing the variation of peak 

currents versus the concentration of D-sorbitol for the different polyelectrolytes. The 

encapsulation of alcohol dehydrogenase in Nafion membrane has been reported [31], but here 

the introduction of this negatively charged polyelectrolyte into the sol, led to inactive 

electrode as no NADH can be detected when increasing the substrate concentration in the 

solution (curve “a”). At the opposite, all polyelectrolytes bearing positive charges gave rise to 

good sensitivity of the modified electrode to the enzymatic substrate, the use of PDDA (curve 

“d”) being somewhat more efficient than PEI (curve “b”) or PAA (curve “c”). These results 

support the aforementioned assumption concerning the need of positive charges into the gel 

for ensuring good encapsulation of DSDH in an active form.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-5. Variation in peak currents for NADH oxidation versus the d-sorbitol 

concentration measured with films prepared with TEOS as silica precursor and (a) Nafion, (b) 

PEI, (c) PAA and (d) PDDA as polyelectrolyte (5% w/w). Other conditions as in Figure III-2.  

 

2.2.2 Extension to chitosan and chitosan sol/gel composites 

    Chitosan is produced by deacetylation of chitin bio-polymer. This reaction allows 

generating a certain fraction of amine functions that makes the polymer soluble and suitable 

for bio-encapsulation [32]. This property has been advantageously used for electroanalytical 

purposes [33]. One observed in the previous section that doping silica sol-gel films with 

polymers bearing protonated amine or ammonium groups was essential for improving the 

enzymatic activity of DSDH immobilized on GCE. We have thus evaluated if chitosan, in 
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combination with silica gel, could provide this favorable environment because of the amine 

groups it holds. Figure III-6A shows the typical response observed with a chitosan-silica gel 

composite with encapsulated DSDH. The electrode was first tested with cyclic voltammetry in 

a Tris-HCl buffer solution containing 1 mM NAD
+
 (dashed line) and, as expected, no anodic 

peak was observed. More surprising was the absence of signal upon addition of D-sorbitol 

from 2 to 8 mM in the medium, suggesting that no NADH was produced by the DSDH 

enzyme (only a decrease in background currents was observed). It was necessary to introduce 

PDDA in addition to chitosan in the biocomposite film to observe the production of NADH in 

the presence of D-sorbitol (Figure III-6B). The measured currents are in the same magnitude 

as those observed with silica gel/polyelectrolyte composites (Figure III-6B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure III-6. Cyclic voltammograms obtained at GCE modified with (A) a 

chitosan/silica/DSDH film and (B) a chitosan/silica/PDDA/DSDH film. Measurements have 

been performed in the absence (dashed line) and in the presence (plain line) of D-sorbitol, up 

to 12 mM. Potential scan rate 50 mV/s. Other conditions as in Figure III-2. 

 

    Sol-gel-free chitosan films as encapsulation matrices for DSDH were finally tested, but no 

significant change in the voltammetric behavior was observed: no response to D-sorbitol in 

the absence of PDDA in the film (Figure III-7A) and good response to increasing 

concentrations of this substrate in the PDDA-doped film electrode (Figure III-7B). The only 

small difference with sol-gel and chitosan-sol-gel layers was a slightly better sensitivity for 

pure chitosan film. This clearly confirms the critical effect of polyelectrolytes on the 

electrochemical responses of encapsulated DSDH. The same conclusion was drawn when 
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using another enzyme of the same family (galactitol dehydrogenase, GatDH, with hexanediol 

as substrate), as well as when operating with these enzymes in reduction instead of oxidation, 

using hydroxyaceton (GatDH) or fructose (DSDH) as substrates (data not shown). 

 

 

 

 

 

 

 

 

 

 

Figure III-7. Cyclic voltammograms obtained at GCE modified with (A) a chitosan/DSDH 

film and (B) a chitosan/PDDA/DSDH film. Measurements have been performed in the 

absence (dashed line) and in the presence (plain line) of D-sorbitol, up to 10 mM. Potential 

scan rate 50 mV/s. Other conditions as in Figure III-2. 

 

2.3 Factors affecting the electrode response 

2.3.1 Sol composition 

The sol composition has been optimized in order to define conditions leading to the highest 

electrochemical response. Both polyelectrolyte (PDDA has been selected because it gave rise 

to best results among others, see Fig. III-5) and precursor (TEOS) concentrations have been 

found to affect significantly the film electrode response (Figure III-8).  

 

Figure III-8A shows the influence of PDDA content into the starting sol. As already 

discussed above, the absence of PDDA led to inactive films since no NADH was detected in 

the presence of D-sorbitol (FigureIII-2). Addition of PDDA, even in few amounts (e.g., 1.7 %) 

resulted in significant electrochemical signals, the intensity of which increasing up to 5 % and 

decreasing then quite regularly for higher polyelectrolyte contents (up to 10 %). All electrodes 

displayed well-defined voltammetric peaks for NADH oxidation. This trend leading to an 
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optimal value of 5 % can be explained by the role played by PDDA, acting somewhat as 

“macromolecular glue” between the enzyme and silica surfaces, too low or too high contents 

of this additive contributing to unbalance the stabilizing effect. Another explanation can be 

found in the concentration-dependent effect of polycationic macromolecules on biosilication, 

in providing a favorable interaction with silica precursors during the sol-gel process that 

contributes to the gelification [7]. They can also induce modification in the texture of the final 

material [34], which would affect mass transport processes in the biocomposite and, therefore, 

the rate of cofactor generation/regeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure III-8. Variation of peak currents sampled at DSDH-doped sol-gel modified GCE in 

the presence of 8 mM D-sorbitol, as a function of (A) the amount of PDDA in the starting sol 

prepared with 42 mM TEOS and (B) the TEOS concentration initially introduced in the 

synthesis medium, in the presence of 5 % PDDA. Other conditions are the same as in Figure 

III-2. 

 

The concentration of TEOS in the starting sol has a strong influence on the electrochemical 

response of the resulting bio-composite films (Figure III-8B). One has first to mention that a 

DSDH-doped film deposited with PDDA only (5 % w/w in the starting solution), in the 

absence of silica precursor, gave already rise to a well-defined response but it was not stable 

with time (see data and discussion below) because only electrostatic interactions are 

responsible for enzyme immobilization onto the electrode surface. The addition of small 

amounts of TEOS led to an increase of both the mechanical stability of the film and the 
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intensity of the electrode response. Gelification and silica formation around the 

PDDA/enzyme assembly contributes to stabilize the biocomposite and to prevent fast leaching 

of the protein into the solution. A maximum current was observed for a TEOS concentration 

of 42 mM. The use of higher concentrations of the silica precursor in the starting sol induced 

then a dramatic drop in the electrochemical response, the film resembling more and more to a 

PDDA-free silica layer, in agreement with what was observed with pure silica gels (Fig. III-

2). No noticeable response can be detected when using TEOS concentrations above 1 M. The 

electrochemical response is not only related to the enzyme activity but also strongly 

dependent on the diffusion of both D-sorbitol substrate and NAD
+
 cofactor inside the film. 

While a low concentration of silica precursor induced the formation of a rather porous matrix, 

suitable for both encapsulation and diffusion, increasing TEOS concentrations led to 

densification of the silica matrix and thicker films [35], which became less suitable for fast 

diffusion of species from the solution to the enzyme and from the enzyme to the electrode 

surface.  

 

2.3.2 Stability with time 

Both composition of the film and type of additives have been found to affect significantly 

the operational and long-term stability of the biocomposite electrodes. This has been studied 

for three typical cases (PDDA/DSDH, Chitosan/PDDA/DSDH, and Silica/PDDA/DSDH 

films on GCE) and variations in the relative peak currents of the modified electrodes to 6 mM 

D-sorbitol in the presence of 1 mM NAD
+
 are shown in Figure III-9. The relative current 

values are given versus the peak height measured during the first cycle, about 1 min after the 

electrode was placed in solution. Let’s first consider the short-term operational stability 

(Figure III-9A). With the Silica/PDDA/DSDH composite (curve “c”) an increase in peak 

current intensity ca. 65%  was first observed, which can be due to changes originating from 

the film hydration (dissolution/precipitation of silica can occur and the presence of PDDA can 

influence strongly this silication process [7]). After this initial step, the current reached more 

stable values, yet continuing to increase slowly with time, varying from 1.65 to 1.8 for the last 

3 h of the experiment. Immobilization of DSDH in a pure PDDA film, in the absence of silica 

precursor, also allowed measuring a current response when the electrode was introduced in 

solution but this was not stable in successive measurements (increase in the first 30 min of 

experiment and then continuous decrease down to the initial value). This can be due to lack of 

mechanical stability of the film, with progressive leaching of the enzyme in solution. Despite 
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chitosan is known to be a suitable matrix for bio-encapsulation [33], the last system 

Chitosan/PDDA/DSDH gave rise to even more variable response, starting with a sharp 

increase in peak currents and following with dramatic decrease in the signal intensity after 30 

min of use.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-9. Evolution of the relative peak currents recorded for successive analyses of 6 

mM D-sorbitol solutions (in the presence of 1 mM NAD
+
) at distinct periods of time, using 

various DSDH-doped film electrodes: (A) short-term measurements have been made with 

GCE modified with (a) PDDA/DSDH film, (b) chitosan/PDDA/DSDH film, and (c) 

silica/PDDA/DSDH film; (B) long-term measurements have been made with GCE modified 

with (a) silica/PAA/DSDH film, (b) silica/PEI/DSDH film, and (c) silica/PDDA/DSDH film. 

Other conditions as in Figure III-2. 

 

    For all electrodes, a reorganization/modification of the film resulted in an enhancement of 

the electrochemical response during the first minutes. This probably arises from easier 

diffusion of the substrate and cofactor species into the composite matrix. However, after this 

first step, only the sol-gel-derived film resulted in steady-state values of peak currents, all 

other systems underwent significant degradation of the electrochemical response. This can be 

ascribed to the rigid character of the inorganic network likely to ensure more durable bio-

encapsulation, which appears promising for bio-electrochemical applications. 

The long-term stability of the best systems (sol-gel based biocomposite film electrodes with 

added polyelectrolytes) has been also considered. Figure III-9B shows the evolution of the 

electrode response during almost 1 month for three electrodes prepared with combining 

positively charged polyelectrolytes (PAA, PEI and PDDA) with silica precursors for the 
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enzyme encapsulation. The worst stability was observed with PAA (curve “a”) for which 

current response of the electrode was found to drop by 50 % within three weeks. PEI (curve 

“b”) displayed a rather stable electrochemical response as the measured peak currents did not 

change significantly during the first 15 days of investigation and then decreased by less than 

15 % in the second half of the month. Finally, the behavior of the electrode prepared with 

PDDA (curve “c”) resembles to that prepared with PEI, being slightly less stable, as its 

response was maximum after 15 days and decreased somewhat afterwards, suggesting some 

lack of long-term stability. 

 

3. Electrochemically-assisted deposition of sol-gel bio-

composite with co-immobilized dehydrogenase and 

diaphorase 

 

3.1. Feasibility of the electrochemically-assisted deposition 

    The electrochemically-assisted deposition of silica thin films involves the local perturbation 

of the pH at the electrode solution interface. Starting from a stable sol, slightly acidic, the 

electrochemically-induced pH increase allows a fast gelification only at the electrode surface. 

The electrolysis of the sol at -1.3 V leads to the rapid formation of the thin sol-gel bio-

composite layer. All films that are displayed in Figure III-10 have been prepared using 60 s 

electrolysis. Figure III-10A shows the electrochemical response of the DSDH-modified 

electrode to successive addition of D-sorbitol in the solution from 1 to 8 mM. Before addition 

of this enzymatic substrate, no electrochemical signal could be observed between 0 and 1 V. 

A well defined voltammetric signal with a peak potential located between 0.7 and 0.8 V 

(versus Ag/AgCl reference electrode) appears when D-sorbitol is added to the solution and 

this signal increases with the D-sorbitol concentration. It corresponds to the electrochemical 

oxidation of the NADH cofactor produced by the encapsulated DSDH while oxidizing D-

sorbitol. Here the enzymatic cofactor is directly detected at the glassy carbon electrode 

without using electron mediator. Figure III-10B confirms the results observed in Figure III-

10A, with the same enzyme, but for the reduction of fructose. No electrochemical signal could 

be observed in the absence of fructose. The addition of fructose from 1 to 8 mM produces 

well defined electrochemical responses with a peak potential close to -1.1 V versus Ag/AgCl 
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reference electrode. This signal corresponds to the reduction of the NAD
+
 cofactor produced 

by DSDH in the presence of fructose. The electrode was here sensitive to the concentration of 

fructose from 1 to 8 mM. DSDH immobilized in electrogenerated silica film is thus active in 

both oxidation and reduction sides. 

 

 

Figure III-10. Electrochemical responses to D-sorbitol (A) and to fructose (B) measured at 

GCE modified by DSDH with using sol-gel E-AD. E-AD was done at -1.3 V for 60 s from a 

sol containing 0.17 M TEOS, 3.3 mg/mL DSDH and 6.7% PDDA. (A) Responses in the 

absence of D-sorbitol (dashed line) and in the presence of D-sorbitol from 1 to 8 mM (solid 

lines). CVs were done in Tris-HCl buffer (pH 9) containing 1 mM NAD
+
 (B) Responses in the 

absence of fructose (dashed line) and in the presence of fructose from 1 to 8 mM (solid lines). 

CVs were done in 0.1 M phosphate buffer (pH 6.5) containing 1 mM NADH. (C) Blank 

experiments have been performed in tris-HCl buffer (pH 9.0) containing 1 mM NAD
+
 and 

6mM D-sorbitol with GCE modified by a film prepared with the same procedure as (A) but in 

the absence of the protein (solid line) or PDDA (dotted line) or prepared with the same sol 

(with protein and PDDA) but without applying the electrolysis potential for the EAD (dashed 

line). 

 

 

     Figure III-10C shows several blank experiments (CV in the presence of 6 mM D-sorbitol) 

with films prepared in the absence of DSDH (plain line), in the absence of polyelectrolyte 

(dotted line), or by using the same sol and the same protocol as for the electrode presented in 

Figure III-10A, but without applying the electrolysis step (dashed line). In all three cases, no 

electrochemical signal was observed. The later blank experiment (no electrolysis) 

demonstrates that the electrode response observed in Figure III-10A is only due to the DSDH 

protein encapsulated in a silica film that has been produced by electrochemistry and neither to 

any non specific protein adsorption nor gel deposition by evaporation that might have 

occurred in the course of the electrode preparation. Electrode modification is totally 

controlled by the electrochemically-assisted sol-gel deposition. Moreover the blank 

experiment performed in the absence of protein confirms that the signal observed around 0.7-
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0.8 V is effectively due to the NADH produced by the encapsulated enzyme, demonstrating 

thus the operational activity of the biomolecules once immobilized. Finally the critical role of 

PDDA on the DSDH activity is confirmed as no polyelectrolyte in the silica film means no 

detectable enzymatic activity. In the conditions of electrochemically-assisted deposition, 

negative charges are present on the silica surface due to silanol deprotonation (the point of 

zero charge of silica is reported to be in the range 2–3 [26]). The isoelectric point of DSDH is 

4.3 [27]. During the protein encapsulation, the interaction between the silica matrix and the 

protein seems to be not so favourable. The positively charged polyelectrolyte (PDDA) is 

likely to act as a stabilizing intermediate between the enzyme and the silica surface. 
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Figure III-11. FTIR spectrum measured on a thin biocomposite film deposited on indium tin 

oxide electrode by sol-gel E-AD at -1.3 V for 10 s from a sol containing 0.17 M TEOS, 3.3 

mg/mL DSDH and 6.7% PDDA. 

 

     Figure III-11 shows the FTIR spectrum, which has been obtained on a thin film deposited 

on indium tin oxide electrode by sol-gel electrochemically-assisted deposition at -1.3 V for 10 

s from the same sol as reported in Figure III-10 (60 s electrochemically-assisted deposition 

led to a signal saturation, so shorter electrolysis time was necessary). Background 

measurement was done on unmodified ITO electrode. As expected the different bands related 

to the silica network (~1000-1200 cm
-1

) and the surface silanol groups Si-OH (~900-1000 cm
-

1
), the amide I and II bands of the proteins (1653 and 1538 cm

-1
), the band from the 

ammonium groups of PDDA (1474 cm
-1

), and the C-H stretching bands of both PDDA and 

proteins (~2800-3050 cm
-1

) were distinctively observed on the same spectrum. So the FTIR 
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measurement supports the observation made by cyclic voltammetry and indicates that PDDA 

and proteins are indeed co-encapsulated in the electrodeposited silica network. 

 

3.2 Optimization of the electrode response 

 

The effect of sol composition has been thoroughly studied and the three major parameters 

of the sol, i.e. the DSDH concentration (Figure III-12A), the PDDA concentration (Figure 

III-12B) and the TEOS concentration (Figure III-12C) have been varied and their influence 

on the electrochemical response of the resulting film to 6 mM D-sorbitol has been studied. 

The quantity of protein introduced into the sol has a strong influence on the electrode 

response, a rapid increase was observed from 0.3 to 2.5 mg/mL, which started to level off for 

3.3 mg protein/mL of sol. Higher concentrations of protein cannot be used for this process due 

to a rapid gelification of the sol (proteins or buffer of the suspension facilitate the sol-gel 

transition). PDDA concentration has also a dramatic influence on the electrode response. In 

the absence of PDDA, no signal could be measured (see Figure III-12B). The electrode 

became active in the presence of 1.8 % polyelectrolyte and the electrode response increased 

then regularly with increasing the polyelectrolyte concentration up to 6.7 %. As for the 

protein content, a higher quantity of PDDA is difficult to handle as it facilitates also the 

gelification of the sol before application of the electrolysis potential. The influence of TEOS 

concentration follows a different trend as it induces first an increase in the electrode response, 

passes through a maximum and then decreases. The optimal signal was observed for 0.17 M 

TEOS in the sol. We can assume that the deposition rate is too slow for low TEOS 

concentrations [35] inducing thereby less efficient protein encapsulation. On the other hand, a 

higher TEOS concentration can lead to hindered mass transport (see the next section) as a 

result of thicker films that limit the efficiency of the bio-electrode (restricted diffusion of the 

reactants). Deposition time has also a strong influence on the electrode response. Figure III-

12D shows the effect of the time of electrolysis on the electrode response for sols containing 

(a) 1.67, (b) 3.35 and (c) 6.7 % PDDA. For high polyelectrolyte concentration, the optimal 

deposition time was found to be 60 s (3.35 and 6.7 %, curves a&b) and a higher time was 

observed with lower PDDA content (about 120 s for 1.67 %, curve c). It can be assumed that 

the quantity of encapsulated protein increases with increasing the deposition time, but film 

thickness probably becomes a significant limitation for too long deposition times. 
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Figure III-12. Influence of DSDH concentration (A), PDDA (B), deposition time (C) and 

TEOS concentration (D) on the peak current response measured at glassy carbon electrodes 

modified by an electrodeposited silica films with encapsulated DSDH. (A) The electrodes 

were prepared with 0.17 M TEOS sol, 6.7% PDDA and different concentrations of DSDH 

from 0.33 mg/mL to 3.3 mg/mL. The electrochemically-assisted deposition was done at -1.3 V 

for 60 s. (B) The electrodes were prepared with 0.17 M TEOS sol, 3.3 mg/mL DSDH and 

different concentrations of PDDA from 0 to 6.7 %. The electrochemically-assisted deposition 

was done at -1.3 V for 60 s. (C) The electrodes were prepared with a sol containing 3.3 

mg/mL DSDH, 6.7 % PDDA and different concentrations of TEOS. The electrochemically-

assisted deposition was done at -1.3 V for 60 s. (D) The electrodes were prepared with 0.17 M 

TEOS sol, 3.3 mg/mL DSDH and different concentrations of PDDA from 1.67 to 6.7 %. The 

electrochemically-assisted deposition was performed at -1.3 V for different deposition time 

from 10 to 150 s. For all experiments, cyclic voltammetry has been performed in 0.1 M Tris-

HCl buffer (pH 9.0) containing 1 mM NAD
+
 and 6 mM D-sorbitol. Potential scan rate was 50 

mV/s. 
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    The influence of TEOS concentration and deposition time are evidenced by measuring the 

film thickness (by using the sheaforce mode of a SECM operating as a profilometer). TEOS 

concentration has a dramatic influence on the film thickness. As it is shown in Figure III-13A 

the film thickness increase with TEOS concentration, in agreement with what has been 

assumed from Figure III-12C. Deposition time has also a strong influence on the film 

thickness. Figure III-13B shows the effect of the time of electrolysis on the film thickness. 

Only 0.2 µm variation is observed from 30s to 60s, and thicknesses increase rapidly beyond 1 

µm from 60s to 90s. 

 

                            A                                                                   B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure III-13. Corresponding variations of film thickness with (A) TEOS concentration; (B) 

deposition time, as determined by SECM. (A)E-AD was done at -1.3 V for 60 s with a sol 

containing 3.3 mg/mL DSDH, 6.7% PDDA and different concentrations of TEOS. (B) E-AD 

was done at -1.3 V for different deposition time from 30 to 90 s with a sol containing 0.17M 

TEOS, 3.3 mg/mL DSDH and 6.7% PDDA. 

 

    Figure III-14 reports some SEM pictures of films prepared with the optimal sol 

composition (A) or containing less protein (B) or less PDDA (C). Optimal composition leads 

to a film with a homogenous texture (Figure III-14A). Only few filaments about 1-2 µm long, 

probably due to PDDA can be observed on the top of the film. Changing the composition of 

the sol does not change significantly the texture of the silica gel layer (the surface of all 

electrodes is covered by a sol-gel film). However, using a lower protein concentration leads to 

the presence of more filaments on the surface (Figure III-14B). In the presence of lower 

PDDA concentration, these filaments disappeared and some aggregates can be observed 

(Figure III-14C). We suppose that these aggregates are due to proteins that are not protected 
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by the PDDA. The optimal sol composition that has been determined using only 

electrochemical measurements leads also to the more homogeneous sol-gel biocomposite, 

showing a good incorporation of both protein and polyelectrolyte. 

 

 

Figure III-14. SEM image of different films prepared by sol-gel electrochemically-assisted 

deposition at -1.3 V for 60 s from a sol containing (A) 0.17 M TEOS, 3.3 mg/mL DSDH and 

6.7% PDDA; (B) 0.17 M TEOS, 3.3 mg/mL DSDH and 3.35 % PDDA; (C) 0.17 M TEOS, 

1.65 mg/mL DSDH and 6.7% PDDA. 

 

 

 

3.3. Relationship between the reactivity, the permeability and the film 

stability 

 

All the optimization steps reported in the previous section have been made in order to 

obtain the highest electrochemical response as possible. When considering electrosynthesis 

applications it is critical to have an intense electrochemical response, but it is also critical to 

get sufficient long-term stability of the electrode, at least at a time scale compatible with 

industrial processes. The quantity of TEOS in the starting sol has in principle an influence on 

the permeability of the layer [35]. Linear sweep voltammetry for ferrocenedimethanol (Fc) 

oxidation has been performed at a rotating disc electrode with a bare glassy carbon electrode 

(GC) and GC covered by thin silica films prepared with sols containing 0.08, 0.17  and 0.33 

M TEOS. This experiment allows the estimation of the effective kinetic of the heterogeneous 

electron transfer reaction (keff) for the chosen electrochemical reaction. This constant can be 

affected by the film permeability, the eventual defects in the layer and the thickness of the 

electrodeposited films. Here, keff decreases regularly from 0.039 to 0.033 cm.s
-1

 when 
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increasing the TEOS concentration in the starting sol from 0.08 to 0.33 M (see Figure III-

15A).  

 

 

 

Figure III-15. (A) 1/I versus 1/w
2 

measured in the presence of 0.05 mM Ferrocenedimethanol 

with (a, squares) bare glassy carbon electrode and electrodes modified by a thin film 

prepared from a sol containing various TEOS concentration: (b, circles) 0.08 M, (c, triangles) 

0.17 M and (d, stars) 0.33 M. Steady state current was measured by linear sweep voltammetry 

with using a potential scan rate of 20 mV/s. (B) Evolution of the peak current response of 

glassy carbon electrode modified by film (b), (c) and (d) in the presence of 1mM NAD
+
 and 6 

mM D-sorbitol in 0.1 M Tris-HCl buffer (pH 9).  All electrodes have been prepared by 

electrochemically-assisted deposition at -1.3 V for 60 s from a sol containing 6.7% PDDA, 

3.3 mg/mL DSDH and various concentrations of TEOS (see above). Potential scan rate 50 

mV/s. 

 

 

The electrode response stability is also very sensitive to the TEOS concentration in the 

starting sol. Successive CV measurements have been performed with the same electrodes 

prepared from sols containing 0.08 , 0.17 and 0.33 M TEOS respectively (see Figure III-

15B). The highest response was observed for films prepared with 0.17 M TEOS (curve c) and 

it was stable for more than 1 hour in solution and then decreased rapidly during the next hour 

of operation. A higher TEOS concentration (0.33M) (curve d) leads to a lower 

electrochemical response and to significantly improved electrode stability during the 3 hours 

of operation. Lowering TEOS concentration (0.08 M) (curve b) leads then to both lowest 

response and to the worst electrode stability. To conclude, the quantity of TEOS in the 

starting sol is a critical parameter that has to be carefully tuned, in connection with other sol 
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constituents, to get the best compromise between electrochemical response and electrode 

stability.  

 

3.4. Comparison of the enzyme activity into the film and in solution 

 

The variation of the electrochemical response for increasing concentrations of D-sorbitol 

into the solution has been studied (see Figure III-16). The measurements have been done 

during the one hour for which the electrode gave a stable electrochemical response. In these 

conditions, the peak current intensity increases regularly with the D-sorbitol concentration up 

to 10 mM and starts to level off for higher concentrations. We can extract from these data a 

Km value of about 3 mM, slightly lower than the Km of about 6 mM observed for the same 

protein in solution [36]. The electrochemically-assisted deposition allows thus maintaining an 

enzymatic activity similar as in solution, with a small improvement due to the encapsulation 

in the silica gel.  

 

                          

 
Figure III-16. Peak current response versus D-sorbitol concentration measured with a glassy 

carbon electrode that has been modified by a thin silica film with encapsulated DSDH. The 

film was prepared with a sol containing 0.17 mM TEOS, 6.7 % PDDA and 3.3 mg/mL DSDH. 

The electrochemically-assisted deposition was done by applying -1.3 V for 60 s.  All cyclic 

voltammograms have been performed at 50 mV/s, in the presence of 1 mM NAD
+
 and 

different D-sorbitol concentrations in Tris-HCl buffer (pH 9). 

 

 

   pH is known to affect strongly the enzymatic activity of DSDH [36]. Figure III-17 shows 

the influence of pH on the electrochemical response for both reduction of fructose (Figure 
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III-17A) and oxidation of D-sorbitol (Figure III-17B), from measurements carried out with 

glassy carbon electrodes covered by the thin silica gel layer with encapsulated DSDH. A 

sharp increase in the electrode response is observed for fructose reduction around pH 6.5 

(phosphate buffer), followed by a sharp decrease above this optimum value. With the 

oxidation of D-sorbitol, the electrode response increases more regularly from pH 6 to 9 and 

decreases slightly at pH 10. The behavior of DSDH in the silica layer is very comparable with 

the data coming from protein activity in solution with an optimal pH of 6.5 for the reduction 

of fructose and an optimal oxidation of D-sorbitol at pH 9, suggesting again that the 

electrogenerated silica layer offers a good environment for DSDH encapsulation onto the 

electrode surface. The immobilized protein exhibits good activity, similar as the free enzyme 

in solution concerning both the enzymatic kinetics and the sensitivity to pH. 

 

 

 
Figure III-17. Evolution of the peak current response versus the pH for (A) reduction of 6 

mM fructose in 0.1 M Tris-HCl buffer with 1 mM NADH and (B) oxidation of 6 mM D-

sorbitol in 0.1 M tris-HCl buffer with 1 mM NAD
+
. The modified glassy carbon electrode was 

prepared with a sol containing 0.17 mM TEOS, 6.7 % PDDA and 3.3 mg/mL DSDH. The 

electrochemically-assisted deposition was done by applying -1.3 V for 60 s.  All cyclic 

voltammograms have been performed 50 mV/s potential scan rate. 

  

3.5. Co-immobilization of DSDH and diaphorase 

The direct electrochemical detection of NADH, occurring at high potential compared to E0, 

induces uncontrolled oxidation and rapid deactivation of the bio-molecule. A large number of 

studies have been and are still devoted to the electro-catalytic oxidation of NADH that allows 
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decreasing this over-potential. An elegant and very versatile regeneration can be obtained 

with using diaphorase. An additional electron mediator is then used to transfer the electrons 

from this protein to the electrode. Interestingly, the same diaphorase can be used for both 

NADH oxidation and NAD
+
 reduction. Among others, ferrocene species can be used for 

mediating electron transfer for the oxidation of NADH and methylviologen can be used for 

the reduction of NAD
+ 

[20].  

 

 
 
Figure III-18. Electrochemical behavior of glassy carbon electrode modified by a silica thin 

film with encapsulated diaphorase. (A) Electrode response in the absence (a) and in the 

presence of 1 mM (b) and 2 mM (c) NADH. (B) Evolution of the electrode response to 0.4 mM 

NADH at pH 7 (a), 8 (b) and 9 (c). Films have been deposited by electrolysis at -1.3 V for 60 

s with a sol containing 6.7 % PDDA, 0.17 M TEOS sol and 0.83 mg/mL diaphorase. Cyclic 

voltammograms have been performed in 0.1 M Tris-HCl buffer, in the presence of 0.1 M 

ferrocenedimethanol (and different NADH concentrations). Potential scan rate was 50 mV/s. 

     

The encapsulation of diaphorase inside the electrodeposited silica gel has thus been 

investigated. Figure III-18A shows the typical electro-catalytic response of the silica-

diaphorase film electrode to NADH addition in solution using ferrocenedimethanol as 

electron mediator. In the absence of NADH, only the reversible electrochemical signal of 

ferrocene is observed. The addition of 1 mM NADH induces a strong modification of the 

electrochemical response, the anodic current increased by a factor 8 while the cathodic signal 

disappeared. A second addition of NADH leads to an additional anodic peak current increase. 

Control experiments have confirmed that in our conditions ferrocenedimethanol does not 

allow the direct catalytic oxidation of NADH, in agreement with the literature [37] and could 

only be obtained with the active diaphorase. The pH has a very strong influence on the 



                                  Chapter III. Feasibility of dehydrogenase encapsulation in sol-gel matrix 

 

103 

 

catalytic oxidation of NADH (Figure III-18B). At pH 7, the presence of NADH induced a 

complex cyclic voltammogram with a sharp oxidation peak at about 0.2 V and an additional 

peak shaped signal, very similar to the initial CV of ferrocenedimethanol in the absence of 

NADH (Figure III-18B curve a). The signal became much simpler at pH 8 but no significant 

catalysis could be observed (Figure III-18B curve b). At pH 9, the electro-catalysis was 

observed as discussed before (Figure III-18B curve c).  

 

 

Figure III-19. Electrochemical behavior of glassy carbon electrodes modified by a silica film 

with co-encapsulated DSDH and diaphorase. (A) Evolution of the electrode response to 

increasing concentration of D-sorbitol from 1 to 9 mM. The measurement was done at pH 9.  

(B) Evolution of the peak current response to 6 mM D-sorbitol from pH 6 to 10. Films have 

been deposited by electrolysis at -1.3 V for 60 s with a sol containing 6.7 % PDDA, 0.17 M 

TEOS sol and 0.83 mg/mL diaphorase. The cyclic voltammograms have been performed in 

0.1 M Tris-HCl buffer in the presence of 1 mM NAD
+
 and 0.1 mM ferrocendimethanol. 

Potential scan rate was 50 mV/s. 

 

     Finally, the co-encapsulation of DSDH and diaphorase was evaluated. The protocol for the 

electrode preparation is rather simple; the two proteins are mixed together inside the sol and 

are encapsulated in one step into the silica gel layer during the electrochemically-assisted 

deposition. Figure III-19A shows the electrochemical response of the bi-enzyme composite 

to the addition of D-sorbitol in solution. The oxidation of D-sorbitol by DSDH leads to the 

production of NADH inside the film. NADH reacts with diaphorase and the electrochemically 

generated ferricinium ions to produce NAD
+
 and ferrocene species that can be re-oxidized in 

the electrocatalytic scheme. The electrocatalytic current increases with the addition of D-

sorbitol from 1 to 9 mM. Figure III-19B shows the influence of pH on the bi-enzyme system, 
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giving rise to a similar trend as for DSDH alone, with an optimal pH value located around pH 

9. Note that the bi-enzyme system is much more sensitive to small pH variations, which is 

illustrated by a current decrease by 75 % when passing from pH 9 to pH 9.5 or pH 8. This 

influence of pH is mainly due to the strong effect of pH on the diaphorase activity (Figure 

III-19B). The co-immobilization of DSDH and diaphorase does not prevent the efficient 

communication between the two proteins. NADH can diffuse from one enzymatic center to 

the other for efficient bioelectrocatalysis. The electrochemically-assisted silica gel deposition 

is thus an effective method for the elaboration of complex enzymatic layers on electrode 

surfaces. 

 

3.6. Extension to the particular case of macroporous electrodes  

    Macroporous electrodes display pores of about 440 nm with well defined interconnections 

allowing good mass transport [38]. They were obtained by gold electrodeposition inside an 

opal network of silica beads. The height of the different gold macroporous electrodes were 

220 nm for one half layer of gold and 660 nm for three half layers (Figure III-20). 

 

 

Figure III-20. Preparation of the macroporous gold electrode by electrodeposition through 

nanospheres assembly. 

 

To further point out the interest of the electrochemically-assisted deposition method for 

bioelectrocatalysis purposes, the above approach was extended to macroporous electrodes 

displaying a much larger electroactive surface area in comparison to the geometric one 

(Figure III-21B to 21C) and compared to flat gold electrode (Figure III-21A). The 

electrolysis of the sol does not occur on gold at the same potential as for glassy carbon. A 

potential of -1.3 V versus the Ag/AgCl reference electrode was used in previous optimization 

on glassy carbon but only -1.1 V was necessary for macroporous electrodes in order to trigger 

the sol-gel deposition.  
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Figure III-21. Electrochemical behavior of flat and macroporous gold electrodes modified by 

silica films with co-encapsulated DSDH and diaphorase. (A) Evolution of the flat gold 

electrode response to increasing concentrations of D-sorbitol from 1 to 7 mM. Dashed curves 

show the electrode response in the absence of D-sorbitol. (B) Evolution of the macroporous 

gold electrode response to increasing concentrations of D-sorbitol from 0.5 to 2.5 mM. 

Dashed curves show the electrode response in the absence of D-sorbitol. The measurement 

was done with a macroporous electrode of 660 nm thickness (three half layers) modified with 

using 30 s electrolysis. (C) Evolution of the peak current response to 0.5 mM D-sorbitol with 

modified electrodes prepared when using different electrolysis times from 10 s to 60 s (curves 

a to c). The measurements were done with a macroporous electrode of 660 nm thickness 

(three half layers). (D) Evolution of the peak current response to 0.5 mM D-sorbitol with 

macroporous electrodes displaying one half layer (a) and three half layers (b). Films were 

obtained when using 30 s electrolysis. (A-D) All films have been deposited by electrolysis at -

1.1 V with a sol containing 6.7 % PDDA, 0.17 M TEOS sol and 0.83 mg/mL diaphorase. The 

cyclic voltammograms have been performed in 0.1 M Tris-HCl buffer at pH 9 in the presence 

of 1 mM NAD
+
 and 0.1 mM ferrocendimethanol. Potential scan rate was 50 mV/s.  
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Figure III-21A displays the response to D-sorbitol obtained with a flat gold electrode 

modified by the electrogenerated silica film with encapsulated DSDH and diaphorase. The 

electrode was found to be sensitive to successive additions of D-sorbitol, as shown by the 

increase in peak current intensity for the oxidation of ferrocenedimethanol. The addition of 1 

mM D-sorbitol led here to 16 % peak current increase. By comparison, a much higher 

response was observed when doing the same experiment with a macroporous electrode (three 

half layers) modified in the same conditions by the bio-composite layer (Figure III-21B), and 

the peak current intensity was increasing by 1000 % when adding 1 mM D-sorbitol in the 

solution. The macroporous texture of the gold electrode improves thus significantly the 

catalytic efficiency of the sol-gel biocomposite. 

 

As for flat electrodes, deposition time also has a strong effect on the functionalized 

macroporous electrode response (Figure III-21C). Optimal deposition time was 60 s with 

bare glassy carbon electrodes. Here the best response was observed when using 10 s 

electrolysis. 30 s and 60 s electrolysis led then to lower electrode responses. The electrode 

response of a modified bare electrode is a compromise between the amount of active enzyme 

deposited on the electrode surface and the hindered diffusion into the silica layer. The thicker 

the film, the higher is the diffusion limitation. In macroporous electrodes the situation is even 

more complex as the pore interconnections can be rapidly blocked by the electrogenerated 

silica gel layer. Low deposition times are here needed to prevent the rapid macropore 

clogging.  

 

Finally the influence of the number of half layer of the gold macropores electrode was 

examined. Electrodes with one (a) and three half layers of gold (b) have been modified by 

using 30 s electrolysis of the sol containing both DSDH and diaphorase (Figure III-21D). 

The electrochemical response increases significantly from one half layer to three half layers 

when detecting 1 mM D-sorbitol. This result is consistent with recent observations made with 

macroporous electrodes modified by a thin silica film containing hemoglobin [17] in which it 

was shown that the electrochemical signal of hemoglobin as well as the catalytic current for 

H2O2 detection is increasing significantly with increasing the number of half-layer from 3 to 9. 

However, the direct transposition of the results from this previous study to the present work is 

not possible because the compositions of the sols are very different. The sol used for 

hemoglobin encapsulation contained much less silane precursors (13.6 mM TEOS) than the 
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sol used here for DSDH and diaphorase encapsulation (0.17M). In addition, the sol we 

developed for dehydrogenase is complex to handle with the macroporous electrodes because 

of the presence of the polyelectrolyte.  

 

These experiments point out the interest and the complexity of surface modification of such 

porous material with an elaborated sol-gel biocomposite. Additional optimization will be 

necessary to carefully control the film deposition inside the macropores. The optimal 

thickness of the macroporous electrode will also have to be defined with respect to the 

application in electrosynthesis. 

 

4. Conclusion 

 

The first part of the work has pointed out the importance of adding positively-charged 

polyelectrolytes into sol-gel-derived films doped with dehydrogenase enzymes for providing a 

good environment for encapsulation of the biomolecules in an active form. Among the tested 

additives, PDDA offered the best results. The improved behavior in the presence of 

polyelectrolyte was also observed for other kinds of thin films (i.e., based on chitosan). Then, 

electrochemically-assisted deposition of silica gel layer has been successfully adapted to the 

encapsulation of DSDH. The encapsulated DSDH enzyme is likely to either oxidize D-

sorbitol and produce simultaneously NADH inside the silica gel layer or reduce fructose and 

generate NAD
+
. The functional layer has been successfully deposited in macroporous gold 

electrodes and applied for the oxidation of D-sorbitol. When deposited in the same conditions 

and in the presence of the same concentration of D-sorbitol, the catalytic current increased 

much more with a macroporous electrode (1000 %) in comparison with a flat gold electrode 

(16 %). The macroporous texture of the gold electrode improves thus significantly the 

catalytic efficiency of the sol-gel biocomposite. The next step(s) of this work will be the 

immobilization of the electron-mediator and the enzymatic cofactor inside the silica gel 

matrix for application in zero-waste electrosynthesis. 
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Chapitre IV. Co-immobilisation d’une 

déshydrogénase et du cofacteur enzymatique 

NAD+ au sein de la matrice sol-gel 

 

    L’immobilisation du cofactor enzymatique NAD
+
 au sein de la matrice sol-gel a été étudiée 

en présence de DSDH et de diaphorase co-encapsulés au sein de cette même matrice. Dans 

cette configuration, le cofacteur doit avoir suffisamment de mobilité pour se déplacer du 

centre enzymatique de la DSDH au centre enzymatique de la diaphorase. Un médiateur 

électrochimique, le ferrocenedimethanol, permet alors la communication électronique entre la 

diaphorase et la surface de l’électrode. La faisabilité de cette étude a tout d’abord été menée 

en préparant la couche mince sol-gel par évaporation du sol initial. Différentes stratégies 

d’immobilisation du cofacteur ont alors été étudiées : (1) la simple encapsulation du NAD
+
 

dans la matrice sol-gel, seul ou en présence de nanotubes de carbone ; (2) l’encapsulation 

d’un dérivé du NAD
+
 à haut poids moléculaire (NAD-dextran) ; (3) la fixation chimique du 

NAD
+
 à la matrice silicatée via sa condensation sur le groupement époxy du 

glycidoxypropylsilane au cours du processus sol-gel (cette réaction a alors été suivie par 

spectroscopie infrarouge). Cette dernière approche s’est révélée être la plus intéressante en 

terme de réponse électrochimique et de stabilité du signal bioélectrocatalytique. Cette même 

approche a ensuite été étendue pour la génération électrochimique de couches minces sol-gel 

pour la co-immobilisation de la DSDH, de la diaphorase et du cofacteur NAD
+
. Cette 

expérience est alors applicable aux électrodes planes (carbone vitreux ou or) et aux électrodes 

macroporeuses. 
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Chapter IV. Co-immobilization of 

dehydrogenase and cofactor in sol-gel matrix 

 

In this chapter, successful strategies for dehydrogenase and cofactor co-immobilization in 

sol-gel films have been developed by both drop-coating and electrochemically-assisted 

deposition. First of all, we compare various strategies directed to the durable immobilization 

of NAD
+
/NADH cofactors in biocompatible sol-gel matrices encapsulating a bi-enzymatic 

system (a dehydrogenase and a diaphorase, this latter being useful to the safe regeneration of 

the cofactor), which were deposited by drop-coating as thin films onto glassy carbon electrode 

surfaces. These strategies are (1) the “simple” entrapment of NAD
+
 in the sol-gel matrix, 

alone or in the presence of carbon nanotubes; (2) the formation of interpenetrated organic-

inorganic networks using a high molecular weight NAD derivative (NAD-dextran); (3) the 

chemical attachment of NAD
+
 to the silica matrix using glycidoxypropylsilane in the course 

of the sol-gel process (in smooth chemical conditions). The third approach based on chemical 

bonding of the cofactor (which was checked by infrared spectroscopy) led to much better 

performance in terms of long-term stability of the electrochemical response. The co-

immobilization of DSDH, diaphorase (DI) and NAD
+
 was then obtained by 

electrochemically-assisted deposition. Finally, the functional layer has been successfully 

deposited in macroporous gold electrodes and applied for the oxidation of D-sorbitol. 
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1.  Introduction  

 

The main difficulty to fabricate reagentless dehydrogenase-based bioelectrodes is that the 

cofactor must be immobilized and regenerated in a stable and active way. In most studies, the 

native cofactor is added to the starting electrolyte before the enzymatic reaction. Despite the 

good performance of these methods, a maybe drawback exists: the operation is not only 

complicated but also involves high cost because the expensive cofactor cannot be reused. One 

way to overcome this problem is to co-immobilize cofactor and dehydrogenase in the sensing 

layer, but the difficulty is that the water soluble cofactor is a relatively small molecule, so is 

likely to diffuse away from the electrode surface into the solution, thus limiting the long-time 

durability of the modified electrode. Different strategies have been proposed for cofactor 

immobilization on electrode surfaces. The simple encapsulation leads to rapid leaching of the 

cofactor in the solution during the electrochemical operation and can only be considered for 

disposable sensors [1]. One possibility to improve the stability of the immobilization is the 

chemical attachment of the cofactor to a macromolecule that can be encapsulated or 

immobilized on the electrode without leaching. Dextran [2, 3, 4], PEG [5], Chitosan [6], and 

PEI [7], have been reported to allow this cofactor immobilization for biosensor applications. 

The stability of some systems has been studied and the bio-electrode can in some cases be 

operating for several days. One limitation of this approach comes from the rather complex 

modification, especially if proteins [6] or mediator [7] are also immobilized on the same 

macromolecule. This induces a significant cost and limits the number of functionalized groups 

in the layer; More recently the adsorption of NAD
+
 on carbon nanotubes was also proposed as 

a new strategy for the biomolecules immobilization [8]. Up to now, sol-gel chemistry was 

only used for enzyme and mediator immobilization [1, 9, 10], and was not considered for 

durable cofactor immobilization. 

 

During operation of bioelectrodes containing coimmobilized dehydrogenase and cofactor, 

the cofactor must be detected or regenerated electrochemically and this operation has to be 

done with using a mediator. The demand for electrocatalytic detection of NAD
+
 cofactor 

comes from the nature of this molecule, free diffusing in the living cell and for which a high 

electrochemical overpotential is observed for both oxidation and reduction reactions. The 

molecule is protected from side reaction, but the direct electrochemical detection at high 
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overpotential can lead to the irreversible degradation of the compound and to the 

simultaneous detection of interfering species. Many strategies for electrocatalytic detection of 

the cofactor have been developed. Organic mediators [11,12, 13, 14, 15]
 
, carbon nanotubes 

(CNTs) [10,16,17,18,19] or even gold nanoparticles [20] have been proposed to recycle the 

NADH back to the enzymatically active NAD
+
. The cofactor can also be efficiently 

regenerated by the use of diaphorase in the presence of several molecular mediators, metal 

complexes [21 , 22], quinones and flavins [23, 24], and also viologens [25]. This later 

approach being very appealing when smooth cofactor regeneration is needed for improving 

the long term stability of the device, notably if NAD
+
 is immobilized for reagentless device. 

In this study, we will use diaphorase (DI) in combination with ferrocenedimethanol for 

cofactor regeneration. 

 

    We have compared here different strategies for cofactor immobilization in sol-gel matrix, 

i.e. simple encapsulation of the native cofactor, encapsulation of NAD-Dextran, adsorption on 

carbon nanotubes introduced in the sol-gel matrix and finally the use of glycidoxypropylsilane 

(GPS) as additive. This later molecule displays an epoxide ring susceptible to react with the 

adenine moieties of the cofactor. According to the literature, such coupling has to be prepared 

in basic solution in order to get the most active biomolecules [ 26 ], but sol-gel bio-

encapsulation can only be obtained in neutral conditions. We will show here that despite this 

limitation, the confinement of the linked cofactor in the sol-gel matrix with using GPS allows 

good activity to be detected with high stability. Evidence of reaction between cofactor and 

GPS were obtained by FTIR. The co-encapsulation of DSDH and NAD was then evaluated by 

electrochemically-assisted deposition. The process and the sol composition have been 

optimized on flat glassy carbon and gold electrodes before being applied to macroporous gold 

electrodes. At the end, the electrodeposited bio-composite containing DSDH, diaphorase and 

cofactor has been tested for the electrochemical oxidation of D-sorbitol and a comparison was 

made between flat and macroporous gold electrodes. 
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2. Co-immobilization of dehydrogenase and cofactor in sol-

gel matrix by drop-coating 

 

Figure IV-1 describes the reaction pathway used in this work. Oxidation of the enzymatic 

substrate by the immobilized dehydrogenase induces NAD
+
 reduction to NADH. Diaphorase 

catalyses then the oxidation of NADH back to NAD
+
. Electron transfer from the diaphorase to 

the glassy carbon electrode surface is carried out by ferrocene species that are introduced in 

the solution. The main technological barrier is the durable immobilization of the cofactor in 

an active form, the comparison of the various approaches proposed here to overcome this 

limit will be made with the redox mediator in solution. 

 

 

 

 
Figure IV-1. Illustration of the electrochemical pathway used for the detection of the 

dehydrogenase enzymatic substrate. 

 

 

2.1. “Simple” physical entrapment of the cofactor in the sol-gel film 

    A straightforward way to associate the cofactor to the biocomposite layer is its addition to 

the starting sol so that, after gelification, it would be physically entrapped in the silica matrix. 

In chapter III dealing with the encapsulation of D-sorbitol dehydrogenase and diaphorase in 

sol-gel matrices, we have demonstrated the critical effect of positively-charged 

polyelectrolyte on the electrochemical activity of the sol-gel biocomposite. Several 

polyelectrolytes were tested, polydimethyldiallylammonium (PDDA), polyallylamine (PAA) 

and polyethyleneimine (PEI) and they all allow efficient protein immobilization characterized 
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by good catalytic responses when the NAD
+
 cofactor was introduced in solution, freely 

diffusing in the sol-gel matrix. In the present work, NAD
+
 was encapsulated into the sol-gel 

film.  

 

              

                    (A)                                             (B)                                             (C) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure IV-2. Cyclic voltammograms obtained with (A) GCE/TEOS/PEI/(DSDH+DI)/NAD

+
; 

(B) GCE/TEOS/PDDA/(DSDH+DI)/NAD
+
 and (C) GCE/TEOS/PAA/(DSDH+DI)/NAD

+
  in 

the absence of D-sorbitol (solid lines) and in the presence of D-sorbitol from 2 to 16 mM. All 

cyclic voltammograms have been performed in Tris-HCl buffer (pH 9) containing 0.1 mM 

FDM. Potential scan rate was 50 mV/s. 

 

 

Figure IV-2A shows the electrochemical response obtained with the modified electrode 

prepared with PEI as polyelectrolyte additive. Before addition of D-sorbitol, a well defined 

electrochemical signal due to ferrocenedimethanol could be measured (plain line). The 

addition of D-sorbitol in the solution from 2 to 16 mM led to a significant increase in the 

current response (dashed lines) and typical S-shape curves expected for a bio-catalytic process. 

The same experiment was performed with PDDA or PAA as additive, but no electrochemical 

activities were observed (see Figure IV-2B&C).  

 

    PEI was already reported in the literature to allow efficient immobilization of several 

dehydrogenase, alcohol [27], D-lactate [28], or glucose dehydrogenase [29]. The effect of PEI 

for co-immobilization could be explained by the formation of “conjugates” by electrostatic 

attraction among the cationic polymer and the negatively charged dehydrogenase and NAD
+
. 

These “conjugates” could make the enzyme more rigid and stable against unfolding, 

presenting a more stable conformation, which also could enrich the cofactor in the vicinity of 
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dehydrogenase. In principle, various polyelectrolytes can be used to ensure the biological 

activity of DSDH and DI enzymes, such as PDDA, PAA or PEI, which gave rise to good 

catalytic responses when NAD
+
 was introduced in solution. In the present case, the cofactor 

was part of the sol-gel film and only PEI gave rise to well-defined bioelectrocatalytic 

responses (Figure IV-2A) whereas no response to D-sorbitol could be observed when using 

PDDA or PAA additives (Figure IV-2B&C). The reason for such behavior/difference is not 

clear because favorable electrostatic interactions are expected in all cases, but comparison 

between Figure IV-2A and Figure IV-2B and 2C clearly demonstrates the crucial role of PEI 

to ensure cofactor entrapment in an active form in the films whereas other polyelectrolytes did 

not. A possible explanation can be related to the fact that PEI is a branched polyelectrolyte 

while the others are linear macromolecules. 

     

 

      

 

 

 

 

 

 

 

 

 

 
Figure IV-3. Evolution of the peak current intensity recorded for successive analyses of 10 

mM D-sorbitol solutions at distinct periods of time, using GCE modified with the same sol as 

Figure IV-2A, (a) in the absence and (b) in the presence of SWCNTs. All cyclic 

voltammograms have been performed in Tris-HCl buffer (pH 9) containing 0.1 mM FDM. 

Potential scan rate was 50 mV/s. 

 

 

    One can evaluate the stability of this simple encapsulation procedure by recording 

successive cyclic voltammograms in the presence of 10 mM D-sorbitol (Fig. 1B, curve a). As 

shown, the electrode response increased rapidly during the first hour in solution, suggesting a 

necessary equilibration period, and then reached a maximum value that was somehow stable 

up to 2 hours in solution. After this time, the electrode response was decreasing rapidly and 

was almost suppressed after 6 hours in solution. Such decrease is explained by the progressive 
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leaching of the weakly bonded NAD
+
 species in solution, being therefore no more available 

for the biocatalytic event. This explanation is also supported by the faster signal decrease 

when operating under convective conditions (response vanishing in less than 2 hours). So, in 

spite of exhibiting a rather good bioelectrocatalytic response, the system based on the simple 

encapsulation of NAD
+
 into the sol-gel biocomposite (GCE/TEOS/PEI/(DSDH+DI)/NAD

+
) 

does not allow to get long-term stability. 

 

 

2.2. Effect of carbon nanotubes on the electrode stability 

One knows from a recent report by Zhou et al. [8] that noncovalent attachment of NAD
+
 to 

carbon nanotubes is possible by taking advantage of the strong π-π stacking interaction 

between the adenine moiety in the NAD
+
 molecule and the nanotube surface. We have thus 

evaluated if such interaction could contribute to improve the long-term stability of cofactor 

immobilization in our sol-gel biocomposites. In the present case, however, it was necessary to 

use carboxylate-functionalized SWCNTs because crude carbon nanotubes cannot be easily 

dispersed in the water-based sols utilized here.  

 

The first straightforward attempt was to incorporate SWCNTs in the starting sol containing 

all other ingredients (TEOS, PEI, enzymes, NAD
+
) so that they are expected to be dispersed 

in the final sol-gel biocomposite film deposited on GCE and likely to hold the cofactor by 

adsorption. Typical response of GCE/TEOS/PEI/SWCNT/(DSDH+DI)/NAD
+
 to successive 

detections of 10 mM D-sorbitol is illustrated in Figure IV-3 (curve b). As shown, the 

voltammetric signals were slightly larger (by ca. 30 %) than in the absence of SWCNT, as 

well as some improved stability (almost constant response for 4 hours) but not at long time 

(> 50 % lost in sensitivity between 4 and 6 hours of use). The larger signal intensities can be 

explained by the increase in the electroactive surface area of the bio-electrode as a result of 

the introduction of SWCNT, but the fact that such increase remains rather small also suggests 

poor electrical interconnection, possibly due to the deposition of insulating sol-gel material on 

the surface of the individual nanotubes during the film formation.  

 

In a second step, experiments have been performed by adsorbing first the cofactor to carbon 

nanotubes (to get NAD-SWCNT) and introducing them afterwards in the biocomposite sol-

gel matrix without any additional “free” NAD
+
. The resulting system 

(GCE/TEOS/PEI/(DSDH+DI)/NAD-SWCNT) led however to a limited electrochemical 
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activity (about 10 times lower electrochemical response) (Figure IV-4), probably because the 

quantity of cofactor introduced by this route was rather low, and the stability of the cofactor 

immobilization was not significantly improved by comparison with the previous route.  

 

    So, even if carbon nanotubes provides some improvements, the long-term operational 

stability was not yet satisfactory. 

 

 

 
Figure IV-4. (A) Chronoamperogram recorded at 0.4 V with GCE modified with 

GCE/TEOS/PEI/(DSDH+DI)/SWCNT-NAD film to successive additions of D-sorbitol from 

0.5 to 14.5 mM; (B) Cyclic voltammograms measured with the same electrode as (A) in the 

absence of D-sorbitol and in the presence of 14.5 mM D-sorbitol. Measurements have been 

performed in Tris-HCl buffer (pH 9) containing 0.1mM FDM. 

 

2.3. Encapsulation of NAD-Dextran 

    Chemical attachment of the cofactor to a macromolecule is the most usual protocol for their 

immobilization on electrode surface [5,6,7]. Cofactor immobilization via the formation of 

interpenetrated organic-inorganic networks using a high molecular weight NAD
+
 derivative 

(NAD-dextran) was also tested. The commercially available NAD-Dextran compound is 

indeed known to be active when associated to dehydrogenases [2,3,4].  The macromolecule 

was introduced in the sol-gel matrix following a similar protocol as previous experiments. 

Figure IV-5A reports the typical response when increasing concentrations of D-sorbitol were 

introduced in the solution. The catalytic current increased regularly up to 16 mM, confirming 

the good behavior of this system. The stability of the electrode response was again evaluated 

by successive cyclic voltammograms in the presence of 10 mM D-sorbitol (Figure IV-5B). 
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The electrode response increased during the first hour of experiment and was then stable for 

more than 6 hours. This experiment was performed with using ferrocenedimethanol in 

solution as electron mediator between DI and the electrode surface for recycling the 

immobilized cofactor.  

 

                          (A)                                                                         (B) 

   

                                                         

 

 

 

   

 

 

 

 

 

Figure IV-5. (A) Cyclic voltammograms obtained with GCE/TEOS/PEI/(DSDH+DI)/NAD-

dextran in the absence of D-sorbitol (solid lines) and in the presence of D-sorbitol from 2 to 

16 mM (dashed line). (B) Evolution of the peak current intensity recorded for successive 

analyses of 10 mM D-sorbitol solutions at distinct periods of time, using GCE modified with 

the same sol as (A). Cyclic voltammograms have been performed in Tris-HCl buffer (pH 9) 

containing 0.1 mM FDM. Potential scan rate was 50 mV/s. 

 

 

2.4. Covalent attachment to the silica matrix with Glycidoxypropylsilane 

Glycidoxypropyl-trimethoxysilane (GPS) is a well known compound in sol-gel chemistry, 

widely used as adhesive layer in composite material, and can find application as part of 

protective coatings. This compound was recently proposed separately for chemical attachment 

of cofactor of silica nanoparticles [30] or protein immobilization into macroporous silica 

monolith [31]. Both approaches used first chemical grafting of the GPS on the silica substrate 

before taking advantage of the epoxide ring for further functionalization with the enzyme or 

the cofactor. GPS was also successfully used as silica precursor for the encapsulation of 

enzymes [32, 33]. In these previous reports, however, no attempt was made to get in situ 
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functionalization in a one-pot reaction and no discussion was provided on the question if, or 

how, the epoxy ring participates effectively to the immobilization process.  

    According to the literature, coupling an epoxy ring with the adenine moieties of the 

cofactor should be made in basic medium in order to get the most active biomolecules [26], 

but such conditions are prevented here as sol-gel bio-encapsulation can only be obtained in 

neutral conditions. We will show hereafter that despite this limitation, the confinement of the 

linked cofactor in the sol-gel matrix with using GPS allows good activity to be detected with 

high stability. Evidence of reaction between NAD
+
 and GPS can be obtained indirectly by 

electrochemistry and directly by infrared spectroscopy. 

 

2.4.1 Electrochemical evidences of NAD
+
 immobilization 

Here GPS was first let to react with NAD
+
 for at least 12 hours, before to be introduced as 

NAD-GPS educt into the sol that was deposited on the electrode surface along with other 

components (TEOS, PEI, enzymes). First of all, GPS provides to the film a very good 

adhesion to the glassy carbon electrode surface, because of the adhesive properties of this 

organosilane [ 34 ]. Typical amperometric and voltammetric responses of 

GCE/TEOS/PEI/(DSDH+DI)/NAD-GPS are reported in Figure IV-6A. Note that in this 

experiment the electron mediator (ferrocenedimethanol) was not immobilized on the electrode 

surface but simply introduced in solution. In these conditions a good electrocatalysis could be 

observed as shown by the increase in current upon successive additions of D-sorbitol from 0.5 

to 15.5 mM. CV curves in the presence of 15.5 mM D-sorbitol also display the typical curve 

of electrocatalytic detection (inset of Figure IV-6A).  

 

    Figure IV-6B compares the response of bioelectrodes prepared with and without GPS (i.e., 

GCE/TEOS/PEI/(DSDH+DI)/NAD-GPS and GCE/TEOS/PEI/(DSDH+DI)/NAD
+
, 

respectively) to 2 mM D-sorbitol. Both electrodes showed comparable current response 

around 6 µA at the beginning of the experiment but, while the amperometric signal of the 

bioelectrode prepared with GPS kept a rather stable value for ca. 14 hours of continuous 

reaction (curve a), that prepared without GPS showed very low stability as the 

bioelectrocatalytic response decreased dramatically during the first hour of the experiment 

and totally vanished after 5 hours (curve b). The current value of ca. 2.5 µA remaining at that 

time corresponds only to that of ferrocene (FDM) species in solution (which is even lower 

than that recorded in a control experiment made on bare GCE (about 3µA)). 
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Figure IV-6. (A) Chronoamperograms recorded at 0.4 V with GCE/TEOS/PEI/(DSDH+DI)/ 

NAD-GPS  film to successive additions of D-sorbitol; Inset plot: Cyclic voltammograms in the 

absence of D-sorbitol and in the presence of 15.5 mM D-sorbitol. (B) Chronoamperograms 

recorded at 0.4 V with (a) GCE/TEOS/PEI/(DSDH+DI)/NAD-GPS (i.e. in the presence of 

GPS) and (b) GCE/TEOS/PEI/(DSDH+DI)/NAD
+
 (i.e. in the absence of GPS). Measurements 

have been performed for 14 hours under convective conditions in 0.1 M Tris-HCl buffer (pH 9) 

containing 0.1 mM FDM and 2 mM D-sorbitol. 

 

 

2.4.2 ATR-FTIR spectroscopy 

2.4.2.1 ATR-FTIR monitoring of GPS hydrolysis 

 

Because the methoxy groups of GPS can easily hydrolyze in aqueous media, it was 

important to identify the characteristic spectral features occurring during the hydrolysis 

reaction before the analysis of the spectra in the presence of NAD
+
. All spectra are discussed 

in the more useful 1800-700 cm
-1

 region. 

Figure IV-7 shows the time-evolution of the ATR-FTIR spectra during 18 hours GPS 

hydrolysis in Tris-HCl buffer at pH=7.5. This figure shows also the ATR-FTIR spectrum of 

GPS in water after 1 h 40 min hydrolysis. The bands assignment was made according to the 

literature [35, 36].  

The more interesting bands against hydrolysis of GPS are discussed below. In the spectrum 

of pure GPS (Figure IV-8), broad, poorly resolved bands are centered at 1076 cm
-1

. They are 

mainly assigned to C-O, Si-O stretching modes of glycidoxy and methoxy groups. Their 
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intensities decreased with the increase of the hydrolysis of GPS. At the same time, two bands 

at 1095 and 1016 cm
-1

 appeared (Figure IV-7&8). They are two major bands of the 

hydrolyzed GPS spectrum (Figure IV-7(k)), and they are assigned to Si-O-Si stretching 

modes of open chains and trimers of hydrolyzed GPS, respectively. Another group of bands 

absorbing below 850 cm
-1

 disappears with increasing hydrolysis, and are characteristic of non 

hydrolyzed GPS. They are mainly assigned to Si-C, Si-O, C-C stretching modes.  

 

              

 
Figure IV-7. (a)-(j) Time evolution of ATR-FTIR spectra during 18 hours GPS hydrolysis in 

Tris-HCl buffer (pH=7.5) on a diamond ATR crystal (one spectrum every 2 hours). (k) ATR-

FTIR spectrum of GPS in water after 1 h 40 min. hydrolysis on a diamond crystal. Offsets of 

spectra are used for clarity. 

 

One interesting band absorbs at 911 cm
-1

. It is characteristic of the epoxide group and it 

was assigned to C-O, C-C stretchings and C-O torsion modes of this little cycle. One can note 

that the wavenumber of this band do not change in the course of hydrolysis. However, one 

can observe a quite big intensity increase with the increase of hydrolysis time. This is 

probably due a drastic change in the polarity of GPS with hydrolysis that leads to higher 

transition moments for these vibrational modes. This led us to conclude that the epoxide 

group did not open in the Tris-HCl buffer used in the study. The hydrolysis reaction in Tris-

HCl buffer is also slower than in pure water, since after 18 hours of reaction the spectrum 

shows a mixture of the spectra of pure GPS and hydrolyzed GPS (Figure IV-7 (a, j, k)). It 

was probably because of some protecting interactions between the Si(OCH3)3 group of GPS 

and the amino or hydroxide groups of the Tris molecule. 
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Figure IV-8. ATR-FTIR spectra on a diamond ATR crystal of (a) pure GPS, (b) GPS and 

PEI(5%) after about 15 h in Tris-HCl buffer (pH=7.5), (c) GPS after about 14 hours in Tris-

HCl buffer, (d) GPS after 1h40 in pure water and (e) and 5 % PEI in Tris-HCl buffer at pH 

7.5. Offsets of spectra are used for clarity. 

 

 

2.4.2.2 ATR-FTIR spectrum of NAD+ 

Figure IV-9 shows the spectrum of NAD
+
 in Tris-HCl buffer with main group 

assignments determined according to the literature [37, 38, 39, 40, 41]
 
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure IV-9. ATR-FTIR spectrum of NAD

+
 (0.3 M) in Tris-HCl buffer (pH=7.5) on a 

diamond ATR crystal. 
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2.4.2.3 Evidence of reaction between cofactor and GPS  

 

Figure IV-10 shows the time-evolution of the ATR-FTIR spectra during 18 hours reaction 

of GPS with NAD
+
 (1:1 molar ratio) in Tris-HCl buffer. Here, C=O stretching band at 1696 

cm
-1

 from the nicotinamide of NAD
+
 does not change during the course of the reaction. It can 

be concluded that this group do not react with GPS (such reaction would have prevented 

electrocatalytic activity). Weak bands that absorb between 1370 and 1310 cm
-1

 are 

characteristic of the adenine part of NAD
+
 [39]. The profile of these weak, poorly resolved 

bands change with increasing time. This suggested that the adenine group react with GPS, but 

it is not possible to identify precisely the reacting bonds. 

 

 

 

 
Figure IV-10. Time evolution of ATR-FTIR spectra during 18 hours reaction of GPS (0.3 M) 

with NAD
+
 (0.3 M) in Tris-HCl buffer (pH=7.5) on a diamond ATR crystal (one spectrum 

every 5 min. during 30 min. then at 1 h, 2 h, 3 h, 5 h, 8 h, 11 h, 14 h, 18 h of reaction). Inset 

plot shows a detail of this spectrum between 870 and 940 cm
-1

. The scheme shows the 

possible reaction between N-1 of NAD
+
 and the epoxide ring of GPS. 

 

 

The intensity of the bands between 1300 and 1000 cm
-1

 increases with increasing time. 

Even though GPS was already partly hydrolyzed when FTIR monitoring started (bands 

around 1100 and at 1015 cm
-1

), it shows the continuing hydrolysis and rearrangement of 

hydrolyzed species during the time of the reaction monitoring (note that PO2 elongation from 

phosphate groups can also be found in this region).  
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One interesting spectral feature is the intensity decrease of the band at 911 cm
-1

 that is 

assigned to the epoxide group of GPS. It shows that this group is opened when in the presence 

of NAD
+
 while no opening of this epoxide ring was observed in Tris-HCl buffer alone 

(Figure IV-7.). The intensity of this band decreases during 8 hours of reaction, and then stays 

almost constant showing the end of the reaction. After 8 hours, a residual weak band stays 

with constant intensity on the spectrum. It is due to a ribose νC-C mode from NAD
+
 (see 

Figure IV-9).  

 

     According to previous work from Fuller et al [26], the conditions that were used here 

should lead to the alkylation of NAD
+
 at position N-1 (see scheme on Figure IV-10). This 

compound displays very low activity with dehydrogenase [42]. For optimal enzymatic activity, 

the cofactor should better be attached through the C-6 amino group rather than the N-1 ring 

nitrogen. This is usually obtained in basic medium using hours of reaction. But such condition 

cannot be used here as it would induce a rapid gelification and would make impossible the 

further encapsulation of proteins. Despite this possible limitation, the high concentration of 

NAD
+
 and the confinement inside the gel at close distance to the proteins (dehydrogenase and 

diaphorase) allows measuring good enzymatic activity with DSDH (Figure IV-6.). 

 

                             

Figure IV-11. Experiment of chronoamperometry recorded at 0.4 V with 

GCE/TEOS/PEI/(DSDH+DI)/NADH+GPS (i.e. replacing NAD
+
 by NADH and following the 

same protocol). Measurements have been performed for 14 hours under convective conditions 

in 0.1 M Tris-HCl buffer (pH 9) containing 0.1 mM FDM and 2 mM D-sorbitol. 
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Figure IV-12. Time evolution of the ATR-FTIR spectra during the 18 hours reaction of GPS 

(0.3 M) with NADH (0.3 M) in Tris-HCl buffer (pH=7.5) on a diamond ATR crystal (one 

spectrum at 0, 15, 30 min and at 1, 2, 5, 8, 11, 14 and 18 h of reaction). Inset plot shows a 

detail of the same spectra between 940 and 870 cm
-1

. 

 

 

A final control experiment was made by replacing NAD
+
 by NADH for the reaction with 

GPS following the same protocol. Indeed, the electrochemical biosensor/bioreactor is 

expected to operate independently on the initial form of the cofactor (because the required 

form is continuously regenerated via the electron mediator). This time, no decrease was 

observed at 911 cm
-1

 (Figure IV-12). At the opposite, the band ascribed to GPS was slightly 

increasing due to the hydrolysis of alkoxysilane moieties. A similar effect was observed 

during the simple hydrolysis of GPS in Tris-HCl buffer (Figure IV-7). The reduced form of 

the cofactor did not react with the epoxide ring in the smooth condition of the sol-gel protocol. 

This absence of alkylation was confirmed by electrochemical measurements. The electrode 

was responding to D-sorbitol additions, but the electrochemical response was not stable and 

disappeared in less than 3 hours (Figure IV-11). This trend is comparable to the one observed 

with the film prepared in the absence of GPS (Figure IV-6B, curve b). 

 

In addition to the attachment of the cofactor, the different components participate to the 

good stability of the sol-gel film. By comparison, PEI was here replaced by PDDA. As 

mentioned in the first section of the discussion, this later polyelectrolyte did not lead to 
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electrocatalytic activity when NAD
+
 is present in the film. In addition, it was observed that 

PDDA led to swelling films with limited stability (few hours). Only the association between 

PEI and GPS permitted to obtain good film stability with good catalytic activity. FTIR was 

also used to monitor an eventual reaction between PEI and GPS but no evidence of coupling 

between them could be observed by following the intensity of the signal at 911 cm
-1

(Figure 

IV-8). Contrarily to PAA or PDDA that are linear polymer, PEI is a branched polymer and we 

suppose it can be better distributed in the sol-gel layer. This would be the main explanation of 

the good stability of this bio-organic-inorganic hybrid sol-gel layer, but reaction between PEI 

and GPS can not be totally exclued during drying and aging that were not monitored by FTIR. 

 

 

3. Co-immobilization dehydrogenase and cofactor in 

electrodeposited sol-gel thin film  

 

It was demonstrated in section 2 of this chapter that dehydrogenase and cofactor can be 

readily co-immobilized in silica sol-gel films on electrode surfaces, showing effective bio-

electrochemical activity if using PEI and GPS as additive in the sol, but those works were 

performed using drop-coating to deposit sol-gel films. In the present section, this approach 

has been extended to electrochemically-assisted deposition of the sol-gel layer. 

 

3.1 The feasibility on GCE 

 

First of all, the co-immobilization of DSDH, DI and NAD-GPS by electrochemically-

assisted deposition is evaluated on glassy carbon electrode. Figure IV-13 displays the 

response to D-sorbitol obtained with a GCE electrode modified by the electrogenerated silica 

film with encapsulated DSDH, diaphorase and GPS functionalized cofactor (NAD-GPS). 

Before addition of D-sorbitol, a well defined electrochemical signal due to 

ferrocenedimethanol could be observed (plain line). The addition of D-sorbitol in the solution 

from 2 to 6 mM led to a significant increase in the current response (dashed lines). The 

electrochemically-assisted silica gel deposition is thus an effective method for the co-

immobilization of DSDH and NAD on electrode surfaces. Note that PEI was here used as 

polyelectrolyte for stabilizing the protein in the sol-gel film. 
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Figure IV-13. Cyclic voltammograms obtained using GCE modified by TEOS/NAD-

GPS/PEI/(DSDH+DI) film in the absence and presence of D-sorbitol. Films have been 

deposited by electrolysis at -1.3 V for 60 s with a sol containing 0.15M TEOS, 14 mM NAD-

GPS, 2.3 mg/mL DSDH, 0.76 mg/mL DI and 1.5% PEI. Cyclic voltammograms have been 

performed in 0.1 M Tris-HCl buffer, in the presence of 0.1m M FDM. Potential scan rate was 

50 mV/s. 

 

    

3.2 The feasibility on flat gold electrode 

The co-immobilization of DSDH, DI and NAD-GPS by electrochemically-assisted 

deposition was then evaluated on flat gold electrode. Figure IV-14 displays the response to 

D-sorbitol obtained with a flat gold electrode modified by the electrogenerated silica film with 

encapsulated DSDH, diaphorase and NAD-GPS.  

   We first started with the same conditions as used for the experiment on glassy carbon 

(Figure IV-13), but these conditions did not allow to be extended to gold electrode without 

changing. It was in fact necessary to introduce a small amount of PDDA in the sol for 

improving the adhesion of the film on the gold electrode. Figure IV-14 shows the 

electrochemical response obtained with the modified electrode prepared with both PEI and 

PDDA as polyelectrolyte additive. Before addition of D-sorbitol, a well defined 

electrochemical signal due to ferrocenedimethanol could be observed. The addition of D-

sorbitol in the solution from 2 to 10 mM led to a significant increase in the current response. 

The co-immobilization of DSDH and GPS-NAD on gold electrode surfaces was properly 

achieved by using both PEI and PDDA as polyelectrolyte additive.  
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    Cofactor immobilization together with DSDH and diaphorase was successfully achieved in 

sol-gel film prepared by electrodeposition. As for the proteins, the appropriate choice of 

polyelectrolyte and concentration in the sol was critical for getting the optimal film deposition 

and electrocatalytic activity. A combination of PEI and PDDA was used for 

electrochemically-assisted deposition of this sol-gel biocomposite with co-immobilized 

DSDH, diaphorase and cofactor on gold surface. Such process has been also applied to the 

functionalization of macroporous electrodes. 

 

 

                 

 

 

 

 

 

 

 

 

 

 
Figure IV-14. Cyclic voltammograms obtained using gold electrode modified by TEOS/NAD-

GPS/PEI/PDDA/(DSDH+DI) film in the absence and presence of D-sorbitol. Films have been 

deposited by electrolysis at -1.3 V for 60 s with a sol containing 0.15M TEOS, 14 mM NAD-

GPS, 2.3 mg/mL DSDH, 0.76 mg/mL DI and 1 % PEI and 0.5% PDDA. Cyclic 

voltammograms have been performed in 0.1 M Tris-HCl buffer, in the presence of 0.1m M 

FDM. Potential scan rate was 50 mV/s. 

 

 

3.3 Extension to the macroporous gold electrode 

    The above approach was extended to macroporous gold electrode displaying a much larger 

electroactive surface area in comparison to the geometric one. A deposition condition -1.3 V, 

60 s (versus the Ag/AgCl reference electrode) was used in previous experiment. Despite the 

good catalytic response was obtained on the flat gold electrode, the deposited sol-gel film was 

rather thick. In macroporous electrodes the situation is even more complex as the pore 

interconnections can be rapidly blocked by the electrogenerated silica gel layer. Low potential 

and deposition times are here needed to prevent the rapid macropore clogging. Here, films 

have been deposited by electrolysis at -1.1 V for 30 s. Figure IV-15A displays the response to 

0,0 0,1 0,2 0,3 0,4 0,5

0

10

20

30

40

2-10mM

D-sorbitol

I 
/ 
µ

A

E versus Ag/AgCl / V



                       Chapter IV. Co-immobilization of dehydrogenase and cofactor in sol-gel matrix 

 

 

133 

 

D-sorbitol obtained with a flat gold electrode modified by the electrogenerated silica film with 

encapsulated DSDH, DI and NAD-GPS. The electrode was found to be sensitive to successive 

additions of D-sorbitol, as shown by the increase in peak current intensity for the oxidation of 

ferrocenedimethanol. By comparison, a much higher response was observed when doing the 

same experiment with a macroporous gold electrode (three half layers) modified in the same 

conditions by the bio-composite layer (Figure IV-15B). The macroporous texture of the gold 

electrode improves thus significantly the catalytic efficiency of the sol-gel biocomposite. 

These experiments point out the feasibility of surface modification of such porous material 

with an electrodepostied sol-gel biocomposite with co-immobilized NAD
+
, DSDH and 

diaphorase. 

 

                      (A)                                                                (B) 

 

 

 

 

 

 

 

 

 

 
Figure IV-15. Cyclic voltammograms obtained using (A) flat and (B) macroporous (660 nm, 

three half layers) gold electrode modified by TEOS/NAD-GPS/PEI/PDDA/(DSDH+DI) film 

in the absence and presence of D-sorbitol. Films have been deposited by electrolysis at -1.1 V 

for 30 s with a sol containing 0.15M TEOS, 14 mM NAD-GPS, 2.3 mg/mL DSDH, 0.76 

mg/mL DI and 1 % PEI and 0.5%. Cyclic voltammograms have been performed in 0.1 M 

Tris-HCl buffer, in the presence of 0.1m M FDM. Potential scan rate was 50 mV/s. 

 

 

4. Conclusion 

    A successful strategy for dehydrogenase, diaphorase and cofactor co-immobilization in sol-

gel films has been developed. It involves the chemical bonding of NAD
+
 to the epoxide group 

of glycidoxypropylsilane (GPS) before co-condensation of the organoalkoxisilane with 

tetraethoxysilane in the presence of the proteins (dehydrogenase and diaphorase) and a 
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polyetheleneimine additive (PEI). All the operations are done in smooth conditions 

compatible with the sol-gel bio-encapsulation process. By comparison with the simple 

encapsulation of NAD
+
 or NAD-dextran or adsorption of NAD

+
 on carbon nanotubes, the 

strategy with GPS is cheaper, simpler to implement and leads to more stable sol-gel films. 

The electrode shows good stability under stirring for more than 14 hours. The sol-gel 

biocomposite can be deposited on the electrode surface either by evaporation of the sol or by 

sol electrolysis (i.e. electrochemically-assisted deposition). Finally, the functional layer has 

been successfully deposited in macroporous gold electrodes and applied for the oxidation of 

D-sorbitol. The macroporous texture of the gold electrode improves significantly the catalytic 

efficiency of the sol-gel biocomposite in comparison with a flat gold electrode. By 

comparison with the methods previously employed, the strategy that is described here offers a 

simple, cheap and clean way but effective approach to the development of integrated 

dehydrogenase-based bio-electrochemical devices. 
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Chapitre V. Immobilisation du médiateur 

électrochimique au sein de la matrice sol-gel et 

co-immobilisation avec la déshydrogénase et le 

cofacteur NAD+ 

 

Dans ce chapitre sont présentés les travaux menés pour immobiliser le médiateur 

électrochimique au sein de la matrice sol-gel afin d’établir la communication électronique 

entre le centre redox de la diaphorase et l’électrode. Les médiateurs utilisés sont soit des 

groupements ferrocène liés chimiquement à la poly(ethyleneimine) ou à une fonction silane 

(qui peut alors être introduite dans la matrice sol-gel par co-condensation) ou un polymère 

d’osmium fournit par le groupe du Prof. Schuhmann de la Ruhr-Universität (Bochum, 

Allemagne). Nous avons observé que le glycidoxypropylsilane (GPS) utilisé pour fixer 

chimiquement le cofacteur à la matrice de silice permettait également d’améliorer la stabilité 

de la fixation du médiateur électrochimique. La co-immobilisation de la DSDH, de la 

diaphorase, du cofacteur NAD
+
 et du médiateur électrochimique a alors été étudiée, tout 

d’abord en déposant la couche mince sol-gel par évaporation du sol et enfin en utilisant le 

procédé d’électrogénération sol-gel. Alors que l’évaporation permet la formation de couches 

minces dans lesquels tous les éléments encapsulés peuvent communiquer entre eux 

efficacement, l’électrogénération induit une perte d’activité du médiateur électrochimique et 

donc une absence d’activité bioélectrocatalytique. 
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Chapter V. Mediator immobilization in sol-gel 

matrix and co-immobilization with 

dehydrogenase and cofactor 

 

 

In this chapter, diaphorase has been used in addition to the dehydrogenase in order to ensure 

the safe regeneration of the NAD
+
 cofactor, using ferrocene species or osmium polymer as 

electron shuttles between the diaphorase and the electrode. First of all, the immobilization of 

ferrocene species and osmium polymer in sol-gel matrix was studied. The influence of GPS as 

additives for the mediator immobilization was described. Then, the feasibility of co-

immobilization base on sol-gel film was evaluated by one step drop-coating. In addition, 

electrochemically-assisted deposition of sol-gel thin film to co-immobilize dehydrogenase, 

diaphorase, the cofactor NAD
+
 and an electron mediator was also investigated. 
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1. Introduction 

 

    Near 300 dehydrogenases are known to catalyze the oxidation of a variety of substrates. 

However, there are some difficulties in the development of dehydrogenase-based reagentless 

devices because of the high over-potential for the direct oxidation of NADH that results in the 

formation of non-active form of cofactors. Some of these difficulties can be minimized 

through the use of redox mediators that shuttle electrons between the cofactor and the 

electrode surface [1]. The oxidation of NADH can also be achieved using the enzyme 

diaphorase (DI). The association of diaphorase with mediators to regenerate cofactor at the 

electrode surface has already been reported [2, 3, 4]. The regeneration of cofactor with the 

participation of diaphorase ensures that only enzymatically active cofactors are produced 

selectively. Mediator is necessary because the diaphorase shows only very slow rates of 

electron transfer to electrode surfaces [5]. Ferrocene species [3] are by far the most common 

among the mediators used in combination with diaphorase for cofactor regeneration. Osmium 

redox polymers have also been proposed recently for such applications [4]. 

 

    The difficulty to elaborate reagent free device comes from the development of a suitable 

matrix in which all component of the electrochemical detection are immobilized in a stable 

form, i.e. the enzyme(s), the cofactor and the electrocatalytic system for cofactor detection 

and regeneration. Sol-gel materials are known to have very promising features as  

immobilization matrices, because they can be prepared at room temperature and can retain the 

catalytic activity of the biomolecules [6, 7, 8]. By changing the experimental conditions of the 

sol-gel process, gel structures with related characteristics can be obtained. A very large 

number of enzymes have been trapped within sol-gel films, showing that they usually retain 

their catalytic activity and can even be protected against degradation [9, 10, 11]. Moreover, 

during the sol-gel process, additional substances such as redox mediators, e.g. Ruthenium 

complex [12], toluidine blue [13 ], thionin [14], or ferrocene [15], can also be easily 

incorporated into the final structure. Despite the long history of using sol-gel material for 

enzymes immobilization and mediator immobilization, no work has been reported regarding 

the co-immobilization of enzyme, cofactor and mediator by using a sol-gel material to 

construct this reagentless device. 

In this work, a series of strategies allowing dehydrogenase, cofactor and electron mediator co-

immobilization in sol-gel thin films have been investigated. As illustrated on Scheme V-1, 
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oxidation of the enzymatic substrate by the immobilized dehydrogenase induces NAD
+
 reduction 

to NADH. Diaphorase catalyses then the oxidation of the immobilized NADH back to NAD
+
 and 

the electron transfer from the diaphorase to the glassy carbon electrode surface is carried out by 

the immobilized mediators. These mediator species can be ferrocene species (ferrocene linked to 

a poly(ethylenimine) or a ferrocene-silane) or an osmium polymer. First of all, the 

immobilization ferrocene species and osmium polymer in the sol-gel matrix are shown. The 

influence of glycidoxypropylsilane (GPS) as additive to improve the long term stability of the 

mediator immobilization is studied. Then, the feasibility of co-immobilization of dehydrogenase, 

diaphorase and cofactor in the sol-gel film is evaluated by one step drop-coating. Attempt to 

perform this co-immobilization by electrochemically-assisted sol-gel deposition is finally 

presented. 

 

                  

Scheme V-1. Illustration of the electrochemical pathway used for the detection of the 

dehydrogenase enzymatic substrate. 
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2. Fc-PEI as co-immobilized mediator 

Ferrocene (Fc) species are commonly used in combination with diaphorase for cofactor 

regeneration. The great interest in ferrocene derivatives originates from their fast electron 

transfer properties, their pH-independent redox potentials, and their efficient electrochemical 

reversibility [16]. In this process, NADH reacts with diaphorase and the electrochemically 

generated ferricinium ions to produce NAD
+
 and ferrocene species that can be re-oxidized in 

the electrocatalytic scheme (see Scheme V-1). 

 

2.1 Co-immobilization in drop-coated sol-gel film 

2.1.1 Effect of GPS on Fc-PEI immobilization 

The ferricinium ion is much more soluble than ferrocene itself [17]. Therefore, the main 

problem in using Fc is a gradual leakage, from the electrode surface, of the mediator via its 

oxidized form. One way to overcome the above problem is attaching the Fc to a polymer. 

Poly(ethylenimine) (PEI) is an attractive candidate to serve as a redox polymer backbone for a 

high degree of functional density on the polymer to facilitate modification and high segmental 

mobility. Liu et al. coupled ferrocene carboxaldehyde to PEI and incorporated these redox 

polymers into polyelectrolyte multilayer films via a layer-by-layer deposition technique [18]. 

Hodak et al. reported the redox mediation of glucose oxidase (GOx) in a self-assembled 

structure of cationic protonated poly-(allylamine) modified by ferrocene (PAA-Fc) and 

anionic GOx deposited electrostatically layer-by-layer on negatively charged alkanethiol-

modified Au surfaces [19]. Zheng et al. prepared PEI with attaching both the redox mediator 

(ferrocene) and the native cofactor (NAD
+
), and then the modified polymer was immobilized 

with the NAD-dependent dehydrogenase to construct reagentless amperometric biosensor [20]. 

Here, the synthesized Fc-PEI is introduced into the sol-gel matrix to construct the mediator 

modified electrode with the idea to form an interpenetrated organic-inorganic hybrid ensuring 

durable immobilization of the mediator. Figure V-1A shows cyclic voltammograms recorded 

with a GCE modified by TEOS sol-gel film containing Fc-PEI. A well-defined CV signal can 

be observed, but it is not stable on multiple potential scan due to the rapid leaching of the 

mediator. Unfortunately, the leakage of Fc from the electrode can not be prevented by the 

chemical attachement of Fc to PEI. 
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The chemical structure of the alkoxysilane precursors and the composition of the sol-gel 

mixture influenced the roughness, the size and the distribution of pores in the sol-gel films, 

which are important criteria for both efficient enzyme and mediator encapsulation. It is 

reported that the formation of sol-gel from GPS precursor comparing with the other 

(organol)alkoxyoxysilane precursors lead to the formation of a more uniform thin film with 

smaller pores [21, 22], which would allow stable enzyme and mediator immobilization. Here, 

we try to introduce GPS inside the sol-gel matrix to improve the stability of mediator 

immobilization with the idea to encapsulate more effectively Fc-PEI to the structure via 

favourable interaction between amino group and epoxide function of GPS. Figure V-1B 

shows cyclic voltammograms recorded with a GCE modified by TEOS/GPS sol-gel film 

containing Fc-PEI. In this case, the stability of the electrochemical response upon multisweep 

is satisfactory, which can maintain several potential scans without degradation. Using GPS as 

additive in TEOS sol-gel matrix can indeed enhance the stability of the Fc-PEI 

immobilization. 

 

                                       (A)                                                              (B) 

 

 

 

 

 

 

 

 

 
Figure V-1. Cyclic voltammograms recorded with a GCE modified by drop-coated (A) 

TEOS/PEI/Fc-PEI;(B) TEOS/GPS/PEI/Fc-PEI film in the 0.1 M Tris-HCl buffer (pH 9) at a  

scan rate of 50 mV/s, scan cycle, 5. 

 

 

2.1.2 Co-immobilization of Fc-PEI, DSDH, DI and cofactor 

    Here, the co-immobilization of Fc-PEI, cofactor, DSDH and diaphorase inside the silica gel 

has been investigated. Fc-PEI, GPS functionalized cofactor (NAD-GPS), DSDH and 
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diaphorase are mixed together inside sol. All these components are encapsulated in one step 

into the silica gel layer by drop-coating to get TEOS/GPS/Fc-PEI/NAD-GPS/DSDH/DI film 

modified electrode. 

 

                         (A)                                               (B)                                              (C) 

 

 

 

 

 

 

 

 
Figure V-2. (A) Cyclic voltammograms recorded at GCE modified with TEOS/GPS/Fc-

PEI/NAD-GPS/DSDH/DI film in the absence of D-sorbitol and in the presence of 2.8 mM D-

sorbitol. (The film was prepared with a sol containing 0.077 M TEOS, 0.0385MGPS, 14 mM 

NAD-GPS, 2.3 mg/mL DSDH, 0.76 mg/mL DI and Fc-PEI by drop-coating); (B) 

Amperometric responses recorded at an applied potential of 0.4 V to successive additions of  

0.2mM D-sorbitol in stirred solution. (C) Corresponding calibration plot.  All measurements 

were performed in the 0.1 M Tris-HCl buffer (pH 9). 

 

 

Figure V-2A shows the electrochemical response of the film to the addition of D-sorbitol in 

solution. In the absence of D-sorbitol, only the electrochemical signal of ferrocene is observed. 

The addition of D-sorbitol induces an increase of the anodic current and a decrease of the 

cathodic current. It corresponds to the electrochemical oxidation of the NADH cofactor 

produced by the encapsulated DSDH while oxidizing D-sorbitol. Here the enzymatic cofactor 

is detected at the diaphorase modified GCE by using ferrocene as electron mediator. NADH 

reacts with diaphorase and the electrochemically generated ferricinium ions to produce NAD
+
 

and ferrocene species that can be re-oxidized in the electrocatalytic scheme. Figure V-2B 

shows amperometric responses of the modified electrode to D-sorbitol in a stirred solution. 

An increasing electrocatalytic response is obtained upon the addition of 0.2 mM D-sorbitol. 

The electrocatalytic response is about three times lower with the mediator inside the film by 

comparison with the response with the mediator in solution (Figure IV-6). Figure V-2C 

shows the corresponding calibration plot, the current intensity increases regularly with the D-

sorbitol concentration up to 2.2 mM and starts to level off for higher concentrations. 
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We have here studied the electrode stability (Figure V-3). The response to 2 mM D-

sorbitol of electrodes prepared the same way, with (curve a) and without GPS (curve b) are 

monitored during 14 hours. In the absence of GPS, the electrode current decreases 

dramatically during the first 500 s (before the addition of D-sorbitol), due to the rapide loss of 

Ferrocene and NAD
+
 in the solution. After the addition of D-sorbitol, only faintly visible 

current increase is obtained, that reach quickly a current value close to zero. At the opposite, 

the electrode prepared with GPS display a very good stability, and just a limited (few percents) 

decrease in current intensity was observed, possibly due to loss of enzymatic activity during 

the long operation. GPS has here two functions, it allows to chemically attach NAD
+
 to the 

silica matrix and it stabilizes the overall assembly for improved long-term stability. 

 

 

 

 

 

 

 

 

 

Figure V-3. Chronoamperograms recorded at 0.4 V with GCE modified by (a) 

TEOS/GPS/Fc-PEI/NAD-GPS/DSDH/DI; (b) TEOS/Fc-PEI/NAD-GPS/DSDH/DI film. 

Measurements have been performed for 14 hours oxidation under convective conditions in 0.1 

M Tris-HCl buffer (pH 9) containing 2 mM D-sorbitol. 

 

 

2.2 Co-immobilization in electrogenerated sol-gel films  

2.2. Immobilization of Fc-PEI in electrodeposited sol-gel thin films 

     The electrochemically-assisted deposition of silica thin film involves the local increase of 

the pH that induces rapid gelification at the electrode surface. In order to develop a mediator 

immobilization method compatible to macroporous electrodes, we try to extend the previous 

droping/evaporation approach to the electrochemically-assisted deposition of sol-gel film. 

Figure V-4 shows typical cyclic voltammograms recorded with a GCE modified by 

electrodeposited TEOS/GPS sol-gel film containing Fc-PEI. No electrochemical signal of 
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ferrocene was observed in the cyclic voltammograms. At the contrary to drop-coating, the 

electrodeposition involves a significant increase of pH during the gelification. It seems that 

these conditions limit the homogeneous incorporation of the ferrocene species in the sol-gel 

film, and limit strongly its electrochemical detection. 

 

 

 

 

 

 

 

 

 

Figure V-4. Cyclic voltammograms recorded with a GCE modified by electrodeposited 

TEOS/GPS/PEI/Fc-PEI in the 0.1 M Tris-HCl buffer (pH 9) at a scan rate of 50 mV/s, scan 

cycle, 10. Films have been deposited by electrolysis at -1.3 V for 60 s with a TEOS/GPS sol 

containing Fc-PEI. 

  

2.2.2 Co-immobilization in electrodeposited sol-gel thin film 

    It has been demonstrated in chapter IV that dehydrogenase and cofactor can be readily 

encapsulated in electrochemically-assisted deposition of sol-gel films on electrode surfaces. 

Although the immobilization of Fc-PEI by electrodepostion was not successful, we here try to 

co-immobilize DSDH, NAD-GPS and Fc-PEI in electrochemically-assisted deposition sol-gel 

films. Indeed, the introduction of enzyme and cofactor in the starting sol solution may bring 

some changes of the film properties. However, only faintly visible electrochemical signal of 

ferrocene could be observed in the absence of D-sorbitol (Figure V-5). The addition of D-

sorbitol did not induce any increase of the anodic current. Oppositely, the electrochemical 

signal of ferrocene decreased strongly.  

Obviously the differences in gel texture/structure between the film obtained by drop-

coating and electrodeposition lead to different electrochemical behaviour. In order to improve 

the incorporation of the ferrocene species in the electrogenerated sol-gel film, another strategy 

involving Fc-silane has been tested and is presented in the next section. 
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Figure V-5. Electrochemical response of glassy carbon electrode modified by 

TEOS/GPS/PEI/Fc-PEI/NAD-GPS/DSDH/DI film in the absence and in the presence of D-

sorbitol from 2mM to 4mM. Films have been deposited by electrolysis at -1.3 V for 60 s with a 

TEOS/GPS sol containing DSDH, DI, NAD-GPS and Fc-PEI. Cyclic voltammograms have 

been performed at 50 mV/s in 0.1 M Tris-HCl buffer. 

 

     

3. Fc-silane as co-immobilized mediator 

The synthesis of sol-gel silica material [23, 24, 25] has become a vast area of research 

during the last few years. The silica framework can be synthesized in part from alkoxide 

precursors containing a nonhydrolyzable Si-C bond, i.e. R4-xSi(OR’)x, where R represents the 

desired reagent or functional group. One of the possible applications of such materials in the 

development of sensors is the attachment of the redox material to the surface of electrode. 

Audebert et al. [25] developed a modified electrode from organic-inorganic hybrid gels 

formed by hydrolysis-polycondensation of some trimethoxysilylferrocenes. In this work, the 

used organic-inorganic hybrid gels contain ferrocene units covalently bonded inside a silica 

network. There is a great potential to study such ferrocene linked sol-gel silica material for 

mediated biosensor applications. Some works on ferrocene based sol-gel sensors are available 

[26, 27, 28]. Here, Fc-silane (see the top of Figure V-6) comes to our consideration due to the 

problems of mediator immobilization through electrodepostion as demonstrated above. We 

expect Ferrocene functionalized with silane could improve mediator immobilization through 

electrodeposition. As previously, the first tests have been performed on the basis of drop-

coated sol-gel film before to consider electrodeposition. 
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3.1 Co-immobilization in drop-coated sol-gel film 

3.1.1 Effect of GPS on Fc-silane immobilization 

Fc-silane serves as co-condensation precursors to functionalize the sol-gel films. One 

drawback of this Fc-silane was the limited solubility in the sol and the limited control on the 

quantity. Figure V-6 shows a comparison of silane functionalized ferrocene immobilization in 

the presence and absence of GPS. In the absence of GPS (Figure V-6A), a well-defined 

oxidation/reduction peak coming from ferrocene was observed, but even if its stability on 

multiple potential scanning is improved in comparison with Fc-PEI, the long term stability 

was still not satisfactory. In the presence of GPS, the stability of the electrochemical response 

upon multisweep was further improved (Figure V-6B), and could be maintained on several 

potential scans without degradation. As previously discussed, GPS as additive in TEOS sol-

gel matrix can greatly enhance the stability of the assembly. 

                                             

                                    (A)                                                             (B) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-6. Cyclic voltammograms recorded with a GCE modified by drop-coated (A) 

TEOS/Fc-silane/PEI;(B) TEOS/GPS /Fc-silane/PEI film in the 0.1 M Tris-HClO4 buffer (pH 9) 

at a  scan rate of 50 mV/s, scan cycle, 10. 

 

 

3.1.2 Co-immobilization of Fc-silane, DSDH, DI and cofactor 

The ferrocene-silane compound has been then associated with the other components of the 

reagentless device. First, a sol solution with Fc-silane as co-condensation precursors was 

prepared, then, GPS functionalized cofactor, DSDH and diaphorase were introduced into this 
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sol and drop-coated on GCE. Figure V-7A shows that it worked quite nicely with a well 

defined reversible electrochemical signal of ferrocene (plain line). It was found that the 

oxidation peak increase in the presence of 7 mM D-sorbitol and the reduction peak 

disappeared at the same time (dashed line). Figure V-7B shows amperometric responses of 

the modified electrode to D-sorbitol in a stirred solution. An increasing electrocatalytic 

response was observed upon addition of D-sorbitol in stirred solution. The immobilized 

ferrocene silane could transfer efficiently electron between the diaphorase and electrode for 

the catalytic oxidation of NADH.  
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Figure V-7. Cyclic voltammograms recorded with a GCE modified by drop-coated 

TEOS/GPS /Fc-silane/PEI/DSDH/DI/NAD-GPS film in the absence and in the presence of 7 

mM D-sorbitol. Potential scan rate: 50 mV/s. (B) Amperometric responses recorded at an 

applied potential of 0.4 V to successive additions of different concentration of D-sorbitol in 

0.1 M Tris-HClO4 buffer (pH 9). 

 

 

 

3.2 Co-immobilization in electrogenerated sol-gel film 

3.2.1 Immobilization of Fc-silane in electrodeposited sol-gel thin film 

     Although several reports on silylated ferrocene derivatives immobilized on electrode 

surfaces are available [25, 26, 27, 28], most of them were prepared by drop-coating or spin-

coating. To our knowledge, no work has been reported regarding ferrocene-silane derivatives  
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immobilization through electrochemically-assisted deposition of silica sol-gel thin films. Here, 

electrochemically-assisted deposition of sol-gel film was applied for ferrocene-silane 

immobilization. The films have been deposited by electrolysis at -1.3 V for 60 s with a sol 

containing TEOS, GPS and Fc-silane. Figure V-8 shows cyclic voltammograms recorded 

with a GCE modified by TEOS/GPS/Fc-silane sol-gel film. The obtianed film displayed a 

well-defined oxidation/reduction peak coming from ferrocene, and this signal was stable on 

multiple potential without significant degradation. Ferrocene-silane can be immobilized in the 

sol-gel thin film through electrodeposition  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-8. Cyclic voltammograms recorded with a GCE modified by electrodeposited 

TEOS/GPS/PEI/Fc-silane film in the 0.1 M Tris-HClO4 buffer (pH 9) at a scan rate of 50 

mV/s, scan cycle, 10. Films have been deposited by electrolysis at -1.3 V for 60 s with a 

TEOS/GPS sol with Fc-silane as co-condensation precursors. 

 

 

3.2.2 Co-immobilization in electrodeposited sol-gel thin film 

 

    Figure V-9 shows cyclic voltammograms recorded with a GCE modified by 

electrodeposited sol-gel film prepared with TEOS, GPS and Fc-silane and containing DSDH, 

DI and NAD-GPS. In the absence of D-sorbitol, the well reversible electrochemical signal of 

ferrocene was observed. However, the addition of D-sorbitol in the solution did not induce 

any increase of the anodic current. 
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Figure V-9. Electrochemical response of glassy carbon electrode modified by TEOS/GPS 

/Fc-silane/PEI/DSDH/DI/NAD-GPS film in the absence and in the presence of D-sorbitol 

from 2 to 8 mM. Films have been deposited by electrolysis at -1.3 V for 60 s with a 

TEOS/GPS/Fc-silane sol containing DSDH, DI and NAD-GPS. Cyclic voltammograms have 

been performed at 50 mV/s in 0.1 M Tris-HClO4 buffer. 

 

 

    Good catalytic characteristic to D-sorbitol oxidation has been indicated in previous 

experiments with both proteins and cofactor immobilized in the electrodeposited sol-gel layer 

(Chapter IV section 3). In order to analyse this negative result, a similar film has been 

prepared without immobilized NAD
+
 (TEOS/GPS/Fc-silane/PEI/DSDH/DI/NAD-GPS) 

(Figure V-10).  In this experiment, the enzyme and the mediator were co-immobilized on the 

electrode surface, and the cofactor was introduced into the solution before electrochemical 

experiments. In the absence of D-sorbitol, only the reversible electrochemical signal of 

ferrocene was observed. The addition of D-sorbitol into the solution does not lead to 

noticeable modification of the current response and no increase of peak current can be 

observed at the potential of NADH oxidation. Obviously, the co-immobilization of the 

enzymes and mediator in the sol-gel film by electrodepostion does not exhibit 

electrochemically detectable activity. The communication between of immobilized ferrocene 

and diaphorase was not sufficient to allow electro-catalysis. The different gel texture expected 

for film obtained by evaporation (drop-coating) or electrodeposition could explain the 

difference observed between these two kinds of electrode. 
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Figure V-10. Electrochemical response of glassy carbon electrode modified by TEOS /GPS 

/Fc-silane/PEI/DSDH/DI film in the absence and in the presence of D-sorbitol from 2 to 4mM. 

Films have been deposited by electrolysis at -1.3 V for 60 s. Cyclic voltammograms have been 

performed at 50 mV/s in 0.1 M Tris-HClO4 buffer containing 1mM NAD
+
. 

 

    The co-immobilization of dehydrogenase, cofactor and electron mediator (Fc-PEI or Fc-

silane) in sol-gel matrix by drop-coating was successful. However, such co-immobilization by 

by using electrogenerated sol-gel thin films was not possible. For Fc-PEI, no electrochemical 

signal of ferrocen was observed after the immobilization by electrodepostion. The 

incorporation of ferrocene in the electrogenerated sol-gel film could be improved by using Fc-

silane, but no electrocatalysis was observed. These negative results obtained with ferrocene 

species in sol-gel electrodeposition led us to use different redox polymer for improving the 

connection between diaphorase and the electrode surface. Due to electrochemical reversibility, 

high electron transfer rate constant and stability of the Os-complexes, Osmium polymer has 

been recently proposed for such application and has been tested here. 

 

 

4. Os-polymer as co-immobilized mediator 

 

Flexible osmium redox polymers attracted the attention of a number of researchers due to 

the efficient electron shuttling properties combined with the polymeric structure, promoting a 

stable adsorption, as well as a possibility to immobilize the enzyme into multiple layers [29, 

30] on the electrode surface. Osmium polymers can serve as mediator for a wide range of 

oxidases to fabricate biosensor, such as, glucose oxidase [31], lactate oxidase [32] and alcohol 

oxidase [33]. Osmium polymer as mediator can also be used to fabricate dehydrogenase 
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biosensor in combination with diaphorase [34, 35]. The principle of this mediator can be 

schematized as follows: 

 

NADH + 2 Os
3+          DI

           NAD
+
 + 2 Os

2+
  

Os
2+ 

  
electrode     

   Os
3+

 + e
- 

    

 The produced NADH is reoxidized to NAD
+
 by DI with the concomitant reduction of the 

oxidized mediator (Os
3+

) to the reduced mediator (Os
2+

), which in turn is successively 

reoxidized at the electrode. 

 

4.1 Co-immobilization in drop-coated sol-gel film 

4.1.1 Effect of GPS on Os-polymer immobilization 

 

    One knows from literatures, osmium polymers as mediators have been immobilized on 

electrode surface to develop reagentless dehydrogenase biosensors. Riccarda et al. reported a 

biosensor based on glucose dehydrogenase (GDH) and diaphorase (DI) co-immobilized with 

NAD
+
 into a carbon nanotube paste (CNTP) electrode modified with an osmium 

functionalized polymer [34]. The carbon nanotubes could be wrapped up in the Os-polymer 

molecules when they are mixed together in the paste and this combination could improve the 

transfer of electrons between the mediator and the electrode material itself. Olha et al. 

developed reagentless amperometric formaldehyde-selective biosensors based on the 

recombinant yeast formaldehyde dehydrogenase. In this method, the polymer layers 

simultaneously served as a matrix for keeping the negatively charged cofactors and 

glutathione in the bioactive layer [36].  

     

    Here, we tested four kinds of synthesized Os-polymer (see Figure II-2) which were 

introduced into sol-gel matrix to construct the mediator modified electrode. All of them 

display similar electrochemical behaviours in the sol-gel matrix, so we only show the results 

of compound 1 in this section. Figure V-11A shows cyclic voltammograms recorded with a 

GCE modified by TEOS based sol-gel film containing the Os-polymer. A well-defined 

oxidation/reduction peak coming from osmium could be observed, but it was not stable on 

multiple potential scan due to the low stability of the assembly. Figure V-11B shows cyclic 

voltammograms recorded with a GCE modified by a sol-gel prepared with TEOS and GPS 
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and containing the Os-polymer. As it was observed previously with Fc-PEI, the presence of 

GPS greatly improves the stability of the electrochemical response upon multisweep cyclic 

voltammograms, the signal being maintained several potential scans without significant 

degradation. We suppose that GPS helps to stabilize the redox polymer (Fc-PEI and Os-

polymer) in the sol-gel environment. It also provides an improved electrochemical stability to 

the assembly. 
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Figure V-11. Cyclic voltammograms recorded with a GCE modified by drop-coated (A) 

TEOS/PEI/Os-polymer;(B) TEOS/GPS/PEI/Os-polymer film in the 0.1 M Tris-HCl buffer (pH 

9) at a  scan rate of 50 mV/s, scan cycle, 10. 

 

 

4.1.2 Immobilization of DI 
 

    The catalytic characteristic of the immobilized osmium was evaluated through the simple 

co-encapsulation of osmium and diaphorase. Figure V-12 shows the typical electrocatalytic 

response of the TEOS/GPS/PEI/Os-polymer/DI film to NADH. In the absence of NADH, the 

reversible electrochemical signal of osmium was observed. The addition of 0.3 mM NADH 

induced a modification of the electrochemical response, the anodic current increased while the 

cathodic signal disappeared, and the anodic peak current continued to increase with the 

NADH concentration. Diaphorase kept good catalytic characteristic toward NADH inside the 

sol-gel film, and the immobilized osmium can efficiently transfer the electron between the 

electrode and the diaphorase. 
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Figure V-12. Cyclic voltammograms recorded with a GCE modified by drop-coated 

TEOS/GPS/PEI/Os-polymer/DI film in the absence and presence NADH from 0.3 to 1.2mM. 

All cyclic voltammograms have been performed in Tris-HCl buffer (pH 9) at a scan rate of 50 

mV/s. 

 

 

4.1.3 Co-immobilization of Os-polymer, DSDH, DI and cofactor 

 

The co-encapsulation of osmium polymer, GPS functionalized cofactor (NAD-GPS), 

DSDH and diaphorase was evaluated with a drop-coated sol-gel film. Figure V-13 shows the 

electrochemical response of the film to the addition of D-sorbitol in solution. These results are 

comparable to the result obtained with Fc-PEI. The oxidation of D-sorbitol by DSDH leads to 

the production of NADH inside the film. NADH reacts with diaphorase and the 

electrochemically generated NAD
+
 and osmium species that can be re-oxidized in the 

electrocatalytic scheme. The electrocatalytic current increases with the addition of D-sorbitol 

from 2 to 6 mM. The co-immobilization of DSDH, DI, osmium polymer and NAD-GPS in 

sol-gel matrix does not prevent the efficient communication between them. NAD-GPS keep 

enough mobility to reach the enzymatic center of dehydrogenase, the dehydrogenase can 

catalyst the oxidation of D-sorbitol, and the DI/Osmium can decrease the overpotential of 

NADH detection for the smooth regeneration of the cofactor. 
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Figure V-13. Cyclic voltammograms recorded with a GCE modified by drop-coated 

TEOS/GPS/PEI/Os-polymer/DSDH/DI/NAD-GPS film in the absence and presence D-sorbitol 

from 2 to 6mM. All cyclic voltammograms have been performed in Tris-HCl buffer (pH 9) at 

a scan rate of 50 mV/s. 

 

 

4.2 Co-immobilization in electrogenerated sol-gel film 

4.2.1 Immobilization Os-polymer in electrodeposited sol-gel thin film 

     The encapsulation of Os redox polymer inside the electrodeposited silica gel has finally 

been investigated. Figure V-14 shows cyclic voltammograms recorded with a GCE modified 

by electrodeposited TEOS/GPS sol-gel film containing Os-polymer. No electrochemical 

signal of osmium can be observed in the cyclic voltammograms, so that this way of sol-gel 

film formation does not seem to be an adequate strategy for Os-polymer immobilization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure V-14. Cyclic voltammograms recorded with a GCE modified by electrodeposited 

TEOS/GPS/PEI/Os-polymer in the 0.1 M Tris-HCl buffer (pH 9) at a scan rate of 50 mV/s, 

scan cycle, 10. Films have been deposited by electrolysis at -1.3 V for 60 s with a TEOS/GPS 

sol containing Os-polymer. 
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4.2.2 Co-immobilization in electrodeposited sol-gel thin film 

The encapsulation of DSDH, DI, cofactor and Os redox polymer inside the electrodeposited 

silica gel led to a similar result and no visible electrochemical signals of Os neither before nor 

after the addition of D-sorbitol was observed (Figure V-15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure V-15. Electrochemical response of glassy carbon electrode modified by 

TEOS/GPS/PEI/Os/NAD-GPS/DSDH/DI film in the absence and in the presence of D-sorbitol 

from 2mM to 4mM. Films have been deposited by electrolysis at -1.3 V for 60 s with a 

TEOS/GPS sol containing DSDH, DI, NAD-GPS and Os-polymer. Cyclic voltammograms 

have been performed at 50 mV/s in 0.1 M Tris-HCl buffer. 

 

    The conclusion for Os-polymer is the same as for ferrocene species. Co-immobilization of 

all components (dehydrogenase, cofactor and electron mediator) in the sol-gel films can be 

successfully achieved by using drop-coating. However, the co-immobilization by using 

electrogenerated sol-gel thin films was not so successful due to the same limitation with the 

mediator immobilization.  

 

 

5. Conclusion 

    A series of strategies for dehydrogenase, cofactor and electron mediator co-immobilization 

in sol-gel thin films have been developed. First of all, ferrocene species (Fc-PEI and Fc-silane) 

or osmium polymers as mediators between diaphorase and the electrode have been 

successfully immobilized on the electrode within the sol-gel film, which allows the smooth 

regeneration of the cofactor. The importance of introducing GPS as an additive into the TEOS 

sol-gel-derived films has been pointed out with respect to mediator immobilization. GPS can 

greatly enhance the stability of the electrochemical response. Finally, successful co-
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immobilization of all components (dehydrogenase, cofactor and electron mediator) in sol-gel 

films was achieved by using drop-coating. All the components were able to communicate 

inside the silica gel layer for efficient electro-catalytic oxidation of D-sorbitol. The electrode 

displayed good stability under stirring for more than 14 hours. However, such co-

immobilization applied to electrochemically-assisted deposition of sol-gel thin films was not 

successful, revealing limitation with the mediator immobilization. An adequate distribution of 

the mediator in the sol-gel film could be achieved by drop-coating, allowing an efficient 

communication between the electrode and the protein. However, using the same sol, film 

prepared by electrodeposition did not display this property, and the electrocatalysis (for Fc-

silane) or even the oxidation/reduction of the mediator (for Fc-PEI and osmium polymer) was 

not observed. 
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Chapitre VI. Immobilisation du médiateur 

électrochimique sur les nanotubes de carbone et 

co-immobillisation avec une déshydrogénase et 

le cofacteur NAD+ 

 

    Dans ce chapitre, différentes stratégies ont été développées pour élaborer un composite sol-

gel/nanotubes de carbone permettant la co-immobilisation de la D-sorbitol déshydrogénase 

(DSDH), du cofacteur NAD
+
 et du médiateur (et éventuellement de la diaphorase). Une 

configuration en bicouche a été utilisée consistant à immobiliser dans un premier temps les 

nanotubes de carbone fonctionnalisés et à déposer ensuite la couche mince sol-gel par 

évaporation du sol ou par électrogénération.  Une attention particulière a été donnée à la co-

immobilisation par électrochimie des différents éléments du système bioélectrocatalytique 

dans la mesure où cet objectif n’avait pu être atteint par électrogénération en une étape 

(chapitre V). Les nanotubes de carbones à parois simples (SWCNT) ou multiples (MWCNT) 

ont été fonctionnalisés par quatre protocoles différents pour leur donner des propriétés 

catalytiques intéressantes pour l’oxydation de NADH (ou la réduction du NAD
+
) ; Ces 

protocoles sont (1) le traitement des nanotubes par micro-ondes (MWCNT-µW), (2) 

l’électropolymérisation du vert de méthylène (MWCNT-PMG), (3) le recouvrement des 

nanotubes par un polymère de type polyacrylate portant des complexes d’osmium(III) 

(MWCNT-Os), et (4) adsorption des complexes d’un complexe de rhodium (III) à la surface 

de nanotubes de carbone à paroi simple. Les électrodes de carbone vitreux fonctionnalisées 

par ces nanotubes de carbone présentes de bonnes propriétés catalytiques pour l’oxydation de 

NADH (1 et 2) ou la réduction de NAD
+
 (4), ou l’oxydation de NADH en présence de 

diaphorase (3). Les films sol-gel ont ensuite été déposés à la surface de ces nanotubes de 

carbone by évaporation du sol ou par électrogénération afin d’obtenir la co-immobilisation de 

la DSDH (et de la diaphorase quand nécessaire) et du cofacteur NAD
+
. 
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Chapter VI. Mediator immobilization on 

carbon nanotubes and co-immobilization with 

dehydrogenase and cofactor 

 

 

In this chapter, various bilayers strategies based on CNTs/sol-gel matrix are developed for 

the fabrication of reagent free devices in attempting to overcome the problems encountered 

with mediator immobilization through one step electrodepostion (chapter V). Carbon 

nanotubes (CNTs) have been functionalized by four different protocols in order to provide 

them catalytic properties for NADH (or NAD
+
) detection; they include (1) micro-wave 

treatment (MWCNTs-µW), (2) electrochemical deposition of poly(methylene green) 

(MWCNTs-PMG), (3) wrapping with a polyacrylate polymer holding osmium(III) complexes 

(MWCNTs-Os), and (4) adsorption a Rh (III) complex on SWCNTs. GCE electrodes modified 

with these functionalized CNTs show good electrochemical properties and allow the direct 

electrocatalytic detection of NADH (1 and 2) or NAD
+
 (4), or the detection of NADH in the 

presence of diaphorase (3). To the last configuration, a sol-gel thin film has been further 

deposited on the carbon nanotube layer by drop-coating or by electrochemically-assisted 

deposition for encapsulation of D-sorbitol dehydrogenase (and diaphorase when necessary) 

and co-immobilization of the NAD
+
 cofactor.  
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1.  Introduction 

    The direct oxidation or reduction of cofactor on a bare electrode requires high overpotential, 

and usually leads to enzymatically inactive NAD-dimers and serious side reactions. However, 

only reversible cofactors recycling can guarantee the reagentless aspect of the 

bioelectrocatalytic devices. In order to overcome these inherent difficulties, a common 

approach is to confine the mediator at the electrode surface to facilitate the interfacial electron 

transfer kinetics.  

    The mediators for the regeneration of NAD
+
 are diverse. Several mediators such as 

quinones [ 1 , 2 ], oxometalates [ 3 ], ruthenium complexes [ 4 ], phenazines [ 5 , 6 ] and 

phenoxazines [7 , 8 ] quinonoid redox dyes have been proposed for NAD
+
 regeneration. 

Traditionally, the mediators were directly adsorbed, electropolymerized or covalently bound 

onto the electrode surface [9, 10,11]. The mediators for the regeneration of NADH are 

relatively few. The best systems to date fulfilling these requirements are tris(2,2’-bipyridyl) 

rhodium complexes [ 12 , 13 , 14 ] and substituted or non substituted (2,2’-bipyridyl) 

(pentamethylcyclopentadienyl)-rhodium complexes [ 15 ], and some others [ 16 ]. The 

mechanism of this electrocatalytic process has been largely studied and the effect of various 

parameters (e.g., solution composition, temperature) has been discussed in the literature [17, 

18]. However, it might be surprising that not much effort was made to immobilize these 

mediators in an electrocatalytically-active form and further use it with immobilized 

dehydrogenase. 

   During the last decades, carbon nanotubes (single- or multiwalled) have emerged as 

attractive materials in electroanalysis [ 19 , 20 ]. Indeed they display attractive chemical 

stability, strong absorptive properties and excellent biocompatibility [21, 22]. CNTs-based 

electrodes are known to decrease the overpotential for the oxidation of NADH, however, the 

extent of decrease is not sufficient for the selective detection and regeneration of cofactor [23]. 

Recently, Wooten, et al demonstrates that further decrease in the NADH overpotential can be 

achieved at CNTs that were activated by microwaving in concentrated nitric acid [24]. An 

alternative method of incorporation the mediators onto carbon nanotubes (CNTs) for NAD
+
 

regeneration have attracted considerable study. A number of mediators such as toluidin blue 

[25], nile blue [26, 27], meladola blue [28], methylene green (MG) [29] and an osmium 

polymer [30] have been immobilized by adsorption onto CNTs, resulting in a remarkable 

improvement of electocatalysis toward NADH oxidation. Another approach to form stable 

films of mediators on electrode surfaces, is to use electropolymerization which has many 
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advantages including selectivity, sensitivity and homogeneity in electrochemical deposition, 

strong adherence to electrode surface and chemical stability of the film [31, 32, 33].  

    CNTs/mediator composite as electrode materials has been already explored for the 

construction of dehydrogenase-based biosensors [34]. Of particular interest is the report by 

Yan et al which described the assembly of integrated, electrically contacted NAD(P)
+
-

dependent enzyme-SWCNT electrodes [27]. The SWCNTs were functionalized with Nile 

Blue, and the affinity complexes of dehydrogenase with cofactor were crosslinked with 

glutaric dialdehyde and the biomolecule-functionalized SWCNT materials were deposited on 

glassy carbon electrodes. This is the unique example of reagentless device based on the 

combination of dehydrogenase and carbon nanotubes. 

    The combination of sol-gel material and carbon nanotubes has also been considered for 

electroanalytical applications [35]. Recently, co-immobilization of lactate dehydrogenase and 

functionalized carbon nanotubes in sol-gel has been developed for biosensor [ 36]. The 

nanocomposite was prepared by the sol-gel process incorporating a redox mediator and 

carbon nanotubes, which was mixed with enzyme solution in a certain ratio for enzyme 

encapsulation. To date, and to our knowledge, no attempt was made to use sol-gel thin film to 

co-immobilized dehydrogenase and NAD
+
 cofactor on the electrode surface of 

CNTs/mediator composite. Moreover, electrochemically-assisted deposition of sol-gel 

biocomposite on carbon nanotube assembly is also a new approach.  

    We have investigated here various strategies for the elaboration of a reagentless sensor 

based on NAD-dependant dehydrogenase using the electrochemically-assisted deposition of 

the sol-gel biocomposite on carbon nanotubes (CNTs). CNTs have been functionalized by 

three different protocols in order to provide them catalytic properties for NADH detection. 

These protocols are (1) micro-wave treatment (MWCNTs-µW), (2) electrochemical deposition 

of poly(methylene green) (MWCNTs-PMG), and (3) wrapping with a polyacrylate polymer 

holding osmium(III) complexes (MWCNTs-Os). The catalytic properties of the functionalized 

carbon nanotubes have been first checked by covering them with an additional drop-coated 

sol-gel layer before use as support for electrodeposited sol-gel films. The electrochemical 

response of the biocomposite containing the immobilized protein has been compared when 

NAD
+
 was simply introduced in the solution or when it was chemically attached to the sol-gel 

matrix (i.e., reagentless device). The study has been developed with the enzyme D-sorbitol 

dehydrogenase and D-sorbitol was used as a model analyte. Immobilization of Rh (III) 

complex on SWCNTs has also been studied. 
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2. Deposition sol-gel film at microwaved MWCNTs 

(GCE/MWCNTs-µW) 

A recent report by Wooten et al. described that microwave treatment of MWCNTs resulted 

in a dramatic shift of the oxidative peak potential of NADH (ENADH) to a lower value, from 

+0.4 V to about 0 V [24]. The efficient system could be interesting to be further used in 

combination with immobilized dehydrogenase and cofactor to develop the reagentless device. 

 

2.1 Electrocatalytic oxidation of NADH at GCE/MWCNTs-µW 

Figure VI-1A shows the cyclic voltammograms recorded at a glassy carbon electrode 

modified with the original (i.e., not treated) MWCNTs. Before addition of NADH, no 

electrochemical signal could be observed between -0.4 and +0.6 V. A well defined 

voltammetric signal with a peak potential located at ~ +0.4 V (versus Ag/AgCl reference 

electrode) appears when NADH was added to the solution. It corresponds to the 

electrochemical oxidation of the NADH cofactor on MWCNTs modified electrode. Figure 

VI-1B shows the cyclic voltammograms recorded at the glassy carbon electrode modified 

with acid-microwaved MWCNTs. A well defined voltammetric signal with a peak potential 

located at ~ 0 V appears when NADH was added to the solution and this signal increased with 

the NADH concentration. The microwaving of MWCNTs in acidic solution for 20 min 

resulted in a dramatic shift of the oxidative peak potential of NADH (ENADH) to a lower value, 

from ~ +0.4 V to ~ 0 V (in agreement with previous observations [24]). The shift in ENADH 

illustrated can be attributed to the redox mediation of NADH oxidation by surface quinones 

(Q) (formed during the microwave treatment). 

 

Q + NADH + H
+
 → QH2 + NAD

+
 (1) 

 

which is followed by the recycling of quinone species on the surface of treated MWCNTs. 

 

QH2 → Q + 2e
-
 + 2H

+
 (2) 

 

Because reactions 1 and 2 are faster than the direct electrooxidation of NADH to NAD
+
, the 

mediated process (1)-(2) allows conversion of the NADH to NAD
+
 at less-positive potentials 

close to the formal potential of the Q/QH2 redox couple (~ 0 V).  
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Figure VI-1. Cyclic voltammograms recorded at (A) GCE/MWCNTs, (B) GCE/MWCNTs-µW 

in deoxygenated solutions with and without NADH. Measurements have been performed in 

0.1 M Tris-HCl buffer (pH 9), Scan rate, 5 mV/ s. 

 

 

2.2 Importance of bilayers (drop-coated sol-gel film) 
                 

The efficient system was further used in combination with the sol-gel biocomposite. Figure 

VI-2A shows the electrochemical response of glassy carbon electrode modified by 

chitosan/TEOS/MWCNTs-µW/PEI/DSDH film. Here, the film was prepared in a rather simple 

way: simply mixing everything together and casting the solution on the GCE surface. It is 

shown that the addition of D-sorbitol into the solution led to noticeable modification of the 

current response around 0.8V. This signal is ascribed to the direct oxidation at GCE of NADH 

produced by the enzyme encapsulated into the film. This result indicates that MWCNTs in the 

sol-gel matrix display poor electrical properties and/or poor catalytic properties. The loss of 

electrocatalytic activity of MWCNTs-µW was possibly due to the deposition of insulating sol-

gel material on the surface of the individual MWCNTs-µW during the film formation. A more 
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interesting result was obtained with GCE/MWCNTs-µW covered with an additional layer of 

sol-gel with encapsulated DSDH. It is shown in Figure VI-2B that the addition of D-sorbitol 

into the solution led to a significant current increase around 0.4V. So a dramatic shift of the 

oxidative peak potential of NADH (ENADH) was obtained from +0.8 V (one layer) to +0.4 V 

(bilayer). More interesting thing is that the catalytic current increased 4 times with bilayer 

modified electrode in comparison with one layer modified electrode when in the presence of 

2mM D-sorbitol, indicating that the bilayer assembly could display higher electroactive 

surface area. But despite the good electrochemical response, the microwaved MWCNTs did 

not display the expected electrocatalytic activity at 0V when covered by the sol-gel 

biocomposite layer. 

 

                                      

                                One layer                                                  Bilayers 

 

                                     (A)                                                                (B) 

 

 

 

 

 

 

 

 

 

 

 
Figure VI-2. Electrochemical response of (A) GCE/chitosan/TEOS/MWCNTs-µW/PEI/DSDH; 

(B) GCE/MWCNTs-µW&TEOS/PEI/DSDH in the absence and in the presence of D-sorbitol 

from 2 to 8 mM. Cyclic voltammograms have been performed at 5 mV/s in deoxygenated 0.1 

M Tris-HCl buffer containing 1mM NAD
+
. 
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2.3 Electrodeposition of sol-gel thin films at GCE/MWCNTs-µW 

2.3.1 Immobilization of DSDH in electrogenerated sol-gel thin film (cofactor in solution) 

 

   Electrochemically-assisted deposition of the sol-gel biocomposite has been applied here on 

a first layer of MWCNTs-µW. As a control experiment, Figure VI-3 A shows the 

electrochemical response obtained with a bare GCE directly modified by electrodeposited sol-

gel layer with encapsulated DSDH (without the chitosan/MWCNTs-µW layer). A well-

defined electrochemical response was observed at +0.8V in the presence of 6mM D-sorbitol. 

Figure VI-3 B shows its amperometric responses at different applied potential. No 

electrocatalytic response was obtained upon addition of D-sorbitol in stirred solution at +0.4 

V (see curve a). Faintly visible electrocatalytic response started to be observed at +0.5V, and 

the optimal potential was found to be +0.8V. Figure VI-3 C shows the electrochemical 

response obtained with a GCE modified with a first MWCNTs-µW layer subsequently 

covered with an additional electrogenerated sol-gel layer with encapsulated DSDH (as 

deposited by electrolysis at -1.3 V for 60 s from a sol containing DSDH). A well-defined 

electrochemical response was observed increasing regularly by increasing the D-sorbitol 

concentration from 2 to 14 mM. The peak potential of this signal was located between +0.4 

and +0.5 V, a potential higher than the one observed previously with GCE modified with 

acid-microwaved MWCNTs (Figure VI-1B). As observed with drop-coating film, the sol-gel 

electrodeposition disturbed significantly the electrocatalytic properties of the functionalized 

carbon nanotubes. But the potential for NADH oxidation is still lower than on GCE (~+0.7 V). 

The interesting were the peak current intensities, more than 10 times higher with microwaved 

MWCNTs modified GCE (35 µA for 6 mM, Figure VI-3 C) than with bare GCE (3.2 µA for 

6 mM, Figure VI-3 A). The presence of MWCNTs on the glassy carbon electrode surface 

greatly improved the electrocatalytic efficiency of the sol-gel based bioelectrode by 

comparison with the bare GCE, but the benefit of the microwave treatment was lost. Figure 

VI-3 D shows the amperometric responses recorded at different applied potentials. The 

optimal applied potential was found to be in the range between +0.4 and +0.5 V whereas a 

loss in sensitivity by ca. 50 % was found when operating at +0.3 V. These experiments 

confirm the critical role of MWCNTs in both decreasing overpotential and increasing current 

response. 
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           Scheme of (A)&(B)                                            Scheme of (C)&(D) 
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Figure VI-3. (A) Electrochemical response of GCE/TEOS/PEI/DSDH in the absence and in 

the presence of 6mM D-sorbitol. (B) Amperometric responses recorded at an applied 

potential of (a) 0.4 V; (b) 0.5V; (c) 0.6V; (d) 0.7V; (e) 0.8V to successive additions of 1 mM 

sorbitol in the solution. (C) Electrochemical response of GCE/MWCNTs-µW 

&TEOS/PEI/DSDH in the absence and in the presence of D-sorbitol from 2 to 8 mM. (D) 

Amperometric responses recorded at an applied potential of (a) 0.3 V; (b) 0.4V; (c) 0.5V to 

successive additions of 1 mM sorbitol in the solution. All measurements have been performed 

in 0.1 M Tris-HCl buffer containing 1mM NAD
+
. Cyclic voltammograms have been 

performed at 5 mV/s. 
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2.3.2 Co-immobilization of DSDH and cofactor in electrogenerated sol-gel thin film 

This efficient approach has been further used to develop a reagentless system (co-

immobilization of DSDH and cofactor with MWCNTs-µW as mediator). Figure VI-4 A 

shows the cyclic voltammograms obtained with GCE/MWCNTs-µW covered with an 

additional electrodeposited sol-gel layer with encapsulated DSDH and NAD-GPS, which has 

been deposited by electrolysis at -1.3 V for 60 s with a sol containing both DSDH and NAD-

GPS. It is shown that the addition of D-sorbitol into the solution did not lead to noticeable 

modification of the current response and no peak current could be observed at the potential of 

NADH oxidation (+0.4 V). To confirm the negative result, Figure VI-4 B shows the 

amperometric responses at an applied potential of +0.4 V. No electrocatalytic response was 

obtained upon addition of D-sorbitol in the stirred solution. The immobilized cofactor cannot 

communicate efficiently with the carbon nanotubes to allow effective regeneration of NADH 

back to NAD
+
. 

 

                                                      

                                       (A)                                                                 (B) 

 

 

 

 

 

 

 

 

 

 

 
Figure VI-4. Electrochemical response of GCE/MWCNTs-µW&TEOS/PEI/DSDH/NAD-GPS

 

film. (A) Cyclic voltammograms in the absence and in the presence of D-sorbitol from 2 to 

4mM. Potential scan rate: 5 mV/s. (B) Amperometric responses recorded at an applied 

potential of 0.4 V to successive additions of D-sorbitol in the solution. 
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The presence of MWCNTs-µW on the GCE surface greatly improved the electrocatalytic 

efficiency of the bioelectrode and decreased to a certain extent the overpotential of NADH 

detection (from +0.8V to +0.4V). But the benefit of the microwave treatment was lost when 

MWCNTs-µW was covered with an additional sol-gel layer. Moreover, the system failed to 

regenerate the immobilized cofactor. One alternative modification of the multiwalled carbon 

nanotube is the electrodeposition of methylene green. We expected that this functionalization 

could be less sensitive than the surface quinones to the sol-gel deposition, and could be more 

suitable to regeneration of the immobilized cofactor. 

 

3. Deposition of sol-gel film at MWCNTs modified by poly 

(methylene green) (GCE/MWCNTs-PMG) 

 

3.1 Electrocatalytic oxidation of NADH at GCE/MWCNTs-PMG 

    The methylene green (MG) has shown to be a good NADH oxidation electrocatalysts [37, 

38] and was employed in this study. The principle of this mediator can be schematized as 

follows: 

 

NADH + MG(ox)              NAD
+   

+ MG(red)  + H
+
 

MG(red)    
electrode

    MG(ox)  + e
-
 

        

    Figure VI-5A shows the electropolymerization process of MG on the MWCNTs modified 

GC electrode. It is shown that the peak current increased with the number of cycles, which 

means more and more MG are deposited on the surface of the electrode. After a few cycles 

the deposition gradually reaches equilibrium. Figure VI-5B shows a comparative 

amperometic response of PMG modified GCE in the absence and presence of MWCNTs upon 

successive addition of 0.2 mM NADH to 0.1M pH 9.0 tri-HCl buffer at an applied potential of 

+0.2V. A catalytic response is obtained in the absence of MWCNTs, but current intensity 

were very low. A significant improvement in the current response was obtained when MG 

was electrodeposited on MWCNT modified GCE. An increasing electrocatalytic response was 

observed due to the addition of NADH. So with carbon nanotubes, PMG film induces a stable 

and significantly improved electrochemical response for the mediated oxidation of NADH.                        
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Figure VI-5. (A) Cyclic voltammograms obtained using GCE/MWCNTs in 0.1 M pH 7.0 PBS 

containing 0.5 mM MG and 0.1 M KCl between -0.5 to 1.2V at a scan rate of 50 mV/s. Scan 

cycle, 10. (B) A comparative view of the amperometric response obtained at (a) 

GCE/MWCNTs-PMG and (b) GCE/PMG to successive additions of 0.2 mM NADH (Eappl = 

+ 0.2 V vs. Ag/AgCl). Measurements have been performed in 0.1 M Tris-HCl buffer (pH 9). 

 

 

3.2 Drop-coating of sol-gel film at GCE/MWCNTs-PMG  

 

3.2.1 Encapsulation of DSDH in sol-gel film drop-coated onto GCE/MWCNTs-PMG  

 

The efficient system (GCE/MWCNTs-PMG) was first evaluated in combination with D-

sorbitol dehydrogenase.  Figure VI-6 shows the amperometic response of different films to 

D-sorbitol in the Tris-HCl buffer containing 1mM NAD
+
 at an applied potential of 0.2V. The 

background current was allowed to decay to a steady value before the addition of D-sorbitol. 

Obvious current responses were observed due to the addition of D-sorbitol on the 

GCE/MWCNTs-PMG/&TEOS/PEI/DSDH, and this signal increased with the D-sorbitol 

concentration (curve a). It corresponds to the electrochemical oxidation of the NADH 
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cofactor produced by the encapsulated DSDH while oxidizing D-sorbitol. Curve b and c 

shows the comparison of the response obtained with films prepared in the absence of 

MWCNTs and in the absence of PMG. In both cases, only small electrochemical signals were 

observed. So only the system including both MWCNTs and PMG display a good sensitivity 

to D-sorbitol. The effects can be ascribed to the increased electroactive surface area obtained 

with the introduction of MWCNTs for PMG deposition.  

 

 

 

 

 

 

Figure VI-6. A comparative view of the amperometric response obtained by using (a) 

GCE/MWCNTs-PMG&TEOS/PEI/DSDH; (b) GCE/PMG&TEOS/PEI/DSDH; (c) 

GCE/MWCNTs& TEOS/PEI/DSDH to successive additions of 0.5, 0.5, 1, 1, 2, 2, 3, 3mM D-

sorbitol (Eappl = +0.2 V vs. Ag/AgCl). Measurements have been performed in 0.1 M Tris-

HCl buffer (pH 9) containing 1mM NAD
+
. 

 

 

    D-sorbitol detection has also then been performed by cyclic voltammetry (Figure VI-7A) 

in 0.1 M Tris-HCl buffer (pH 9) containing 1 mM NAD
+
 in the absence of D-sorbitol (dashed 

line) and in the presence of D-sorbitol from 2 to 6 mM (solid lines). In the absence of D-

sorbitol, only the reversible electrochemical signal of MG was observed. The addition of 2 

mM D-sorbitol induces the oxidation peak current increase at 0.2V, and this signal increased 

with D-sorbitol concentration. The applied potential in the amperometric experiment had a 

dramatic influence on the electrode response. The influence of the applied potential on the 

amperometric response to D-sorbitol under batch conditions was studied by using 

GCE/MWCNTs-PMG/&TEOS/PEI/DSDH in 0.1 M Tris-HCl buffer (pH 9) containing 1 mM 

NAD
+
 at 0, +0.1 and +0.2V (Figure VI-7B). A detectable but comparatively small current 

response was observed with the addition of D-sorbitol at 0 and +0.1 V, and the current 

response started to level off after the fourth addition. In contrast, the modified electrode 
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responded rapidly to the changes of the concentration and displayed a higher sensitivity and 

wider detection range at +0.2 V. If a higher potential was applied, the direct uncatalysed 

oxidation of the enzymatically generated NADH may happen and lead to enzymatically 

inactive NAD-dimers and serious side reactions. In this experiment, +0.2 V was selected as 

the working potential which guarantees both good selectivity and sensitivity. This potential 

was very comparable with peak potential observed in cyclic voltammograms. 

 

 

                                      (A)                                                            (B) 

 

 

 

 

 

 

 

 

 

 

 

Figure VI-7. (A) Cyclic voltammograms obtained by using GCE/MWCNTs-

PMG/&TEOS/PEI/DSDH in the absence of D-sorbitol (solid line) and in the presence of D-

sorbitol from 2 to 6mM(dashed lines), scan rate: 50mV/s. (B) A comparative view of the 

amperometric response at different applied potential to successive additions of 0.5, 0.5, 1, 1, 

2, 2, 3, 3mM D-sorbitol. All measurements have been performed in 0.1 M Tris-HCl buffer (pH 

9) containing 1 mM NAD
+
.  

 

 

3.2.2 Encapsulation of DSDH and cofactor in sol-gel film drop-coated onto 

GCE/MWCNTs-PMG  

     

    As aforementioned, co-immobilizing all the necessary enzyme, cofactor and mediator onto 

the electrode surface without any additional reagents in solution is an advantage to reagentless 

device. Figure VI-8 shows current response of GCE/MWCNTs-

PMG&TEOS/PEI/DSDH/NAD
+
 to D-sorbitol. The current increased regularly with D-sorbitol 

concentration during the first measurement. However, the second measurement made after 
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electrolyte medium exchange led to complete vanishing of the response. Possible reason is 

that NAD
+
 is a small molecule, diffusing easily away from the electrode surface into solution.  

    

    

 

        

     

 

 

 

 
Figure VI-8. Amperometric response recorded at +0.2 V with GCE/MWCNTs-

PMG&TEOS/PEI/DSDH/NAD
+
 in 0.1 M Tris-HCl buffer (pH 9), different concentration of 

D-sorbitol 0.5,0.5, 1, 1, 2, 2mM were added after 2 min of current recording. 

 

 

    As disscussed in chapter IV, Glycidoxypropyl- trimethoxysilan (GPS) [39, 40] provides a 

promising approach for NAD
+
 immobilization. Figure VI-9 compares the electrode response 

to 1 mM D-sorbitol of bioelectrodes obtained with (curve a) and without GPS (curve b) in the 

starting sol. Both electrodes showed comparable response around 3 µA at the beginning of the 

experiment. But the electrode prepared with GPS displayed a good operational stability, more 

than 75% current response was kept after continuous 14-h long experiments in a stirred 

solution (curve a). At the opposite, the bioelectrode prepared without GPS showed very low 

stability and the electrode response decreased dramatically during the first hours of 

experiments (curve b). Most of the catalytic activity was lost during the first 6 hours, as the 

electrode response almost reached null current. The immobilized cofactor in the sol-gel matrix 

can be regenerated by PMG deposited on MWCNTs. And as it was previously observed, this 

functionalization of NAD
+
 with GPS can greatly enhance the stablilty of electrochemical 

response of the reagentless device. 
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Figure VI-9. Chronoamperograms recorded at 0.2 V with (a) GCE/MWCNTs-

PMG&TEOS/PEI/DSDH/NAD-GPS; (b) GCE/MWCNTs-PMG&TEOS/PEI/DSDH/NAD
+
. 

Measurements have been performed for 14 hours oxidation under convective conditions in 0.1 

M Tris-HCl buffer (pH 9) containing 1 mM D-sorbitol. 

 

3.3 Electrodeposition of sol-gel thin film at GCE/MWCNTs-PMG 

3.3.1 Electrodeposition of sol-gel thin film containing DSDH at GCE/MWCNTs-PMG 

 (cofactor in solution) 

 

The above approach has been extended to electrochemically-assisted deposition. First of all, 

the encapsulation of DSDH inside the electrodeposited silica gel has been investigated. 

Figure VI-10 A shows the electrochemical response obtained with GCE/MWCNTs-PMG 

covered with an additional electrodeposited sol-gel layer with encapsulated DSDH, which has 

been deposited by electrolysis at -1.3 V for 60 s with a sol containing DSDH 

(GCE/MWCNTs-PMG/&TEOS/PEI/DSDH), here the cofactor was not attached to the silica 

matrix. The addition of D-sorbitol induced the modification of oxidation peak current at 0.1-

0.2 V, and this signal increased with the D-sorbitol concentration from 2 to 6 mM. Figure VI-

10 B shows its amperometric responses at an applied potential of +0.2V. An increasing and 

stable electrocatalytic response was obtained upon addition of D-sorbitol in the stirred 

solution. The electrochemically-assisted deposition of silica thin films can be a good strategy 

to immobilize DSDH in an active form on GCE/MWCNTs-PMG. 
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                                   (A)                                                             (B) 

 

 

 

 

 

 

 

 

 

 
Figure VI-10. Electrochemical response of GCE/MWCNTs-PMG/&TEOS/PEI/DSDH. (A) 

Cyclic voltammograms in the absence and in the presence of D-sorbitol from 2 to 6mM. 

Potential scan rate: 50 mV /s. (B) Amperometric response at an applied potential of 0.2 V to 

successive additions of 0.1, 0.2, 0.2, 0.5, 0.5, 0.5, 0.5, 1, 1mM D-sorbitol in the solution All 

measurements have been performed in 0.1 M Tris-HCl buffer (pH 9) containing 1 mM NAD
+
. 

 

 

3.3.2 Electrodeposition of sol-gel thin film containing DSDH and cofactor at 

GCE/MWCNTs-PMG 

 

Finally, the co-encapsulation of DSDH and cofactor inside the electrodeposited silica gel 

has been investigated. Figure VI-11 A shows the cyclic voltammograms obtained with a GCE 

modified by MG/CNTs and covered with an additional electrodeposited sol-gel layer with 

encapsulated DSDH and NAD-GPS, which has been deposited by electrolysis at -1.3 V for 60 

s with a sol containing DSDH and NAD-GPS. It is shown here that the addition of D-sorbitol 

into the solution did not lead to noticeable current increase of the oxidation peak. Figure VI-

11B shows its amperometric responses at an applied potential of 0.2 V. No electrocatalytic 

response was obtained upon addition of D-sorbitol in the stirred solution. 
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Figure VI-11. Electrochemical response of GCE/MWCNTs-PMG/&TEOS/PEI/DSDH/NAD-

GPS. (A) Cyclic voltammograms in the absence and in the presence of 8mM D-sorbitol. 

Potential scan rate: 50 mV /s. (B) Amperometric response at an applied potential of +0.2 V to 

successive additions of 2mM D-sorbitol in the solution. All measurements have been 

performed in 0.1 M Tris-HCl buffer (pH 9). 

 

 

In order to evaluate the reason of the negative results, additional measurements have been 

performed with this film (Figure VI-12). It confirms that the addition of D-sorbitol into the 

solution does not lead to current increase, however, an increasing and stable electrocatalytic 

response was obtained upon addition of NADH in stirred solution (Figure VI-12A). It proves 

that electrodeposition process did not interfere with the redox behavior of the electron transfer 

moiety of MG. Figure VI-12B shows a similar experiment. No modification of the 

amperometric response was observed when adding two times, successively, 1 mM D-sorbitol. 

Then 1 mM NAD
+
 was added in the solution and a significant increase in the current response 

was observed, indicating a good enzymatic activity of the immobilized protein. DSDH 

encapsulated in the electrodeposited sol-gel film was active, but the immobilized cofactor did 

not interact with the carbon nanotubes modified with poly(methylene-green). 
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Figure VI-12. Electrochemical response of GCE/MWCNTs-PMG/&TEOS/PEI/DSDH/NAD-

GPS. (A) Amperometric response at an applied potential of 0.2 V to successive additions of 

2mM D-sorbitol and 0.2 mM NADH in the solution (B) Amperometric response at an applied 

potential of 0.2 V to additions of 1mM D-sorbitol and 1mM NAD
+
 in the solution. All 

measurements have been performed in 0.1 M Tris-HCl buffer (pH 9). 

 

The strategy based on MWCNTs-PMG can decrease the oxidation overpotential to be 0.2V 

for the smooth regeneration of cofactor and the mediator was now stable in the presence of 

sol-gel layer. Co-immobilization of DSDH and cofactor on MWCNTs-PMG could be obtained 

by drop-coating. However, this strategy did not allow the extension to electrochemically-

assisted deposition. A bad communication was observed between the immobilized cofactor 

and the poly(methylene-green) deposited on MWCNTs. A system base MWCNT wrapped by 

Osmium(III) polymer has finally been tested. This functionalization is expected to give 

sufficient flexibility to mediator to interact with the sol-gel material electrochemically 

deposited on its surface. 

 

 

4. Deposition of sol-gel film at MWCNT wrapped by 

Osmium(III) polymer (GCE/MWCNTs-Os) 

4.1 Carbon nanotubes as Osmium immobilization support 

The final system considered in this study was the carbon nanotubes modified with an 

osmium polymer. At first, the osmium polymer was simply mixed with the carbon nanotube 

in 0.2wt% chitosan. As display in Figure VI-13A, this protocol led to a well-defined CV. But 
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this electrochemical signal was not stable with time and decreased when multiple potential 

scan were performed. So, simply mixing MWCNTs and Os-polymer solution in the presence 

of chitosan did not result in the stable immobilization of osmium polymer in the MWCNT 

layer. A second protocol for immobilization of this polymer with carbon nanotube was tested. 

MWCNTs have been first sonicated for 1h and then incubated in osmium-polymer solution 

for 12h. In these conditions, the positively-charged polymer can wrap on the sidewall surface 

of MWCNT (MWCNT-Os). Figure VI-13B shows cyclic voltammograms recorded with 

GCE/MWCNT-Os. The electrochemical response was characterized by an important 

capacitive current and well defined oxidation and reduction peaks at 0.25 V and 0.1 V, 

respectively. Moreover, the stability of the electrochemical response was maintained over tens 

of potential scans in this configuration.  
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Figure VI-13. Cyclic voltammograms recorded with (A) GCE/MWCNTs/Os (B) 

GCE/MWCNTs-Os. 10 successive scans in the 0.1 M Tris-HCl buffer (pH 9), potential scan 

rate: 50 mV/s. 
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4.2 Drop-coating of sol-gel film at GCE/MWCNTs-Os 

4.2.1 Electrocatalytic oxidation of NADH 

      

    GCE/MWCNT-Os was then modified by drop-coated sol-gel thin films. First of all, the 

encapsulation of DI inside the drop-coated silica gel has been investigated.  GCE/MWCNT-Os 

was covered with an additional drop-coated sol-gel layer containing DI (GCE/MWCNT-

Os&TEOS/PEI/DI). Figure VI-14 shows the amperometric response to successive additions 

of 0.2 mM NADH at an applied potential at + 0.3 V. An increasing and stable electrocatalytic 

response was observed due to the addition of an aliquot of NADH. Diaphorase kept good 

catalytic characteristic toward NADH oxidation inside the drop-coated sol-gel film, and the 

immobilized osmium efficiently transfered the electron between the electrode and the 

diaphorase. 

 
 

 
 

 
 
 
                       
Figure VI-14.  Amperometric response obtained at GCE/MWCNT-Os&TEOS/PEI/DI to 

successive additions of 0.2 mM NADH (Eappl = + 0.3 V vs. Ag/AgCl). Measurements have 

been performed in 0.1 M Tris-HCl buffer (pH 9). 

 

 

4.2.2 Co-immobilization of DSDH, DI and cofactor at GCE/MWCNTs-Os 

 
    The co-encapsulation of GPS functionalized cofactor, DSDH and DI on GCE/MWCNT-Os 

was then evaluated. The protocol for the electrode preparation was rather simple; cofactor, 

DSDH and diaphorase are mixed together inside the sol and are casted on GCE/MWCNT-Os. 

It is shown in Figure VI-15A that the addition of D-sorbitol into the solution could lead to 

noticeable anodic current increase. Figure VI-15 B shows its amperometric responses at an 

applied potential of 0.3V. An increasing and stable electrocatalytic response was obtained 
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upon addition of D-sorbitol in stirred solution. The co-immobilization of DSDH, DI, osmium 

and NAD-GPS in bilayer did not prevent the efficient communication among them. NAD-

GPS kept enough mobility to reach center of dehydrogenase, and the dehydrogenase 

catalysted the oxidation of D-sorbitol, and the DI/Osmium decreased the overpotential of 

NADH detection for the smooth regeneration of the cofactor. 
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Figure V-15. Cyclic voltammograms recorded with GCE/MWCNT-Os&TEOS/PEI/DI/NAD-

GPS in the absence and in the presence of 3 mM D-sorbitol. Potential scan rate: 50 mV/s. (B) 

Amperometric responses recorded at an applied potential of 0.3 V to successive additions of 

0.5 mM D-sorbitol in 0.1 M Tris-HCl buffer (pH 9). 

 

 
4.3 Electrodepostion of sol-gel film at GCE/MWCNTs-Os 

4.3.1 Electrocatalytic oxidation of NADH 

This approach has been extended to electrochemically-assisted deposition. First of all, the 

encapsulation of DI inside the electrodeposited silica gel has been investigated. Figure VI-16 

shows the amperometric responses at an applied potential of 0.3V. An increasing and stable 

electrocatalytic response was obtained upon addition of NADH in stirred solution. The cyclic 
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voltammograms recorded before addition of NADH (Inset of Figure VI-16) shows that the 

electrochemical signal from the osmium complexes has been significantly decreased in the 

presence of the sol-gel material. Nethertheless, the addition of NADH leads to a significant 

increase in the current intensity. The shape of the catalytic signal was poorly resolved and 

could be a mix between the detection of NADH through osmium complex and diaphorase and 

the simultaneous detection of NADH at the carbon nanotube surface, as reported in Figure 

VI-1A. 

               
                                                                               

 
                                                             
 

 

 

 

 

 

 
Figure VI-16.  Amperometric response obtained at GCE/MWCNT-Os&TEOS/PEI/DI to 

successive additions of 0.2 mM NADH (Eappl = + 0.3 V vs. Ag/AgCl). Inset plot shows cyclic 

voltammograms recorded before and after addition of 1.4mM NADH. Films have been 

deposited by electrolysis at -1.3 V for 60 s. Measurements have been performed in 0.1 M Tris-

HCl buffer (pH 9). 

 

 

4.3.2 Co-immobilization of DSDH, DI and cofactor at GCE/MWCNTs-Os 

The co-encapsulation of DSDH, DI and cofactor inside the electrodeposited silica gel has 

been finally investigated. Figure VI-17A shows the cyclic voltammograms obtained with 

GCE/MWCNT-Os covered with an additional electrodeposited sol-gel layer with encapsulated 

DSDH, DI and NAD-GPS, which has been deposited by electrolysis at -1.3 V for 60 s with a 

sol containing DSDH, DI and NAD-GPS. In the absence of D-sorbitol, only the reversible 

electrochemical signal of Os was observed. The addition of D-sorbitol induces an increase of 

the anodic current and a decrease of the cathodic current. It corresponds to the 

electrochemical oxidation of the NADH cofactor produced by the encapsulated DSDH while 

oxidizing D-sorbitol. Figure VI-17B shows amperometric responses of the modified electrode 

to D-sorbitol in a stirred solution. An increasing and stable electrocatalytic response was 
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obtained upon the addition of 0.4 mM D-sorbitol. Inset plot shows the corresponding 

calibration plot, the current intensity increases regularly with the D-sorbitol concentration up 

to 2.8 mM and starts to level off for higher concentrations. Figure VI-17C shows the response 

of GCE/MWCNT-Os&TEOS/PEI/DI/NAD-GPS to 2 mM D-sorbitol. The amperometric signal 

of the bioelectrode kept a rather stable (yet slightly decreasing) value for ca. 14 hours of 

continuous reaction. 

                                                                                                         (A) 

                                                                                                              

 
                                                               

                                      
 

 

 

 

                               (B)                                                                  (C) 

 
Figure VI-17. (A) Cyclic voltammograms recorded with GCE/MWCNT-

Os&TEOS/PEI/DI/NAD-GPS in the absence and in the presence of D-sorbitol from 2 to 8mM. 

Potential scan rate: 50 mV/s. (B) Amperometric responses recorded at an applied potential of 

0.3 V to successive additions of 0.4mM D-sorbitol in stirred solution. Inset plot shows the 

corresponding calibration plot.  (C) Amperometric response obtained in the same conditions. 

measurements have been performed for 14 hours under convective conditions in 0.1 M Tris-

HCl buffer (pH 9) containing 2 mM D-sorbitol. 

 

0 100200300400500600

0

2

4

6

8

10

0.4mM

sorbitol

I 
/ 

µ
A

Time / s

0 1 2 3 4 5
0

2

4

6

8

1 0

I 
/ 

µ
A

C  s o rb ito l /  m M

-0,1 0,0 0,1 0,2 0,3 0,4 0,5
-40

-20

0

20

40

60
 no.sorbitol_B

 A2mMsorbitol_B

 A4mMsorbitol_B

 A6mMsorbitol_B

 A8mMsorbitol_B

I 
/ 

µ
A

E versus Ag/AgCl / V

0 2 4 6 8 10 12 14

0

2

4

6

8

I 
/ 

µ
A

Time / h



                  Chapter VI. Mediator immobilization on carbon nanotubes and co-immobilization 

 

 

189 

 

    Up to now, carbon nanotubes wrapped by osmium has been the only system that was 

successfully combined with sol-gel electrodeposition for bioencapsulation of dehydrogenase 

and cofactor. With MWCNT-µW and MWCNT-PMG, the functionalization was confined at the 

surface of the nanotube as part of the material (MWCNT-µW) or as a thin surface layer 

(MWCNT-PMG). The NADH cofactor had to come close the carbon nanotube surface in order 

to be regenerated in the enzymatically active NAD
+
. When cofactor was free diffusing in the 

solution, the regeneration was always successful and carbon nanotubes provided higher 

surface area resulting in higher sensitivity of the bio-electrode to D-sorbitol with comparison 

to the bare GCE. However the immobilization of the cofactor in the electrochemically 

deposited sol-gel thin film did not provide a sufficient mobility to the cofactor and the 

molecule did not interact with the functionalized MWCNT (MWCNT-µW or MWCNT-PMG). 

Osmium polymer is composed by a polyacrylate backbone with the osmium complex attached 

by 5 atoms linkers. While the polymer is linked to the MWCNT by wrapping, the linker gives 

sufficient flexibility to the mediator to interact with the sol-gel material electrochemically 

deposited on its surface. The same polymer was first introduced in the sol-gel matrix. But the 

electrochemical properties of the polymer were lost during the electrodeposition process (see 

Chapter V). A first immobilization on the carbon nanotube surface before sol-gel 

electrodeposition gave the unique opportunity to conserve the electrochemical activity of the 

osmium complexes and to display good flexibility for effective interaction with the 

encapsulated diaphorase that catalyses the NADH oxidation.  

 
 

5. The interest of SWCNTs for [Cp*Rh(bpy)Cl]+ 

immobilization: towards a device operating in reduction  

 

5.1 [Cp*Rh(bpy)]
2+

 as suitable mediator for NADH regeneration 

The direct electrochemical reduction of NAD(P)
+
 requires high overpotentials and usually 

leads to enzymatically inactive NAD-dimers generated due to the one-electron transfer 

reaction [41, 42]. The mediators for the regeneration of NADH should react with NAD
+
 and 

not transferring directly the electrons (or hydride ion) to the substrate, and the potential 

window for electrochemical activation of the catalysts is rather narrow (-0.59 ～ -0.9 V vs. 

SCE) [43]. (2,2’-bipyridyl) rhodium complexes are the best systems for the regeneration of 
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NAD
+
. As illustrated on Figure VI-18, their electrocatalytic behaviour is rather complicated, 

involving first a two-electron electrochemical reduction of Rh
III

 (Mox) into transient Rh
I
 

species (Mred1; this reaction occurring itself in several steps [44]) that can be transformed 

upon protonation into a rhodium hydride complex (Mred2), which is then likely to transfer the 

hydride to NAD(P)
+
 under formation of only 1,4-NAD(P)H [45, 46].  
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       Figure VI-18. The mechanism of [Cp*Rh(bpy)]
2+

 electrocatalytic process. 

 

5.2 Substituent effects and mediator immobilization attempts 

Derivatives functionalized with thiol groups are attractive for immobilization of reagents in 

the form of self-assembled monolayers (SAMs) on gold electrodes [47, 48], and the amine-

functionalized ones are good precursors to form organosilane reagents likely to be grafted 

onto metal oxides or incorporated within sol-gel matrices then deposited onto electrode 

surfaces [49, 50, 51].
 
We have examined the behaviour of several functionalized mediators of 

this family bearing various organic groups, which could be used as precursors to immobilize 

such compounds onto electrode surfaces. Here, we just give one example. Compounds 11 is a 

thiol-functionalized Rh complex. Figure VI-19 shows cyclic voltammograms recorded with 

compounds 11 immobilized as a self-assembled monolayer on gold electrode. These 

derivatives can be indeed immobilized on gold electrodes as SAMs while keeping their 

electrochemical activity (with peak currents directly proportional to the scan rate as expected 

for adsorbed species, see Figure VI-19A for 11), yet not stable upon continuous potential 

cycling (Figure VI-19B), and no electrocatalytic activity can be observed in the presence of 

NAD
+
 (Figure VI-19C). 
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Figure VI-19. Cyclic voltammograms recorded with compounds 11 immobilized as a self-

assembled monolayer on gold electrode: (A) effect of potential scan rate; (B) effect 

multisweep; (C) electrode response in the absence and presence of increasing NAD
+
 

concentrations. Potential scan rate: 100 mV/ s. 

    Another immobilization approache has been tested: the covalent binding to the sol-gel film 

on the basis of alkoxysilane-functionalized derivatives (Figure VI-20). However, after 

immobilization within sol-gel films, the voltammetric response of this mediator decreased 

dramatically (or even vanished) and they lost their capacity to regenerate the NADH cofactor. 

            

Figure VI-20. [Cp*Rh(bpy)]
+
- type mediators functionalized with siloxy-function. 

The [Cp*Rh(bpy)Cl]
+
/[Cp*Rh(bpy)H]

+
 system, in solution, is a good mediator to 

regenerate NADH. However, as discussed above after immobilization as SAM on gold or 

within sol-gel films, the voltammetric response of this mediator decreases dramatically (or 

even vanished) and they lose their capacity to regenerate the NADH cofactor. The main 

conclusion from our studies is that the presence of thiol or nitrogen-containing groups, either 

in solution or as part of the mediator derivative, totally prevents any electrocatalytic activity 
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of this mediator. This has been found on the basis of deep investigation of a number of 

functionalized [Cp*Rh(bpy)Cl]
+
 compound synthesised by the group of Prof. Demir (Turkish 

partner) and studied by Dr. Fengli Qu and Dr. Rihab Nasraoui. All these results highlight the 

difficulty to functionalize [Cp*Rh(bpy)Cl]
+
-based mediators while maintaining their catalytic 

properties toward NADH regeneration. We find some alternatives “soft” immobilization 

procedures not requiring the resort to functional groups harmful to the mediator functioning. 

5.3 Interest of carbon nanotubes as immobilization support 

The noncovalent functionalization of single-walled carbon nanotubes (SWCNTs) with 

molecular metal-containing compounds via π-π-stacking starts to become a versatile 

alternative to covalent bonding [ 52 ]. An approach has thus been tested here for the 

immobilization of the non functionalized [Cp*Rh(bpy)Cl]
+
 complex, with the aim to 

overcome the aforementioned deactivation of the electrocatalytic processes when using 

derivatized [Cp*Rh(bpy)Cl]
+
 derivatives. Figure VI-21A shows that it works quite nicely as a 

well-defined cathodic peak appeared at -0.7 V (curve a), which is found to increase in the 

presence of NAD
+
 added in the medium (curve b), demonstrating that both the 

electrochemical and the electrocatalytic properties of the mediator are maintained after 

immobilization by π-π-stacking on CNTs.  

Even more interesting is the stability of the electrochemical response upon multisweep (see 

Figure VI-21B), which is maintained over tens of potential scans. Figure VI-21C shows that 

the response to NAD
+
 is indeed due to the adsorbed [Cp*Rh(bpy)Cl]

+
 mediator and not to any 

intrinsic electrocatalytic properties of SWCNTs towards NAD
+
 reduction, as no detectable 

signal can be observed when using non modified CNTs (see curve a). In the presence of 

mediator, an increasing and stable electrocatalytic response is obtained upon addition of 

NAD
+
 in stirred solution (see curve b). The optimal applied potential is found to be in the 

range between -0.7 and -0.8 V whereas a loss in sensitivity by ca. 50 % is found when 

operating at -0.6 V (see Figure VI-21D). These results demonstrate that adsorption of 

[Cp*Rh(bpy)Cl]
+
 by π-π-stacking on CNTs is an efficient procedure, yet simple, fast and 

direct, to irreversibly immobilize an electrocatalytically active mediator onto an electrode 

surface for effective NADH regeneration. However, this strategy does not show good 

operational behaviour when associated to a dehydrogenase enzyme with silica sol-gel for 

protein encapsulation. 
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Figure VI-21. Cyclic voltammograms recorded with a GCE modified by chitosan/SWCNTs 

with adsorbed [Cp*Rh(bpy)Cl]
+
 species (A) in the absence (a) and in the presence (b) of 3 

mM NAD
+
. Potential scan rate: 50 mV s

-1
. (B) 10 successive scans in the electrolyte solution 

(0.05 M phosphate buffer, pH 6.5). (C) Amperometric responses recorded using GCE 

modified by a chitosan layer containing (a) bare CNTs or (b) CNTs with adsorbed 

[Cp*Rh(bpy)Cl]
+
 species at an applied potential of -0.8 V to successive additions of 0.5 mM 

NAD
+
 in the solution. (D) Amperometric responses recorded with a GCE modified by 

chitosan/CNTs with adsorbed [Cp*Rh(bpy)Cl]
+
 species at an applied potential of (a) -0.6 V; 

(b) -0.7V; (c) -0.8V to successive additions of 0.5 mM NAD
+
 in the solution (magnetically 

stirred at 300 rpm). 
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6. Conclusion 

    The goal of the study was the implementation of a reagentless device displaying an 

efficient interaction between the immobilized dehydrogenase and cofactor in the 

electrogenerated sol-gel matrix and the functionalized multi-walled carbon nanotubes 

(MWCNTs). In this work, three different protocols have been developed to functionalize 

MWCNTs. They include (1) the simple microwave treatment of MWCNTs, (2) 

electrochemical deposition of poly(methylene green) on MWCNTs, and (3) wrapping of 

MWCNTs with an Osmium(III) polymer. All the developed strategies show significantly 

decreased overpotentials for NADH oxidation. A sol-gel thin film has been further deposited 

functionalized carbon nanotubes by drop-coating for encapsulation of D-sorbitol 

dehydrogenase (and diaphorase when necessary) and co-immobilization of the NAD
+
 cofactor. 

The catalytic property of macrowaved MWCNTs was significantly disturbed by sol-gel 

material and failed to regenerate the cofactor at 0V. The modification of the MWCNTs with 

electrodeposited poly(methylene-green) and wrapped Osmium(III) polymer were not so 

sensitive to the sol-gel material, and allowed the smooth regeneration of the immobilized 

cofactor in drop-coated sol-gel film. However, when the reagentless devices obtained by 

drop-coating were extended to electrochemically-assisted deposition, a direct interaction 

between NAD
+
 immobilized in the sol-gel matrix and the functionalized MWCNTs was not 

possible with MWCNTs-µw and MWCNTs-PMG. Sol-gel deposition by electrogenerated 

limited the interaction of NAD
+
 with the mediator confined on MWCNTs. Only MWCNT 

wrapped with Osmium(III) polymer and in the presence of diaphorase allowed to observe the 

electrochemical detection of D-sorbitol in a reagentless configuration. This is probably due to 

high mobility of the osmium complexes immobilized on MWCNTs. 

 

    For the reduction reaction, we studied the immobilization of functionalized mediators of 

[Cp*Rh(bpy)Cl]
+
 family. The presence of substituents bearing nucleophilic moieties such as 

S- or N-containing groups, on the bipyridine ligand, was proven to be harmful to the 

electrocatalytic properties of the [Cp*Rh(bpy)Cl]
+
 mediator, limiting therefore most 

immobilization strategies based on covalent bonding onto electrode surfaces. A way to 

circumvent this problem is the soft immobilization of such [Cp*Rh(bpy)Cl]
+
 mediator by π-π-

stacking onto CNTs. However, this strategy does not show good operational behaviour when 

associated to a dehydrogenase enzyme with silica sol-gel for protein encapsulation. 
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Conclusion et perspectives 

 

Le but des travaux menés dans cette thèse était l’immobilisation sous une forme stable et 

active de protéines de type déshydrogénase, du cofacteur NAD
+
/NADH et d’un médiateur 

électrochimique au sein d’une matrice sol-gel déposée sous forme de couche mince à la 

surface d’une électrode par évaporation du sol ou électrogénération. Cette électrode ainsi 

modifiée doit alors être utilisée en électrosynthèse enzymatique. Afin d’atteindre les objectifs 

posés au commencement du projet, ce travail a été divisé en trois grandes étapes : (1) 

immobilisation au sien du film sol-gel de protéines de type déshydrogénase sous une forme 

active, (2) immobilisation du cofacteur et (3) immobilisation du médiateur électrochimique et 

co-immobilisation avec la déshydrogénase et le cofacteur. 

 

Les besoins identifiés pour l’électrosynthèse enzymatique sont l’immobilisation stable 

d’une quantité importante de déshydrogénase actives à la surface de l’électrode du réacteur. 

Les études de faisabilité sur l’encapsulation de déshydrogénase au sein de la matrice sol-gel 

ont été menés en utilisant la D-sorbitol déshydrogénase (DSDH) comme enzyme modèle et en 

déposant la couche mince par évaporation du sol. Il est rapidement apparu que la DSDH était 

très sensible à l’environnement sol-gel et que son encapsulation dans une matrice de silice 

pure conduisait à une absence d’activité électrocatalytique. L’intérêt d’additifs dans le sol 

initial a ainsi été évalué et il a été montré que l’ajout de polyélectrolytes positivement chargés 

permettait d’augmenter de façon importante l’activité catalytique de la protéine encapsulée. 

Les charges positive du polymère (par exemple, Poly(dimethyldiallylammonium chloride), 

PDDA) ont en effet une interaction favorable avec la protéine négativement chargée pendant 

le processus d’encapsulation. Ce protocole a ensuite été adapté et optimisé pour le dépôt 

électrochimiquement assisté de cette couche mince sol-gel. Il a également été montré que la 

diaphorase pouvait être co-encapsulée avec la DSDH et permettre la régénération du cofacteur 

NADH en présence du médiateur ferrocènedimethanol. Cette procédure de bioencapsulation 

sol-gel électrochimique a ensuite été appliquée à la modification d’électrodes macroporeuses 

et il a été montré que la plus grande surface électroactive apportée par cette macroporosité 

permettait d’augmenter de façon significative la réponse bioélectrocatalytique vis-à-vis de 

l’oxydation du D-sorbitol. 
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Un des plus gros défis de ce travail concernait l’immobilisation du cofacteur NAD
+
/ NADH 

tout en permettant de conserver son activité pendant un temps le plus long possible. Une 

stratégie efficace pour répondre à cet objectif a ainsi été développée dans la seconde partie de 

ce travail. Elle met en œuvre la réaction chimique entre NAD
+
 et le groupement epoxy du 

composé glycidoxypropylsilane (GPS) avant sa co-condensation avec le tetraethoxysilane 

(TEOS) en présence des protéines (déshydrogénase et diaphorase) et de poly(ethyleneimine) 

(PEI). Toutes ces opérations se font dans des conditions douces compatibles avec la 

bioencapsulation sol-gel. Par comparaison avec l’encapsulation simple de NAD
+
 avec ou sans 

nanotubes de carbone ou l’encapsulation de NAD-dextran, la procédure utilisant GPS est 

moins couteuse, et plus simple à mettre en œuvre. Enfin, ce protocole  conduit à une activité 

catalytique très stable, pendant plus de 12h en solution en présence de convection. Finalement 

cette méthode développée pour le dépôt du film par évaporation du sol a été adaptée pour 

l’électrogénération sur électrode d’or macroporeuse. Dans toutes ces études le médiateur 

électrochimique ferrocènediméthanol se trouvait dans la solution.  

 

Finalement, la dernière partie de ce travail a été consacrée à l’immobilisation du médiateur 

électrochimique à la surface de l’électrode de façon à ce qu’il puisse communiquer 

efficacement avec l’électrode et avec la diaphorase ou directement avec le cofacteur et ainsi 

obtenir la régénération électrochimique du cofacteur. Différentes stratégies ont ainsi été 

étudiées pour obtenir le système final contenant l’ensemble des éléments de cette chaîne 

bioélectrocatalytique co-immobilisés dans la matrice sol-gel. Ces études ont d’abord été 

développées en déposant le film sol-gel par évaporation du sol. Comme pour les études 

précédentes la DSDH est utilisée comme protéine modèle, le cofacteur est immobilisé par 

couplage avec le GPS et le médiateur est introduit dans la matrice sol-gel à l’aide de polymère 

portant des espèces ferrocène ou osmium ou à l’aide d’un ferrocène fonctionnalisé par un 

groupement silane pouvant être co-condensé avec les autres silanes du sol (TEOS et GPS). Il 

a tout d’abord été montré que GPS permettait d’augmenter fortement la stabilité de 

l’immobilisation du médiateur en plus de son rôle dans l’immobilisation du cofacteur. Ceci 

est du à la plus grande stabilité mécanique des films préparés avec GPS. La co-immobilisation 

de ces médiateurs avec le cofacteur et les protéines (DSDH et diaphorase) a ainsi permis 

d’obtenir pour la première fois dans une matrice sol-gel une activité catalytique stable. 

Finalement, les tentatives pour transposer ce résultat obtenu par évaporation du sol à 

l’électrogénération ont échoués. La distribution du médiateur électrochimique dans les 
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matrices sol-gel obtenus par électrochimie semble ne pas être suffisamment homogène ou leur 

mobilité ne pas être suffisante pour permettre le transport électronique et une interaction avec 

l’électrode ou la diaphorase. 

 

Afin de résoudre le problème posé par l’absence d’activité catalytique avec les films 

préparés par électrogénération, nous avons développé une stratégie différente, basée sur le 

dépôt de la couche mince sol-gel à la surface de nanotubes de carbone fonctionnalisés  par 

différents médiateurs. Cette fonctionnalisation des nanotubes de carbone a été obtenue par la 

formation de fonctions quinones par traitement micro-ondes, par électropolymérisation du 

vert de méthylène et par recouvrement des nanotubes par un polymère de type acrylate portant 

des complexes d’osmium(III).  Seul ce dernier système a alors permis d’observer, en présence 

de diaphorase, une régénération du cofacteur immobilisé dans la matrice sol-gel obtenue par 

électrogénération. La flexibilité du polymère d’osmium et l’intermédiaire de la diaphorase 

permettent alors la régénération douce du cofacteur enymatique. Tous les composants 

immobilisés communiquent efficacement à l’intérieur du gel de silice pour permettre 

l’oxydation électrocatalytique du D-sorbiltol. Les nanotubes de carbone fonctionnalisés par un 

médiateur preséntant une certaine faisabilité est un bon substrat d’électrode pour 

l’électrogénération sol-gel pour la co-immobilisation du cofacteur et des protéines. 

 

La couche mince sol-gel qui a été développée au cours de cette thèse peut être appliquée à 

la préparation de composés chiraux par électrosynthèse enzymatique. Tous les éléments 

participant à cette synthèse étant immobilisés sur l’électrode, cette approche est intéressante 

autant d’un point de vue économique que environnemental, en évitant l’utilisation de solvant 

et en réduisant es étapes de purification au minimum. Un tel concept correspond aux 

standards de la chimie verte avec un procédé induisant très peu de déchets. Cependant, il est 

encore nécessaire d’améliorer l’efficacité du procédé avant application à une échelle industriel, 

ceci passe notamment par le dépôt de ces couches minces sol-gel sur des électrodes 

macroporeuses de grandes dimensions et leur intégration dans le réacteur.  

 

    Les découvertes faites dans cette thèse peuvent également être utilisées pour le 

développement de biocapteurs à base de déshydrogénase ne nécessitant l’ajout d’aucun réactif 

supplémentaire dans le milieu à analyser.  Il existe en effet plus de 300 sortes de 

déshydrogénase catalysant l’oxydation d’une grande variété de substrats (éthanol, glucose, 
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lactate, etc ) qui peuvent être d’un grand intérêt d’un point de vue analytique du fait de leur 

présence ou utilisation dans l’industrie alimentaire, l’environnement ou pour suivre certaines 

pathologies. Les résultats de cette étude sont également d’un grand intérêt pour le 

développement futur de systèmes électrochimiques à base de déshydrogénase, tel que les 

biopiles à combustible et biobatteries. 
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Conclusion and outlook 

    The focus of the research work carried out in this thesis is on the development of different 

strategies allowing the stable immobilization of a dehydrogenase, the cofactor NAD
+
/NADH 

and an electron mediator in a sol-gel matrix deposited (either by evaporation or by 

electrogeneration) as a thin film on an electrode surface. This layer is intended to be applied 

in electro-enzymatic synthesis for the production of fine chemicals. To achieve the objective 

of the project, we have divided the work into three steps: (1) dehydrogenase immobilization, 

(3) cofactor immobilization and (3) mediator immobilization and co-immobilization with 

dehydrogenase and cofactor. 

 

    The first requirements for electrosynthesis involves a stable immobilization of a large 

amount of active dehydrogenase on the electrode surface of the reactor. Thus, the feasibility 

of dehydrogenase encapsulation in sol-gel film is first evaluated using D-sorbitol 

dehydrogenase (DSDH) as a model enzyme by drop-coating. However, DSDH is sensitive to 

the sol composition during the encapsulation in a silica gel. The direct encapsulation of 

DSDH in a pure silica gel leads to total deactivation of the protein. We have thus evaluated 

the interest of various polyelectrolytes in combination with sol-gel deposition of silica films 

with encapsulated DSDH. We have chosen positively-charged polyelectrolytes because of the 

expected favorable interactions with the negatively-charged enzyme surface. Then, 

electrochemically-assisted deposition of silica gel layer has been successfully adapted to the 

encapsulation of DSDH as well as the co-encapsulation of DSDH and diaphorase in the 

presence of Poly(dimethyldiallylammonium chloride) (PDDA). The process and the sol 

composition have been optimized on flat glassy carbon electrodes before being applied to 

gold macroporous electrodes. At the end, the electrochemically-assisted deposition of the sol-

gel bio-composite has been extended to macroporous electrodes displaying a much bigger 

electroactive surface area. The macroporous texture of the gold electrode improves thus 

significantly the catalytic efficiency of the sol-gel biocomposite. The bioelectrocatalytic 

response looks promising for electro-enzymatic applications.  

 

The durable attachment of NAD
+
/NADH cofactors with long-term activity was the biggest 

challenge in the project. A successful strategy for cofactor immobilization in sol-gel thin films 

has been developed in the second part of our work. It involves the chemical bonding of NAD
+
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to the epoxide group of glycidoxypropylsilane (GPS) before co-condensation of the 

organoalkoxisilane with tetraethoxysilane in the presence of the proteins (dehydrogenase and 

diaphorase) and a poly(etheleneimine) additive (PEI). All the operations were performed in 

smooth conditions compatible with the sol-gel bio-encapsulation process. By comparison with 

the simple encapsulation of NAD
+
 or NAD-dextran or adsorption of NAD

+
 on carbon 

nanotubes, the strategy with GPS is either cheaper or simpler to implement, and leads by far 

to more stable sol-gel films and durable bioelectrocatalytic responses. At the end, the efficient 

drop-coating method has been extended to the electrochemically-assisted deposition of sol-gel 

film with encapsulated enzymes and cofactor on macroporous electrodes. 

 

Finally, the last part of this work has been devoted to the development of different 

strategies for mediator immobilization which could used for the elaboration of reagentless 

device with co-immobilized dehydrogenase and cofactor. First of all, a series of successful 

strategies for co-immobilization of all components (dehydrogenase, cofactor and electron 

mediator) in sol-gel films have been developed by using one step drop-coating. here DSDH 

was chosen as model enzyme, NAD
+
 functionalized with GPS was used as mediator, and 

ferrocene species or osmium polymers were introduced inside the matrix as co-immobilized 

mediators. The importance of introducing GPS as an additive into the TEOS sol-gel-derived 

films has been pointed out with respect to the stable mediator immobilization. However, such 

co-immobilization applied to electrochemically-assisted deposition of sol-gel thin films was 

not successful due to some problems to keep mediators in an active form.  

 

To overcome this problem, we have developed different strategies for the elaboration of a 

reagentless devices based on deposition of the sol-gel biocomposite on mediators 

functionalized multi-walled carbon nanotubes (MWCNT). Surface modification of the carbon 

nanotube with quinone moieties by microwave treatment or the electrodeposition of 

poly(methylene-green) on the MWCNT resulted in good electrocatalytic detections of the free 

diffusing NADH produced by the immobilized dehydrogenase. However these systems failed 

to regenerate the cofactor immobilized in electrogenerated sol-gel film as the mediators 

immobilized on carbon nanotubes did not display enough mobility to react with NAD
+
 linked 

to the sol-gel matrix. Finally, the sol-gel thin film with co-immobilized dehydrogenase, 

diaphorase and cofactor was deposited on MWCNT wrapped by osmium polymer. The 

flexibility of the osmium complexes allowed the smooth regeneration of the immobilized 
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cofactor. All the components are able to communicate inside the silica gel layer for efficient 

electro-catalytic oxidation of D-sorbitol. The combination of the carbon nanotubes with the 

Osmium(III) polymer was a suitable electrode material for further electrogeneration of sol-gel 

materials with co-immobilized proteins and cofactor. 

 

    The layer developed in this study can be applied in electro-enzymatic synthesis for the 

manufacture of chiral fine chemicals. Because all reactive agents have been immobilized on 

the electrode surface, it represents an environmentally friendly process by avoiding organic 

solvents and reducing purification steps to a minimum. This concept meets the standards of 

green chemistry and leads to processes which come close to zero waste emissions. However, 

it will still take some time to improve the reaction productivity before electroenzymatic 

processes can be applied on an industrial scale. The finding of this work can also be applied in 

the development of dehydrogenase-based reagentless biosensors. It is reported there are more 

than 300 kinds of dehydrogenases. These enzymes catalyze the oxidation of a variety of 

substrates including alcohols, aldehydes, glucose and etc., which are of great interests from 

the analytical point of view because of the practical application on food industry, environment, 

and clinical chemistry. This study also offers a facile and versatile approach to the 

development of some other integrated dehydrogenase-based electrochemical devices, such as 

biofuel cells and biobattery. 
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    In this thesis, the research work was focused on designing functional layers based on silica 

sol-gel thin films to co-immobilize dehydrogenase, cofactor and electron mediator to get the 

most highly active systems and such modifications of electrode surfaces should be adaptable 

to the macroporous electrodes.  

    Immobilization of dehydrogenase in an active form in a sol-gel matrix was obtained with 

using a positively-charged polyelectrolyte as additive in the starting sol. This polymer 

provides a good environment for the protein in the sol-gel. The optimal sol can be deposited 

by evaporation or by electrodeposition and was successfully deposited in macroporous 

electrodes. Diaphorase was also successfully co-immobilized with dehydrogenase for the 

electroenzymatic regeneration of the NAD
+
 cofactor. 

    The immobilization of the cofactor was investigated by simple entrapment, adsorption to 

carbon nanotube, encapsulation of NAD
+
 chemically attached to dextran (NAD-dextran), and 

by in-situ coupling with glycidoxypropyltrimethoxysilane (GPS). The last approach allowed 

stable immobilization of the cofactor, and was extended to electrodeposition and applied to 

macroporous electrodes. 

    Several strategies for mediator immobilization have been developed and used for the 

elaboration of the reagentless device. Fc-PEI, Fc-Silane or Osmium polymer were 

successfully co-immobilized with dehydrogenase and cofactor in the sol-gel matrix deposited 

by drop-coating. However, the same strategies did not operate when the sol-gel films have 

been electrodeposited. 

Some other strategies based on carbon nanotubes (CNTs) for mediator immobilization were 

finally developed in attempting to overcome the above problems. They include (1) micro-

wave treatment (MWCNTs-µW), (2) electrochemical deposition of poly(methylene green) 

(MWCNTs-PMG), and (3) wrapping with a polyacrylate polymer holding osmium(III) 

complexes (MWCNTs-Os). The elaboration of a reagentless device by sol-gel 

electrodeposition was only achieved using a sol containing dehydrogenase, diaphorase and the 

cofactor (NAD-GPS) on carbon nanotube wrapped by an osmium polymer. Carbon nanotubes 

provided also a unique opportunity for the immobilization in an active form of rhodium 

complexes used for NADH regeneration (reduction reaction). 

 

Keywords: Silica, sol-gel, dehydrogenase, NAD
+
/NADH cofactor, electron mediator, 

polyelectrolyte, bioencapsulation, electrochemically-assisted deposition, thin films, 

reagentless device, porous electrodes, carbon nanotubes. 

 



 

 

La recherché menée dans cette thèse concerne l’élaboration de couches minces sol-gel 

permettant la co-immobilisation de déshydrogénase, du cofacteur NAD
+
/NADH et d’un 

médiateur électrochimique afin d’obtenir le système présentant une activité électrocatalytique 

optimale et pouvant être déposé au sein d’électrodes macroporeuses. 

 

L’immobilisation de la D-sorbitol déshydrogénase (DSDH, l’enzyme modèle de cette étude) 

sous une forme active dans la matrice sol-gel a été obtenue en utilisant un polyélectrolyte 

positivement chargé comme additif dans le sol de départ. La présence de ce polymère dans le 

sol de silice procure un environnement favorable à l’activité enzymatique de la 

déshydrogénase. Le film peut être déposé par évaporation du sol optimal ou électrogénéré par 

électrolyse de ce même sol, ce dernier procédé ayant été appliqué à la fonctionnalisation 

d’électrodes d’or macroporeuses. La diaphorase a également pu être co-encapsule avec la 

DSDH pour la régénération électroenzymatique du cofacteur NAD
+
. 

 

L’immobilisation du cofacteur dans cette matrice sol-gel a ensuite été étudiée. Le cofacteur 

a tout d’abord été simplement encapsulé dans la matrice sol-gel en présence ou non de 

nanotubes de carbone. L’encapsulation d’une forme macromoléculaire du NAD
+
 (NAD-

dextran) a également été étudiée et finalement une voie alternative a été étudiée, utilisant le 

couplage chimique du NAD
+
 avec le groupement époxy du glycidoxypropylsilane (NAD-

GPS). Cette dernière approche s’est montrée être la plus intéressante, notamment en ce qui 

concerne la stabilité du signal électrocatalytique. Les études de faisabilité ont été menées en 

utilisant le dépôt sol-gel par évaporation du sol sur électrode plane et la méthode a ensuite été 

transposée aux électrodes macroporeuses pour dépôt par électrogénération. 

 

Plusieurs stratégies d’immobilisation du médiateur électrochimique ont alors été étudiées. 

Les espèces de type ferrocène ou des complexes d’osmium(III) peuvent être incorporées dans 

la matrice sol-gel par encapsulation de polymères portant ces médiateurs (Fc-PEI et polymère 

d’osmium) ou par co-condensation avec un ferrocène fonctionnalisé par un groupement silane.  

Ces trois systèmes se sont montrés opérationnels lorsque la couche mince sol-gel était 

déposées par évaporation du sol contenant l’ensemble des éléments de la co-immobilisation 

(DSDH, diaphorase, NAD-GPS et médiateur). Par contre le dépôt par électrogénération ne 

permet aux médiateurs de transférer les électrons entre la diaphorase et l’électrode, empêchant 

toute activité catalytique. 

 

Finalement d’autres stratégies basées sur la fonctionnalisation de nanotubes de carbone par 

différents médiateurs électrochimiques ont alors été étudiées pour dépasser le problème 

rencontré avec les films déposés par électrogénération (perte de la fonction de médiateur). Les 

nanotubes de carbones ont été fonctionnalisés par des fonctions quinone grâce à un traitement 

micro-onde, par électropolymérisation du vert de méthylène, ou par recouvrement par un 

polymère de type acrylate portant des complexes d’osmium(III). Il alors été possible de co-

immobiliser l’ensemble des éléments de ce processus électrocatalytique en utilisant 

l’électrogénération d’une couche mince sol-gel servant à immobiliser les protéines (DSDH et 

diaphorase) et le cofacteur (NAD-GPS) à la surface des nanotubes fonctionnalisés par le 

polymère d’osmium(III). Enfin, les nanotubes de carbone ont permis l’immobilisation sous 

une forme active de complexes de Rh(III) permettant la régénération du cofacteur NADH. 

 

 

Keywords: Silice, sol-gel, déshydrogénase, cofacteur NAD
+
/NADH, médiateur, 

polyélectrolyte, bioencapsulation, électrogénération, film, électrodes macroporeuses, 

nanotubes de carbone. 
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