Électrodes poreuses hautement organisées pour l'immobilisation d'enzymes sur mesure

Le traitement du diabète représente un défi majeur pour la société et de nombreux outils de diagnostic sont développés afin d'obtenir un aperçu de l'état de santé d'un patient. Cependant, les progrès réalisés dans la technologie de surveillance du taux de glucose ont été lents et de nombreux verrous technologiques restent à résoudre. L'un des aspects les plus difficiles à surmonter est la biocompatibilité des capteurs implantables, de nombreuses molécules plasmatiques affectent leur précision et leur fiabilité à long terme de manière négative. Pour relever ces défis, ce projet de doctorat se concentre sur le développement d'architectures d'électrodes alternatives pour le biopile à combustible implantable au glucose. Des études expérimentales ont été menées pour développer de nouvelles architectures moléculaires afin d'améliorer les méthodes d'immobilisation des enzymes et d'étudier l'influence de paramètres externes sur la performance de la bio pile à combustible. Des matériaux poreux hautement organisés servent de base à la conception d'une double électrode cylindrique coaxiale avec un espace interstitiel réglable dans la plage des micromètres, en utilisant une approche « bottom-up ». En raison de l'espace réduit entre les électrodes, les molécules redox peuvent participer plusieurs fois à la réaction d'échange d'électrons, ce qui entraîne une amplification significative du signal. Les enzymes cathodiques et anodiques sont sélectivement immobilisées dans le système coaxial pour assembler une bio pile à combustible miniaturisée avec des propriétés de transport de masse améliorées. L'incorporation d'un fil d'argent dans la conception de l'électrode coaxiale permet de miniaturiser une cellule électrochimique contenant une électrode de travail, une contre-électrode et une électrode de référence. Des efforts sont également dirigés vers l'utilisation de matériaux flexibles pour étendre l'application des capteurs implantables aux dispositifs portable. De plus, la performance de la bio pile à combustible est améliorée en présence d'un champ magnétique externe, sans nécessiter d'énergie supplémentaire. Les résultats de cette étude devraient contribuer à l'avancement de la technologie de surveillance de la glycémie en abordant les défis liés à la conception du capteur. Électrodes en or macroporeux, cristaux colloïdaux, électrodéposition, recyclage redox, immobilisation d'enzymes, biopiles, suivi du glucose, effet magnétohydrodynamique.
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Highly organized porous and hierarchical electrodes for the immobilization of tailored enzymes

Diabetes treatment presents a significant societal challenge and many diagnostic tools are developed in order to gain insight into a patient's health status. However, progress toward the current state of glucose monitoring technology was gradual and is still facing multiple challenges that are yet to be solved. One of the most challenging aspects remains the biocompatibility of implanted sensors adversely affecting their long-term accuracy and reliability. To address these challenges, this PhD project focuses on developing alternative electrode architectures for implantable glucose biofuel cells.

Experimental studies are conducted to develop novel architectural features, improve enzyme immobilization methodologies and investigate the influence of external parameters on the biofuel cell performance.

Highly organized porous materials are the basis for the design of a cylindrical twin electrode with a gap in the micrometer range that can be fine-tuned through a bottom-up approach. Due to a small gap between the electrodes, redox molecules can participate multiple times in the electron exchange reaction resulting in significant signal amplification. Cathodic and anodic enzymes were selectively immobilized into the co-axial system to assemble a miniaturized biofuel cell with improved mass transport properties. The incorporation of a silver wire into the co-axial electrode design allows the miniaturization of an electrochemical cell containing a working, counter and reference electrode on a single wire. Efforts were also directed toward using flexible materials to extend the application from implantable to wearable sensors. Additionally, the BFC performance was improved in the presence of the magnetic field as an external parameter, without requiring additional energy input. The outcomes of this study are expected to contribute to the advancement of glucose monitoring technology by addressing challenges related to the sensor design.
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Introduction

Since the treatment and cure for diabetes is an active scientific research topic, many diagnostic tools are developed in order to gain insight into a patient's health status. Despite the availability of numerous methods and techniques, personalized, continuous glucose monitoring remains a challenge. Unlike single finger pricking control, continuous glucose monitoring (CGM) provides a maximized amount of information about changes in blood glucose and facilitates optimal treatment selection.

These continuous readings are used for the detection and prediction of hyper/hypoglycemia in realtime, assessing mean glycemia and determining the amount of glycemic variability. [1] Diabetes control is intended to decrease deviations from the mean glycemic level, since every shift can cause permanent damage to the patient health. CGM provides insight into glucose concentration, direction and rate of the change, as well as predicts deviations from the mean glucose trend up to 30 minutes in the future. [2] Not only that CGM is the gold standard for diabetes management, but it is also a fundamental necessity for hospitalized patients in the intensive care units. Implanted sensors could travel with the patient from the entrance to the care unit, up to the operating room or different radiology departments, which would remove pressure from the caregivers. [3] The first CGM marketed 20 years ago monitored glucose over three days, requiring repetitive sensor calibration with a finger stick sampling twice per day. Four years ago, a device put on the market eliminated the need for initial and subsequent finger stick calibrations, and its lifetime was also prolonged. [START_REF] Didyuk | Continuous Glucose Monitoring Devices: Past, Present, and Future Focus on the History and Evolution of Technological Innovation[END_REF] Progress toward the current state of glucose monitoring technology was gradual and is still facing multiple challenges that are yet to be solved.

Implantable glucose sensor performance is directly affected by the individual patient's immune response to the insertion and maintenance. The host's immune system is triggering upon implantation a cascade of chemical and biological reactions which are commonly called foreign body response (FBR). [START_REF] Didyuk | Continuous Glucose Monitoring Devices: Past, Present, and Future Focus on the History and Evolution of Technological Innovation[END_REF] FBR will create a layer of inflammatory tissue several hours after implantation and as it becomes thicker the sensor response is decreasing. [2] The key to prolonging the life of an implanted sensor is lowering or switching off the FBR. Efforts are made in tuning the material's surface properties to limit protein fouling, developing different coatings, and modifying surfaces with different ligands that can modulate immune cell recruitment. However, an additional approach is to decrease the size of an implant as well as proper selection of the device geometry to cause smaller injury to the body. [START_REF] Veiseh | [END_REF] As nanotechnology can provide solutions to the above-mentioned problems, great efforts are being made in the development of new materials with a high surface area which allow higher efficiencies for smaller devices, that are biocompatible and able to mitigate local fibrotic response. Future technology is focused on development of an artificial pancreas in which the sensor is linked to automated insulin dosing whose role would be to normalize glucose levels. [START_REF] Lewis | History and Perspective on DIY Closed Looping[END_REF][START_REF] Blauw | A Review of Safety and Design Requirements of the Artificial Pancreas[END_REF] Such technologies need to rely on long-term, stable, reliable and accurate glycemic measurements. Therefore, the development of new and improved glucose biosensors remains a main focus of current research.

The goal of our project is to use an interdisciplinary approach based on the current state of the art about glucose sensing to propose an alternative concept toward long-term implantable biosensors. In this context, we try to carefully optimize and design every single step of the process. Starting from a materials aspect, our electrode architecture is based on a tunable macroporous gold cylinder. Gold is a highly biocompatible material, and the porosity allows accommodating a maximum surface area in a small volume and thus to propose a device as compact as possible. In addition, we use specifically designed enzymes with the possibility to switch them from an active to an inactive state. Diffusional mass transport is modulated by the inflammation layer around the sensor, and due to the constant consumption of glucose, the signal will decrease because of changes in the mass transport properties of the layer in the sensor vicinity. To overcome this unwanted effect, the sensor should not continuously consume analyte but have periods where there is no conversion, thereby allowing the concentration to re-equilibrate in the sensor proximity. The designed enzymes are immobilized on the electrode in such a way that all of them are in electrochemical contact with the electrode either through direct or mediated electron transfer with the help of redox polymers. The developed sensor architectures and methods of measurement could then be tested in vitro as well as in vivo.

Overall, this PhD thesis aims to propose an innovative approach to long-term implantable biosensors by leveraging nanotechnology and optimizing the materials, design and measurements methods for reliable and accurate glucose sensing, as presented in the next subchapter.

Thesis outline

Objective of this project is to provide an improved alternative electrode architecture for an implantable long-term stable biosensor/biofuel cell for glucose monitoring.

In Chapter 1, the general features and different synthesis routes for ordered macroporous materials are introduced. Synthesis is carried out through a two-step process, template assembly followed by material infiltration into the template. Both processes are described in detail together with most commonly used techniques for material assembly and characterization.

In Chapter 2, the significance and challenges for continuous glucose monitoring are discussed. Biological aspects and response of the body to the implant are described in detail. Foreign body response is taken into careful consideration while designing the biosensor in this project.

In Chapter 3, the synthesis of macroporous electrodes is described based on the potentiostatic infiltration of gold into silica colloidal template. The Langmuir-Blodgett method is used for the colloidal assembly due to a precise and reproducible control of the process. Based on these principles, complex double co-axial gold architectures are elaborated. Amplification of the signal, known as redox cycling is established because of micrometer distances between the two porous gold electrodes. Moreover, a miniaturized three-electrode system on a single wire is developed as a possible alternative to the conventional macroscopic electrochemical cell.

In Chapter 4, various immobilization strategies of the enzymes based on direct and mediated electron transfer are reported. Immobilization of Bilirubin Oxidase is studied for designing an efficient biocathode while Glucose and Galactose Oxidase are investigated in order to elaborate more efficient bioanodes for the biofuel cell construction.

In Chapter 5, different architectural biofuel cell designs are considered. Biofuel cells based on a flexible support material for the wireless transmission of the signal are studied. Moreover, a miniaturized co-axial porous gold electrode is used for the enzyme immobilization and bifunctional device construction. Lastly, the influence of an external magnetic field on the biofuel cell performance is investigated.

In the conclusion, the main results achieved throughout this thesis are summarized and the possible future research directions are highlighted.

The research leading to these results has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement Nº813006.

Highly ordered macroporous materials

1.1. Overview of different synthesis techniques 1.2. Driving forces of the colloidal crystal assembly 1.3. Synthesis of colloidal crystals 1.4. Infiltration methods and properties of porous materials

Highly ordered macroporous materials

Over the last decades, research on porous materials drew significant attention, due to their interesting fundamental properties, as well as diverse practical applications ranging from catalysis to energy storage. In the most generalized definition, a pore is reflecting limited space or cavity in a continuous material. [START_REF] Doménech-Carbó | [END_REF] According to their size, pores are classified into micropores with a size smaller than 2 nm, mesopores ranging from 2 to 50 nm and macropores larger than 50 nm. Porous materials can be inorganic, organic or composite including silicates and aluminosilicates, metals and their oxides, carbon, polymers, and metal-organic frameworks. [START_REF] Zhao | Novel porous materials for emerging applications[END_REF] One of the most relevant characteristics of porous materials is their high effective surface-tovolume ratio, usually expressed in terms of their specific surface area. In addition to that, there are several other advantages and important features relevant for diverse fields of technology. A great number of available synthesis approaches allow precise control over the macroscopic morphology, as well as the internal pore structure, resulting in desirable material designed for specific applications. Tuning the pore size will also influence electrical or optical properties. Pore walls are modifiable in a way to interact with specific atoms, ions, or molecules or to capture liquid, gas, or solid particles. Tunability and ease of modification lead to the tailoring of specific properties of the electrodes, such as selective permeability, molecular recognition, biochemical activity and electrocatalysis. [START_REF] Walcarius | [END_REF] Pore regularity, the high interconnection between layers, and low density will contribute to the efficiency of electron or ion and mass transfer, of special importance e.g. in energy storage technology. [START_REF] Wu | Hierarchically structured porous materials: Synthesis strategies and applications in energy storage[END_REF] 

Overview of different synthesis techniques

Plenty of synthetic routes and methods have been developed to prepare porous materials, and a summary of the different concepts is illustrated in Figure 1.

Figure 1. Schemes of various synthetic routes for generating porous materials, adapted from [START_REF] Wu | Hierarchically structured porous materials: Synthesis strategies and applications in energy storage[END_REF] .

The synthetic routes to generate porous materials can be generally classified according to whether a template is used or not (Figure 1). Template-free methods rely on spontaneous self-assembly which is making the synthesis easy and straightforward, but on the other hand, they are difficult to control or don't allow a precise prediction of the resulting pore size as well as the final shape. [11- 13] Template methods include the use of a directing structure that enables the material to adopt the desired architecture, followed by template removal. The templates can be categorized into three types: soft, hard or complex. [START_REF] Doménech-Carbó | [END_REF] Usually, surfactant molecules, organic polymers, molecular associations, air bubbles, ionic liquids and vesicles are considered soft templates.

Surfactant templating is employed for the synthesis of porous materials, using molecular aggregates such as micelles, liquid crystals, and vesicles. This method allows the synthesis of materials with highly ordered channels and uniform pore sizes, and by the combination of several different surfactants, bimodal or even trimodal architectures can be prepared. [14] In addition, the soft template can be an emulsion where a precursor is solidified around droplets which then are removed by solvent evaporation. The method is appropriate for organic, inorganic and composite materials. [START_REF] Zhang | Uniform Emulsion-Templated Silica Beads with High Pore Volume and Hierarchical Porosity[END_REF] Adjusting the water/oil emulsion phase composition can lead to pores ranging from nanometers to micrometers.

Hard template materials include anodized alumina, mesoporous silica membranes or colloidal microspheres. They provide a better control over pore size due to a strong spatial confinement effect compared to soft templates.

The characteristic advantages of polymers, such as versatility of preparation, adjustable architecture and controllable surface modification, allow an environment where chemical reactions can take place. [START_REF] Wu | Hierarchically structured porous materials: Synthesis strategies and applications in energy storage[END_REF] The diversity of the polymeric templates such as foams, fibers and gels leads to the production of materials with advanced architectures, including spheres, film, monoliths and fibers.

Besides synthetic templates, biological materials also have excellent properties allowing them to be employed as a soft template. Interesting processes utilizing bacteria, insect wings, plant leaves and spores, spider silk, celluloses and others are reported. The advantages of bio-inspired templating are eco-friendliness, large available quantities, low cost and the possibility to generate pores at the macroscopic scale. [START_REF] Yang | Hierarchically porous materials: Synthesis strategies and structure design[END_REF] In comparison to the synthesis concepts mentioned above, colloidal crystal templating is providing a way to produce materials with well-ordered, periodic pore structures with a large range of pore sizes. Colloidal crystals are based on monodisperse microspheres self-assembled in a threedimensional ordered opal structure. [START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] In summary, porous materials are opening doors for new technological advances in every segment of research. Since there is a large diversity of synthetic routes with different advantages and disadvantages, the most appropriate approach should be chosen according to the target application and the desired material. Synthesis concepts that are based on hard templates allow the production of well-defined, periodic pore architectures. Since the goal of our project is to create a platform for implantation with well-known material properties, colloidal crystal templating seems to be the most appropriate choice for preparing porous electrodes. In the next subchapter the different methods of colloidal crystal assembly will be discussed in more detail.

Driving forces of the colloidal crystal assembly

Natural hierarchical structuring has been a huge source of inspiration for researchers because nature has found growth mechanisms using weak interactions at ambient conditions driving almost perfect material assembly. Hierarchical structures are present throughout the environment, starting from simple cell organisms to extremely complex systems such as the human body. Mimicking nature is a promising way of synthesizing new materials, as well as understanding the correlation between a material and its properties. Special focus was given to smart fabrication techniques which would be able to synthesize materials on the level that nature does. [START_REF] Su | Hierarchically Structured Porous Materials[END_REF] A fascinating and still intriguing example of natural colloidal crystals is opal (Figure 2) made from the ordered deposition of silica particles over years of sedimentation accompanied by compression with the help of gravitational and hydrostatic forces. [START_REF] Marlow | [END_REF] As can be seen in Figure 2a, opal has an interesting color that is changing while changing the observation angle. Generally speaking, coloration or opalescence is the property resulting from the ordered periodic nanostructure shown in Figure 2b. Using opals as an example, man-made colloidal crystals or synthetic opals are composed of densely packed monodisperse colloidal particles. The driving mechanism of the structural organization into ordered patterns is selfassembly. Different forces and mechanisms need to be examined to understand, as well as to direct the process of synthesis in the desired direction.

Self-assembly as a spontaneous association covers a broad range of dimensions, sources of origin and mechanism of formation. From a thermodynamic point of view, self-assembly processes can be categorized as static or equilibrium assemblies, which operate through the principle of energy minimization and dynamic processes leading to stable non-equilibrium structures that exist only if the system is dissipating energy. [START_REF] Pelesko | Self assembly : the science of things that put themselves together[END_REF] Examples of static assembly are polypeptides forming a hemoglobin protein, the formation of a functional ribosome, lipid molecules assembling in water forming oil droplets or the formation of molecular crystals. [START_REF] Whitesides | [END_REF][START_REF] Hosseinkhani | Self-assembled proteins and peptides for regenerative medicine[END_REF] Research is mainly focused on static assembly while dynamic ones are poorly understood, but some examples are structures formed by competition between diffusion and chemical reaction or biological cells. [START_REF] Whitesides | [END_REF] In addition to the categorization above, according to Whiteside et al (2002), templated selfassembly reflects interactions between components and regular features of their environment, determining the hierarchical structure that is formed. Biological self-assembly is reflecting the complexity and variety of the functions obtained.

Generally speaking, self-assembly is the result of a force balance between attractive, repulsive and directional forces. Attractive and repulsive forces are responsible for the random and usually onestep process resulting in non-hierarchical structures. On the contrary, adding directional forces to the system will result in multistep organized processes with hierarchical structures. [START_REF] Lee | [END_REF] Regardless of the material origin, processes are driven by weak and long-range forces. These intermolecular forces are Van der Waals, electrostatic, steric/depletion, solvation/hydration and hydrophobic forces. In addition to these forces, it is worth mentioning hydrogen bonding and coordination bond.

Van der Waals interactions can originate from the dipoles or induced dipoles of atoms as well as molecules and are proportional to the polarizability and dipole moment of the molecules and inversely correlated to the distance between species. One type of Van der Waals interaction is London forces, relatively weak, but always present since changes in the symmetry of the electron cloud can trigger them. Due to that, even uncharged dielectric colloids can experience Van der Waals attraction that is emerging from electron fluctuations around the atomic nucleus generating dipoles that can induce dipoles as well in neighboring species. [24] When a particle surface is charged, electrostatic interactions can take place. Forces that are originating from electrostatic interactions are strong and short-range in comparison to Van der Waals interactions. Electrostatic interactions are occurring whenever two or more charged species interact. If charged species are placed in the solution, they will be surrounded by oppositely charged ions. As the distance from the central charged species is increasing, the density of the opposite ions will decrease. Since every charged surface will contain its counterions, colloidal particles will interact with each other by the means of the electrical double layer. The total force of the colloidal object in the solution is the sum of the electric double-layer and Van der Waals force, which will depend on the geometry, characteristics of the surface and some external interactions.

In short, intermolecular forces will drive and influence self-assembly in general, regardless of the material origin. The size and the structure of the self-assembled architecture will depend on the interplay between these forces. What is making a significant difference between molecular and colloidal assembly is the presence of the external forces induced by the colloidal phenomena itself. Some of these colloidal phenomena are capillary forces, surface tension, wetting, adhesion, gravity, Brownian motion, osmotic pressure, force by flow, electrokinetic and magnetophoretic forces as illustrated by Figure 3.

Figure 3.

Typical examples of colloidal forces, phenomena and external forces, adapted from [START_REF] Lee | [END_REF] .

Instead of describing each of these colloidal phenomena individually, they will rather be explained in a sense of contribution to different synthetic pathways of colloidal crystals in the following subchapter.

Synthesis of colloidal crystal

Self-assembly relying only on the intermolecular forces will result rather in a random assembly of the colloidal crystal. Many efforts were made to give self-assembly directionality and to control it by involving external forces. The final goal is to obtain crystals with very few amount of defects, which would be an extreme advantage for several applications. Since colloidal crystals have a broad applicability in various fields of research and technology, there are numerous techniques for their controlled and defect-less synthesis. These techniques can be classified according to the dominant force driving the ordering, such as convective flow caused by the evaporation of the supernatant, or ordering by force fields such as gravity, electric and magnetic fields. [START_REF] Marlow | [END_REF] The most straightforward deposition involves sedimentation in the gravitational field, achieved by allowing colloidal particles to settle down in solution over a long period. Gravity is imposing directionality on the colloidal particles which is counterbalanced by diffusion. [START_REF] Lee | [END_REF] Diffusion is a random process, but under these circumstances can be considered directional. The motion of particles under gravitational forces can be described by the Stokes equation (1) for spherical particles:

𝑣 = 𝑑 2 (𝜌 𝑝 -𝜌 𝑙 )𝑔 18𝜂 𝑙 (1)
where 𝑣 is the speed of sedimentation, 𝑑 the diameter of colloidal particles, 𝜌𝑝 the density of the colloidal particles and 𝜌𝑙 the density of the liquid medium, g is the gravitational acceleration and 𝜂𝑙 the viscosity of the liquid medium.

According to the Stokes equation, the speed of the particle will depend on its diameter or in other words on its volume fraction in the suspension. Consequently, bigger particles will sediment faster than the smaller ones, but create amorphous sediments instead. [25] On the other hand, if the particle is too small (d < 100 nm), sedimentation is too slow to be used. [26] To speed up the process of sedimentation, centrifugal force can be used. [START_REF] Shelekhina | Towards 3D photonic crystals[END_REF] The influence of the centrifugal force on the sedimentation process was poorly understood until Antonopoulou et al proposed a model which indicated that interparticle interactions are an important aspect of velocity determination. In addition, under centrifugal acceleration, the volume fraction of the suspension component is decreasing as a function of time, whereas it remains constant under the influence of gravity. [START_REF] Antonopoulou | [END_REF] Early attempts of implementing centrifugal forces into sedimentation were yielding polycrystalline domains with different lattice orientations in the crystals due to nucleation at different sites. [START_REF] Dziomkina | Colloidal crystal assembly on topologically patterned templates[END_REF] Subsequent improvements of the technique by optimizing initial parameters resulted in complex binary colloidal crystal synthesis.

Structural gradients were obtained in a centrifugation experiment with binary mixtures (Figure 4). The centrifugal force causes overall sedimentation of the particles, and the densification at the bottom of the dispersion leads to an upward movement of the smaller particles. [START_REF] Chen | [END_REF] Figure 4. SEM images and corresponding schematics of the crystal lattice for different ordered binary phases obtained through centrifugation. [START_REF] Chen | [END_REF] Although with the development of the technique the quality of the crystal increased, the remaining disadvantage of this technique is a poor control of the layer thickness.

Another straightforward method of self-assembly that allows a better control of the layer thickness is synthesis driven by solvent evaporation. The most common approaches in this context are dropcasting, dip-coating, and drag-coating. Drop-casting is one of the simplest methods based on placing a drop directly on the surface, followed by evaporation of the solvent. In the case of dipcoating, the substrate is immersed into the coating suspension, followed by vertical withdrawal. Drag-coating is the analog of the previous technique with the difference that the substrate is in a horizontal orientation. The mechanism of the colloidal crystal formation during vertical deposition is illustrated in Figure 5. [START_REF] Dziomkina | Colloidal crystal assembly on topologically patterned templates[END_REF] Firstly, attractive capillary immersion forces are formed in the solvent meniscus between the suspension and the drying front. They are inducing colloidal aggregation and subsequent crystallization. Secondly, solvent evaporation is initiating a convective colloidal particle flux from the bulk to the drying layer. [START_REF] Cai | From colloidal particles to photonic crystals: Advances in self-assembly and their emerging applications[END_REF] During solvent evaporation, interparticle capillary forces are organizing the particles into close-packed arrays. These capillary forces can be so strong that they can cause crack formation in the dried films. The resulting thickness will depend on the flux of the particles in the meniscus. [START_REF] Jiang | [END_REF] In the case of the 3D particle assembly, particles are compressed by the solvent influx, which is spreading through cavities of the colloidal arrays, thus compensating for the loss of the evaporating solvent. [START_REF] Dziomkina | Colloidal crystal assembly on topologically patterned templates[END_REF] Growth can be influenced by several parameters, such as temperature, humidity, sphere volume fraction, substrate tilting angle, and material surface properties. [START_REF] Mclachlan | [END_REF] The particle is surrounded by three phases, substrate, air and solvent. The angle at the junction between these three phases is called the contact angle and will determine the wetting properties. [START_REF] Lee | [END_REF] If the wetting properties are sufficient, a continuous film will form, otherwise dewetting can occur and islands are formed. In addition, colloidal stability is also important in order to prevent sedimentation during coating, especially for big particles where surface forces are not enough to overcome sedimentation. To address this issue, the evaporative flux should be increased by using solvents with higher viscosity or density. [START_REF] Roach | Controlling disorder in self-assembled colloidal monolayers via evaporative processes[END_REF] There are several advantages of sedimentation techniques, such as smaller amounts of suspension, a smaller number of defects, easier final sample handling and a better definition of the layer surface. However, thickness control remains a challenge. [START_REF] Marlow | [END_REF] In addition to vertical deposition, the Langmuir-Blodgett technique (LB) can build up layer-bylayer particles, allowing precise control of the deposition process and the final thickness of the colloidal crystal. LB involves compression of the particles by the means of applying mechanical force that is directly imposed by movable barriers at the air-water interface followed by particle transfer onto the substrate. LB technique will be explained in more detail in the next chapter.

In summary, the techniques presented above are the ones used mainly due to their ease, straightforwardness and scalability. Besides intermolecular forces, they are based on gravitational, centrifugal or capillary forces. Directionality and control over the assembly can be achieved as well by using external fields such as electrical, magnetic and optical. Introducing external forces enable efficient control over the initial orientation of the building blocks, which as a consequence leads to defect-free crystals.

The electric field-mediated assembly enables the formation of crystal structures on various substrate geometries and length scales for charged and uncharged particles. [START_REF] Edwards | [END_REF] Examples of fielddriven self-assembly are focused on the induced polarization of the particles, achieved by applying DC or AC fields. AC fields are preferable in comparison to DC since in the latter case unwanted side reactions can be induced in the electrolyte and interfere with the assembly.

The applied field is inducing polarization in the dispersed particles, which tends to form aggregates. Depending on the strength of the field several reversible stable phases are possible. [START_REF] Liljeström | Active structuring of colloids through field-driven self-assembly[END_REF] Alignment is controlled by the particle's electrophoretic or dielectrophoretic mobility, while interaction is dictated by the induced short-range dipolar forces. AC fields will distort the counterions in the double layer around the colloidal particles and induce a net dipole moment, as illustrated in Figure 6.

Figure 6.

An external AC field is disrupting the electrical double layer around a particle causing separation of charges (induced dipole). [START_REF] Harraq | Field-Induced Assembly and Propulsion of Colloids[END_REF] These induced dipoles will interact with a non-uniform field and migrate toward the potential energy minimum. This electrokinetic phenomenon, balanced by hydrodynamic drag, is called dielectrophoresis. [START_REF] Edwards | [END_REF] Due to the movement of the ions in the double layer and in the surrounding fluid, opposite charges will cause the electroosmotic flow of the fluid and slow down particle velocity. [START_REF] Van Blaaderen | Manipulating the self assembly of colloids in electric fields[END_REF] For the larger particles, since their mobility is lower, structuring is facilitated by the carrier media. As size increases, Brownian motion is decreasing since it cannot overcome gravity, capillary, or dispersion forces. If the particle does not have a high enough mobility, it will be unable to change its configuration. In this case, the carrier medium can be used to increase particle mobility. The electric field can induce hydrodynamic flow, which, consequently, will allow electrohydrodynamic structuring. Colloidal particles are pushed towards each other by the strong lateral attraction that is perpendicular to the applied field. [START_REF] Trau | Articles Assembly of Colloidal Crystals at Electrode Interfaces[END_REF] Attraction is the result of the electrohydrodynamic flow that is compensating for charge and pressure gradients due to particles in the vicinity of the electrode surface. Different phase compositions are obtained due to a variation in the amplitude or frequency of the applied voltage. [24,[START_REF] Grzelczak | Directed self-assembly of nanoparticles[END_REF] A complex assembly of colloidal binary mixtures induced by electric fields has been reported. For a binary mixture, the microstructure of the particle assembly and the spatial distribution can be controlled by the means of dipolar interactions and dielectrophoretic forces. By controlling the polarity of a particle, it is also possible to modulate the structure of the particles around it. [START_REF] Demirörs | [END_REF] A variety of complex assemblies was achieved by tuning the dipolar interactions between building blocks which demonstrates the power of this technique.

In addition to electric fields, magnetic fields can also be employed as an external field for particle assembly. In this case, there is no ion movement, which is excluding the possibility of fluid flow as well as electrochemical side reactions. [24] Figure 7. Magnetic domains align parallel to an external magnetic field in such a way that a single particle can be considered a single magnetic dipole. [START_REF] Harraq | Field-Induced Assembly and Propulsion of Colloids[END_REF] As it is illustrated in Figure 7, the alignment of the atomic moments in the external field will cause a net effective magnetic dipole of the colloidal particle. In that case, electric and magnetic fields can be considered as analogs due to the formation of an effective dipole within the particles. [START_REF] Harraq | Field-Induced Assembly and Propulsion of Colloids[END_REF] However, in comparison to the previously described electric field assembly, magnetic fields are applied in a contactless way and are chemically nonintrusive, but the main disadvantage is the range of materials that can be used as they need to contain a magnetic domain that is susceptible to the magnetic field. [START_REF] Liljeström | Active structuring of colloids through field-driven self-assembly[END_REF] 

Infiltration methods and properties of porous materials

Inverse replica of three-dimensionally ordered macroporous products can be obtained by infiltrating material into a colloidal crystal template. These materials are having distinct important features such as a well-ordered periodicity of the nanostructured architecture with a large surface area as well as an interconnected pore system. Porous materials found their place in multiple applications from optical and electrochemical sensors to batteries, supercapacitors and fuel cells. The properties of the final inverse opal structure will strongly depend on the choice of the appropriate infiltration technique. Different techniques are developed for successful infiltration of the precursors either in liquid, gaseous or solid form. Examples of some synthetic techniques are sol-gel, in situ polymerization, electrodeposition, chemical deposition, chemical vapor deposition (CVD), plasma enhanced CVD, atomic layer deposition (ALD), pulsed layer deposition (PLD), physical layer deposition and infiltration with a suspension of solid nanoparticles.

Depending on the technique, different types of precursor material can be used for the infiltration, such as metal salts, oxides, carbon, silica, monomers, oligomers, polymers as well as nanoparticles. The main prerequisite for the material deposition is that precursor must be able to penetrate the colloidal crystal and be transformed into a desired solid phase. Since the final step in obtaining inverse replicas is the removal of the template, ideally the infiltrated material should be resistant to deformations during this process. Most commonly, the template is dissolved by an appropriate solvent or removed by calcination. A schematic representation of the steps in the inverse opal synthesis is shown in Figure 8. Figure 8. Scheme of three-dimensional porous material synthesis. [START_REF] Su | Hierarchically Structured Porous Materials[END_REF] Depending on the strength of the interactions between the precursor layer and the template, the skeletal shape of the material can differ. If the interaction between the precursor and the sphere is strong, the infiltrating material will follow the curvature of the sphere and leave small holes in interstitial spaces, this type of interaction is known as surface templating, resulting in a product with close-packed air spheres separated by solid walls. [42] On the other hand, if the precursorprecursor interactions are stronger, the infiltrating material will fill the bulk of the interstitial space, known as volume templating. The employed infiltration technique, as well as the degree of the precursor interaction with the sphere, will determine the final inverse structure.

Due to their unique structural features, these materials exhibit numerous interesting properties. One of them is photonic properties that result from their 3D regular periodicity in which wavelengths of the electromagnetic interactions are in the same order as a refractive index of the periodic structure. [43] Photonic bands are produced while the light is scattered in a periodic structure, depending on its strength, the light might not propagate through the structure equally, which can lead to the localization of light within photonic crystal while enhancing or inhibiting spontaneous emission. [42] Because of these properties, inverse opals are studied extensively as photonic crystals, finding their application in lasers, sensors, coatings, transistors, filters of radiation and many others. If the crystal lattice dimensions are on the length scale of visible light, photonic crystals can have structural color. Due to the coloration of the photonic crystal, they are widely used in colorimetric sensors (Figure 9). Figure 9. pH-dependent color change and respective reflectance spectra of a photonic crystal pH sensor. [44] Materials used for the fabrication of photonic crystals will determine their appearance, response as well as applications to different environments. Besides interesting photonic properties, porous materials are having an extremely high surface area per given volume. Due to the high surface area, the signal coming from the analyte, while interacting with the matrix, can be enhanced significantly. Since the pores are well connected in the ordered porous materials, diffusion, as well as electron transfer, can be facilitated, which as a consequence will lead to a shorter response time. [44] Since currently, available techniques are fairly simple, complex electrode architecture can be generated, while broadening application directions.

The need for glucose monitoring

Despite all technological and medical advances, diabetes presents a major health issue in terms of prevalence, morbidity and costs. According to the forecasting model, it will remain a major health problem in America where the study was conducted. In short, by 2030 the prevalence of diabetes (both types) will increase by 54% to 55 million people, as well as annual deaths attributed to diabetes will rise by 38% to almost 400 000. [45] The blood glucose concentration for the average person is usually 70-120 mg/dL or 4-8 mM range, while that range is much wider for the diabetic person, 30-500 mg/dL or 2-30 mM. Due to wider and often variations of blood glucose, a diabetic person needs to know glucose concentration in less than 20 minutes in order to avoid life-endangering episodes of hypoglycemia. Glucose essays on the annual level are performed far more than any other essay which is one of the reasons why diabetes management is costly. [START_REF] Heller | Electrochemical glucose sensors and their applications in diabetes management[END_REF] Diabetes is a group of metabolic diseases whose cause is lying in defects in insulin secretion, action or both. Diabetes broadly can be divided into two categories (type 1 and type 2). Cause of the type 1 diabetes is an absolute deficiency of insulin secretion, due to cellular-mediated autoimmune destruction of the beta-cells of the pancreas. Insulin is the pancreatic hormone promoting the uptake of glucose by the cell. In that case, patients need to inject insulin which will lower glucose concentration after meals and monitor blood glucose 5-6 times per day.

The cause of type 2 diabetes is a combination of resistance to insulin action and an inadequate compensatory insulin secretory response. In this case, hyperglycemia is sufficient to cause pathological and functional changes in target tissues but without clinical symptoms, which is why this type of diabetes is more difficult to diagnose.

The chronic hyperglycemia of diabetes is associated with long-term damage, dysfunction and failure of different organs, especially the eyes, kidneys, nerves, heart and blood vessels. Some of the long-term complications are including retinopathy, nephropathy, foot ulcers, charcot joints and autonomic neuropathy causing gastro, genitourinary and cardiovascular symptoms, the possibility of atherosclerosis and hypertension. [START_REF][END_REF] Acute effects are including fainting, coma and death resulting from hypoglycemia. In order to prevent these devastating complications of diabetes, patients need to tightly and often monitor glucose concentration.

The first self-monitoring technology developed in the 1980s was an electrochemical strip of approximately pen size. This sensor was based on glucose oxidase and ferrocene/ferrocenium as a mediator shuttling electrons from the enzyme to the electrode. These devices have witnessed major improvements in terms of their sensing chemistries, speed, sample volume, miniaturization, accuracy, precision and mass production. Although technology improved, the ground-breaking discovery was the CGM device, which was finally able to continuously track trends and fluctuations in glucose levels, especially during sleep or daily activities. [START_REF] Teymourian | Electrochemical glucose sensors in diabetes management: An updated review[END_REF] The CGM systems are measuring and analyzing the rate of change of the glucose data, or even predicting a glycemic event in the future and alerting the patient. The first CGM marketed 20 years ago monitored glucose over three days and needed repetitive sensor calibration with a finger stick sampling twice per day. Although CGM provided continuous glucose monitoring which is an extremely important aspect of diabetes management, repetitive calibration was needed due to the passivation of the sensor caused by the foreign body response (FBR) discussed in detail in the next subchapter. A lifetime of a sensor can be prolonged only by taking into account foreign body response.

Overcoming the foreign body reaction

The biological response upon implantation of a foreign body creates a changing environment around the implant which consequently induces a change in the background response and sensitivity. These changes can be compensated with frequent calibration. Four years ago, a device put on the market eliminated the need for initial and subsequent finger stick calibrations. [START_REF] Didyuk | Continuous Glucose Monitoring Devices: Past, Present, and Future Focus on the History and Evolution of Technological Innovation[END_REF] Progress toward the current state of glucose monitoring technology was gradual and is still facing multiple challenges that are yet to be solved. One of the most challenging aspects remains the biocompatibility of implanted sensors adversely affecting their long-term accuracy and reliability.

In short, implanted material induces an immune response that is trying to protect the host from foreign threats and maintain homeostasis, and this reaction will determine the outcome of the integration as well as the performance of the implant. [START_REF] Gifford | Continuous glucose monitoring: 40 years, what we've learned and what[END_REF] The response of the sensors is weakened by the development of an acute FBR shown in Figure 10. [START_REF] Mariani | Biomaterials: Foreign bodies or tuners for the immune response?[END_REF] Figure 10. Representation of the development of the foreign body reaction, illustrating the main cellular components and events from initial implantation to fibrous encapsulation. [START_REF] Mariani | Biomaterials: Foreign bodies or tuners for the immune response?[END_REF] In the first few seconds of the implantation, blood from the damaged blood vessels starts to interact with the implant. After a few minutes, plasma and protein components are rapidly adsorbed on the surface. In the next few hours or days, the properties of the implanted material will determine the process of adsorption and encapsulation. [START_REF] Mariani | Biomaterials: Foreign bodies or tuners for the immune response?[END_REF] These histological changes around the sensor are causing a significant loss of the activity/functionality of the device. A fibrous capsule forming around the sensor is limiting the transport of even low molecular weight analytes such as glucose to the sensor surface, and therefore glucose diffusion is negatively influenced as well as the electrochemical response of the device. [START_REF] Onuki | [END_REF] The key to successfully maintaining the sensor function would be modulating FBR and that is why the long-term functionality of the implantable sensor is still a big challenge.

Main principles of the enzymatic glucose biosensors

A biosensor can be considered as a chemical sensor where the recognition element is relying on a biochemical reaction. [START_REF] Philip | Bioelectrochemistry : fundamentals, experimental techniques and applications[END_REF] It is composed of three parts; a biological recognition element that is specific to the desired analyte, a transducer that transforms the detection phenomena into an electric signal, and a converter of the electrical signal into a readable form. [START_REF] Jang | Radio-frequency biosensors for real-time and continuous glucose detection[END_REF] The first glucose enzyme electrode was proposed by Clark and Lyons [START_REF] Clark | [END_REF] more than 60 years ago, constructed by entrapping a thin layer of glucose oxidase (GOX) over an oxygen electrode by a membrane permeable to glucose. Detection of glucose was done indirectly by monitoring the oxygen consumed or hydrogen peroxide produced in an co-factor dependent enzyme-catalyzed reaction as it can be described by the equations (2-5). The flavine adenine dinucleotide (FAD) shuttles the electrons from the substrate to the product of the enzymatic reaction.

GOX(FAD) + 𝛽-D-glucose → GOX(FADH2) + glucono-𝛿-lactone

(2)

GOX(FADH2) + O2 → GOX(FAD) + H2O2 (3) 
glucono-𝛿-lactone + H2O → D-gluconic acid

Overall reaction:

𝛽-D-glucose + O2 + H2O → D-gluconic acid + H2O2

Since the 1 st generation of glucose biosensors is dependent on the use of oxygen as the physiological electron acceptor, they are subject to limitations due to oxygen concentration fluctuations as well as oxygen deficiency in comparison to glucose levels. From these limitations, a second generation of glucose sensors was developed, based on the replacement of oxygen by a non-physiological electron acceptor (mediator, M(ox)/M(red)) whose role is to shuttle electrons from the redox-active center to the electrode. Mediators can shuttle electrons according to the equations (6-8).

𝛽-D-glucose + GOX(FAD) → D-gluconic acid + GOX(FADH2)

GOX(FADH2) + 2M(ox) → GOX(FAD) + 2M(red) + 2H + (7)

2M(red) + 2e -→ 2M(ox) (8) 
Where M(ox) and M(red) are the oxidized and reduced forms of the mediator. Characteristics of efficient mediators are their independency of oxygen, reactions at the lower overpotential, fast reaction kinetics, low or no toxicity, chemical stability and solubility. Common examples of used mediators are ferricyanide, ferrocene, quinones and osmium-based redox polymers. [START_REF] Zhang | Electrochemical Sensors, and Their Biomedical Applications[END_REF] The last generation of glucose biosensors is based on the direct electron transfer between the enzyme and the electrode. There are several advantages for binding enzymes directly to the electrode surface, such as reducing the number of essential reactions, lower overpotentials for the detection, a potential window depending solely on the redox potential of the enzyme's cofactor, and simplified fabrication. [START_REF] Lee | [END_REF] Schematic representations of the working principle of these 3 generations of biosensors are shown in Figure 11. Electrons from the glucose oxidation are taken by the enzyme cofactor and transferred to the oxygen (1 st ) or mediator (2 nd ) or directly to the electrode (3 rd ). [START_REF] Zhang | Smartphone Based Medical Diagnostics[END_REF] 

Strategies for designing long-term implantable glucose sensors

An enzymatic glucose biosensor can be described as a consumptive sensor since it is relying on analyte turnover. Due to continuous glucose consumption, a concentration gradient is formed between the analyte and the electrode surface as it is shown in Figure 12. surface. [START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF] The concentration gradient of glucose is inducing a diffusional mass transport from the bulk toward the sensing layer. Mass transport is significantly influenced by histological changes around the device. Even if the enzymatic layer is stable over the lifetime of the sensor, if encapsulating layers are increasing in thickness or density, the current signal will decrease. [START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF] Based on this knowledge, in order to improve the lifespan as well as the analytical performance of implantable sensors, a multidisciplinary approach has to be adopted taking into consideration the design parameters of the device such as geometry, enzyme selection and immobilization, coatings and measurement strategies.

Many efforts are made in designing electrode surfaces since the functional surface area available for electron transfer will impact current measurements. By increasing the active surface area, the measured current will increase proportionally. Advanced porous structures are providing not just enhanced surface area but enhanced electron transfer and improved enzyme immobilization. Nanotechnology is a key ingredient for obtaining enough surface area to immobilize a large number of enzymes for the biochemical reaction, and simultaneously allowing to design devices of very small dimensions. [START_REF] Teymourian | Electrochemical glucose sensors in diabetes management: An updated review[END_REF] In order to minimize FBR, biocompatible anti-fouling coatings are developed, their role is to facilitate the implantation process while minimizing protein adsorption. Reported materials are including polymers like polyethylene glycol (PEG), poly(hydroxyethyl methacrylate) (PHEMA), polyurethane (PU) or Nafion. [START_REF] Nichols | Biocompatible materials for continuous glucose monitoring devices[END_REF] PEG is one of the most used bio-compatible polymers because of its hydrophilicity, non-toxicity and anti-fouling properties, however, due to the radical mechanism of autoxidation it has poor stability. Zwitterionic polymers could be a good alternative to current polymers. The use of a zwitterionic coating in in-vivo experiments showed good biocompatibility, eliminating signal noise and the requirement for frequent background calibrations. [START_REF] Xie | [END_REF] Even though different coatings are reducing fouling, they still can not prevent immune responses upon implantation. Therefore, in addition to the antifouling properties, advanced coatings have been introduced with drug-release properties. Anti-inflammation drugs such as dexamethasone can be used for the suppression of FBR. [61] Another example of a releasing chemical is nitric oxide as a vasodilator. [62] One of the reasons for the limited lifespan of the implanted sensor can be enzyme denaturation, as a result of the FBR or exposure to reactive oxidative species (ROS) that are side products of the biochemical reactions. Numerous immobilization strategies were developed in order to ensure enzyme stability, such as covalent immobilization, crosslinking, entrapping enzymes inside a hydrogel, encapsulation into permeable polymers and others. [START_REF] Zhang | Electrochemical Sensors, and Their Biomedical Applications[END_REF] In summary, in order to overcome FBR upon implantation and to increase the lifespan of the device, several aspects need to be taken into account. Combining advanced nanomaterials as an interface and developing new protective anti-fouling strategies with an advanced understanding of enzyme immobilization. Together this allows improving the current technology and opening the door towards artificial pancreas which enables better monitoring combined with therapy for diabetic patients.

In this work, the strategy to minimize FBR is to use biocompatible gold electrodes as a sensor architecture. The active surface area of the electrodes was increased by synthesizing 3D porous gold network to improve overall sensor performance. The synthesis and characterization of such macroporous electrodes are described in the next subchapter. 

Macroporous electrode synthesis

Macroporous electrodes synthesis

Macroporous materials are used for the immobilization of enzymes and the elaboration of bioelectrochemical devices due to their structure which provides higher surface areas than their flat homologs as well as the possibility to decrease the overall geometric dimensions of the device without decreasing the electrochemical signal intensity. In addition, by using an architecture with a cylindrical geometry, it is possible to improve the mass transport of the electroactive species toward the electrode surface, which is one of the main unsolved problems for electrochemical devices, especially in the field of implantable biofuel cells and biosensors. Porous materials can be easily synthesized by infiltrating a target material through a temporary template. As described in the previous chapter, a variety of different colloidal crystal template strategies were studied.

Since the final goal of our project is an implantable biofuel cell, a precise control over electrode geometry is needed. The Langmuir-Blodgett technique for the colloidal crystal assembly provides a better precision, smaller number of defects, higher control over pore size and the thickness of the colloidal crystal.

Langmuir-Blodgett technique for colloidal silica assembly

The Langmuir-Blodgett (LB) technique enables the assembly of (sub)micrometer-sized silica particles into a stack of successive monolayers on gold wire substrates. One of the biggest advantages of the LB process over other existing techniques is the precise control of the template architecture at the single-layer level. [63] Originally this technique was developed for the assembly and transfer of amphiphilic molecules from the water-air interface onto the surface of solid substrates. [64] Substances that can form Langmuir monolayers should be amphiphilic and insoluble in water. One of the first monolayers was obtained with fatty acids and phospholipids. Their hydrophobic tails orient facing air while hydrophilic heads are anchored to the interfacial water. Once the compact film is formed, the transfer of the monolayer onto the substrate is accomplished by immersion and withdrawal of the substrate into and from the water.

For years, a variety of amphiphilic molecules were used for the monolayer formation on the waterair interface, from fatty acids to the much bigger building units such as colloidal particles. Silica particles are one of the most utilized for this purpose due to their facile synthesis and ease of surface modification. Modification of the silica surface will allow modifying their hydrophilic nature in order to facilitate their assembly on the water interface. Particles will sink during their dispersion onto the water interface, if they are completely hydrophilic; on the other hand, if they are completely hydrophobic they will tend to aggregate instead of forming a monolayer.

Silica particles were synthesized according to the modified Stöber method. [65] Firstly, silica seeds were synthesized by mixing the precursor tetraethoxysilane (TEOS) with ammonia as a catalyst of the condensation reaction. TEOS was slowly introduced into the reaction media in order to gain control over nucleation and further growth. The precursor is undergoing hydrolysis and the subsequent condensational reaction. The resulting polymeric 3D silica network will have a big number of siloxane and silanol groups on the surface of the particles causing the hydrophilic properties of silica.

Silica seeds were characterized by scanning electron microscopy (SEM), statistical analysis of the size was based on 100 particles, the size was determined to be 771 nm ± 12.3 nm (Figure 13). As can be seen from the SEM images, silica seeds are monodisperse with a regular spherical shape and smooth surface. Once silica seeds are synthesized, they can be further grown to the desired size by adding the exact amount of TEOS needed. The addition of TEOS to the reaction should be slow in order to avoid additional nucleation which will cause polydispersity. The final size of the silica particles was 1 µm ± 13 nm as it is shown in Figure 14. In addition to SEM, energy-dispersive X-ray spectroscopy (EDX) was performed where observed dominant peaks are corresponding to the signals coming from the silicon (Si) and oxygen (O). Smaller peaks observed for sodium (Na) and (Mg) are attributed to the glass support where silica particles were placed on.

In order to gain better control over self-assembly on the air/water interface, silica particles were modified by APTES (3-aminopropyltetraethoxysilane). The introduction of the propyl chain onto the silica surface decreases the overall hydrophilicity and facilitates the assembly as well as the quality of the final colloidal crystal. After surface modification, silica particles were purified from the leftovers of the reactants and dispersed in a solvent that is immiscible with water and highly volatile to facilitate silica dispersion onto the water interface.

The Langmuir-Blodgett instrument is shown in Figure 15. As can be seen from Figure 15, Langmuir-Blodgett consists of a trough filled with water, a sample holder, movable barriers and a pressure sensor. In order to avoid colloidal crystal defects, special attention needs to be given to remove impurities including dust from the water interface.

After dispersing the silica particles at the LB trough's water-air interface, the film's compression is controlled by measuring the surface pressure as a function of the film area. The compression process is followed with the help of a Wilhelmy plate (platinum or paper) that is connected directly to the sensitive balance and immersed in water. Surface pressure is a measure of the force that is experienced by the plate during barrier movement. When barriers are completely open, the surface pressure is at zero value and silica particles dispersed onto the water interface are having freedom of motion. Once barriers are progressively closing, the interparticle distance is decreasing and interactions between them are becoming more significant until the point where they are in close contact, which will cause a sharp rise in surface pressure and results in a highly compressed state of the particles. When the compact Langmuir film is formed, silica beads can be transferred to the surface of any hydrophilic substrate by the slow upstroke of the substrate. Change in the surface pressure according to the surface area is not just describing the different phases of the monolayer formation, but it is an indicator of the film quality (Figure 16).

Figure 16.

Example of the experimental compression isotherm recorded during the film formation with silica particles. [START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] The sharp rise of the compression isotherm is characteristic of a high-quality film, since the transition between freely moving particles and the highly compressed film is so distinct. In the case of impurities or multilayer formation, the isotherm will not show a vertical rise in surface pressure.

Crack and defect-free monolayers are crucial for the subsequent electrode synthesis procedure. In addition to the isotherm characteristics, the quality of the film can be examined by the transfer of the monolayer onto a glass slide. Macroscopic observation can be the preliminary proof of the quality of the LB film and an indicator for the successful silica particle transfer onto a substrate.

As it was mentioned in the previous chapter, colloidal crystals are considered as artificial opals and due to their excellent structural organization, they possess an intensive coloration while exposed to visible light. In addition to the macroscopic examination, SEM characterization can provide additional information about the monolayer quality such as compactness, amount of defects and organization of the particles (Figure 17). SEM characterization showed well-compressed and organized silica particles without cracks in the monolayer. After thorough macroscopic and SEM examination, substrates of different geometry can be used for the silica particle transfer (wires, plate or complex substrates). Templates with different thicknesses can be synthesized depending on the number of transferred monolayers.

In addition to the gold wire substrate, a variety of geometries and materials were used to synthesize the colloidal crystal template. Depending on the material type as well as geometry, different conditions need to be optimized for example the complex architectures such as a plastic screw with a gold wire wrapped around it (Figure 18), the time for drying needs to be significantly higher.

Figure 18.

Illustration of the complex electrode architecture with gold wire wrapped around plastic screw used for silica particles deposition with Langmuir-Blodgett.

Infiltration of gold into a colloidal template by electrodeposition

The electrochemical deposition has several advantages over other infiltration techniques for macroporous materials synthesis. Electrodeposition is ensuring a high density of the deposited materials within the template, with no shrinkage or necessity for additional processing steps after template removal. Consequently, the resulting metal pore sizes are determined by the template. A variety of metals, alloys, oxides, conducting polymers and semiconductors can be used. A unique feature of this approach is the precise control over the thickness of the resulting film through a control over the charge needed for the deposition. [66] A typical setup for the electrochemical deposition is including a working electrode WE (substrate with the colloidal crystal template), a reference electrode RE (Ag/AgCl) and the counter electrode CE (platinum or carbon). By applying a sufficiently negative potential to the WE, electrodeposition is initiated, and reduction of the metal ions from the conductive electrode surface or the bottom of the colloidal crystal is taking place. Electrodeposition can be stopped when metal infiltrates the desired level of the template, and consequently a precise control over material thickness is achieved.

Counter electrode size and geometry should be considered during electrodeposition. The surface area of the counter electrode should be at least two times bigger in order not to limit current flow through the system. The geometry of the counter electrode should be the same as the working in order to ensure a homogeneous electric field around it. In a case of a gold wire as a working electrode, its placement in the center of the cylinder counter electrode will provide the conditions for an homogeneous growth of the metal and result in an equal porous thickness.

Because of the excellent conductivity, mechanical stability, facile surface modification and good biocompatibility, gold was chosen as a metal for the infiltration of the colloidal crystal template. The commercial gold bath ECF 60 was used because it favors a smooth growth in contrast to chloroauric acid. A potential of -0.66 V versus the reference electrode allows the reduction of gold ions. The intensity of the faradaic current during amperometric deposition was measured as a function of time as shown in Figure 19a. Due to the homogeneous surface of the planar gold electrode, metal growth is continuous as can be seen in Figure 19a. On the other hand, when the metal is growing through the colloidal crystal template, characteristic current oscillations can be observed as in Figure 19b. Current oscillations are caused by the periodic change of the surface area available for the metal deposition (Figure 20a). Deposition starts from the electrode substrate where the surface area, as well as the absolute current value for the infiltration of the metal, is the maximum as well as the absolute value of the current. As the metal deposit is growing further, the available surface area is decreasing in the same manner as the absolute value of the current, until it reaches its minimum or first local maximum corresponds to the 1 st half layer of the gold deposit (Figure 20b). On contrary, after 1 st half layer, the available surface area as well as absolute current values are increasing again until the local minimum where the space around the first silica bead is completely filled with gold. for the electrodeposition. [START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] Following the local maxima and minima, a precise control of a gold deposit interface is obtained.

Depending on where electrodeposition is stopped, different pore structures can be obtained with an accuracy of a few nanometers. [START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] If the electrodeposition is stopped at the half-layer level, the result will be an open pore structure, on the other hand, if it is stopped at the full-layer filling, the result will be a closed pore structure.

Open pore structures will ensure access of the solutions to penetrate fully into even thick macroporous structures. In addition to having a precise control over the thickness of the metal deposit, oscillations can give insight into the quality of the colloidal crystal as well. If the silica beads are not well-organized or have a defect, oscillations will be noisy or even absent. Defects in the crystal template will cause an unequal growth of the gold, and the current will be similar to the one shown in Figure 19a, because the growth kinetics will be faster at the defects of the template and oscillations will be suppressed completely.

The main parameter that should be optimized is the applied electrode potential at which the reduction of the gold ions occurs. Well-organized colloidal crystal templates will restrict gold growth and the pores in the final material will be uniform and interconnected. On the other hand, dendritic gold growth due to the composition of the gold bath or a non-optimal potential will disturb colloidal crystal organization and silica beads will be removed from their position. In that case, pores will not be connected and uniform.

To determine the optimal value of the electrode potential for the gold reduction, cyclic voltammetry (CV) was used for the planar and cylinder gold electrodes in commercial electroplating solution ECF 60 (Metalor). The determined onset potential was around -0.50 V for the gold wire and -0.60 V for the gold plate. Discrepancies in these two potentials for gold reduction can be contributed to the different gold qualities of the substrates. In order to find optimal conditions for smooth gold growth, electrodeposition was studied for 30 minutes with different potentials ranging from -0.66 V to -0.50 V on the planar gold electrode and subsequently on the one modified with the colloidal crystal template. Electrodes were characterized by SEM as shown in Figure 21. As can be seen from Figure 21a, electrodeposition at a potential of -0.66 V causes a fast and rough gold growth. Instead of a smooth layer around the silica beads, small dendrites created a disorder of the colloidal crystal which resulted in a rather rough surface and disturbed the porous network (Figure 21b). Electrodeposition at -0.53 V generates smoother surfaces (Figure 21c), and the resulting macroporous surface is better-defined and displays interconnected pores (Figure 21d). Such an open pore system facilitates also the penetration of hydrofluoric acid, needed for the final step of a synthesis which is the dissolution of the silica beads.

Electrochemical characterization of the macroporous gold electrodes

Porous materials are having a much greater surface area than the geometric one, thus an accurate measurement of the active surface area is an important aspect that needs to be considered.

Depending on the material, different approaches can be used. [START_REF] Trasatti | [END_REF] Some of these are hydrogen adsorption, carbon monoxide stripping, double-layer capacitance, surface oxide reduction and many others. [START_REF] Lukaszewski | Electrochemical methods of real surface area determination of noble metal electrodes -an overview[END_REF] The method used for the determination of the active gold surface area is based on the reductive stripping of the gold oxide. The gold electrode is immersed into diluted sulfuric acid (0.5 M) where a forward scan from 0 -1.5 V will oxidize the gold surface, and during the reverse scan gold oxide is reduced and the charge under the peak is used for the active surface area determination (Figure 22). As can be seen from Figure 22, a sharp rise of the anodic current near 1.1 V in the forward scan corresponds to gold oxide formation while a cathodic peak near 0.9 V in the backward scan corresponds to gold oxide reduction. The gold oxide layer covers the entire surface of the gold and the charge related to the reduction step can be used for the calculation of the active surface area.

The conversion factor of 390 ± 10 µC/cm 2 for a polycrystalline gold surface is used to calculate the active surface area of the electrode, based on the charge obtained from the integration of the gold oxide reduction peak. [START_REF] Trasatti | [END_REF] Oxidation and the reduction currents are increasing as the number of porous gold layers is increasing as a result of increasing the electroactive surface area.

In addition to the surface area determination, successive gold-oxide formation and reduction in sulfuric acid with a fast scan rate (100 mV/s) will remove organic contamination and it can be used as a method of pretreatment of the gold electrodes. Sharp rises in anodic and cathodic current around 1.1 V and 0.9 V with reproducible successive scans are indicators of a clean electrode. [START_REF] Bard | Electroanalytical Chemistry[END_REF] In order to calculate how much the surface area will increase when depositing different thicknesses of porous gold, the roughness factor can be estimated according to equation ( 9): [START_REF] Szamocki | [END_REF] 𝑅 = √

4 3 𝜋𝑛 (9) 
with 𝑛 being the number of pore layers.

The theoretical value of the roughness factor exclusively relies on the number of pore layers. By taking into consideration the geometrical surface area of the electrode and multiplying it with the roughness factor, the theoretical surface area is obtained. Both, the roughness factor and the theoretical surface area of the macroporous electrodes linearly depend on the number of pore layers as shown in Figure 22. In order to compare the theoretically calculated values with experimentally obtained surface areas, several electrodes with different thicknesses were prepared and cycled in sulfuric acid leading to the voltammograms displayed in Figure 22. The integral of the gold oxide stripping peak gave the charge which was converted into active surface area by using the conversion factor. The surface area from 3 different electrode sets was calculated and their mean results are shown in Figure 24. The experimentally determined surface area for electrodes with different thickness showed an excellent linearity with R 2 = 0.999, following the theoretically calculated trend. Only a small discrepancy appears for the thicker samples. The real surface area being slightly higher than the predicted one, which can be attributed to the long cycling in sulfuric acid that creates a rougher surface because of the reorganization of the gold atoms.

In summary, following oscillations during electrodeposition through a colloidal silica template provides an excellent tool in order to precisely control the thickness of the deposited gold as well as its structural organization. An increase in the number of layers will cause a linear increase in active surface area in good agreement with theoretical predictions.

Co-axial double gold electrode elaboration

The high demand for bioelectrochemical devices leads to the improvement of their electrochemical performance in the sense of an appropriate choice of electrode material, surface properties as well as the architectures of a device. [72] Miniaturization, while maintaining the electrochemical and analytical properties of the device, remains a significant challenge. Miniaturized devices are especially important in the field of implantable systems, where their size and architecture will significantly influence foreign body response.

This was the motivation for our project to engineer a device based on two threaded cylindrical porous gold microelectrodes with a gap that can be fine-tuned. [73] The cylindrical geometry provides compactness of the overall device where two electrodes are combined into one. In addition, due to the radial diffusion of the analyte, mass transport of the redox probe is improved. Both electrodes are porous which is ensuring an increased active surface area.

Moreover, such a twin-electrode can in principle be modified selectively with different enzymes resulting in small and compact biofuel cells. Due to the miniaturized design, straightforward synthesis, signal amplification and biocompatibility, the twin-electrode can be applied for numerous (bio)analytical tasks, especially in the field of implantable devices.

As described above, the LB technique enables the assembly of micrometer-sized silica particles into a stack of successive monolayers on gold wire substrates. One of the biggest advantages of the LB process over other existing techniques is the precise control of the template architecture at the single-layer level. [63] After dispersing the silica particles at the water-air interface of the LB trough, the compression of the film is controlled by measuring the surface pressure as a function of the film area. Once a compact Langmuir film is formed, the silica monolayers are transferred onto the surface of the oxygen-plasma-treated gold microwires, and in that way, a thick colloidal crystal is obtained. A schematic representation of the four-step procedure for the twin-electrode elaboration is given in Figure 25. Such a colloidal crystal (Figure 25a) is used as a template for the potentiostatic infiltration of an alternating gold-nickel-gold layers (Figure 25b). [74] In the resulting metal/silica composite, nickel acts as a sacrificial separator between two gold layers, which later can be removed during a wet etching step in diluted nitric acid (Figure 25c). Then, the colloidal silica template is dissolved in diluted hydrofluoric acid and the final macroporous electrode structure is obtained (Figure 25d).

As mentioned before, a highly precise control of the thickness of the metal growing through the silica template is achieved by tracking the temporal current oscillations (Figure 26). These periodic current variations of current are due to a change in the electroactive surface area while the metal is infiltrating the template. This allows a fine-tuning of the thickness and, most importantly, of the distance between the two final macroporous gold electrodes. As shown in Figure 26a, the inner electrode consists of 1.5 layers of porous gold, whereas the outer electrode is composed of 5.5 porous gold layers. The distance between the two final gold electrodes is defined by 13.5 layers of nickel, which corresponds to approximately 15 μm. If necessary, the size of this gap can be tuned from the submicrometer level to several tens of microns. Electrodeposition is usually terminated at the half-layer level to ensure completely open pores. After the nickel layer has been removed, structural integrity is preserved through the infiltration of diluted varnish at the two extremities of the structure. A detailed optimization of the mechanical stabilization was performed. Several stabilizing elements were tested, including fast and slowdrying epoxy glue. After infiltration of the stabilizing element, electrodes were cut in order to obtain a cross-section for the SEM characterization (Figure 27). The cross-section at the extremity of the electrode, where the glue was present only on the surface of the outer electrode was characterized by SEM. Although epoxy glue is providing strength and excellent mechanical stability that was preserved during cutting with a blade to obtain crosssection, it is too viscous to penetrate easily through the pores.

In order to facilitate the penetration of the glue, the bottom part of the electrode was selectively etched in order to remove silica beads and create a space for the stabilizer. After silica etching, the electrode was dip-coated with glue. Although glue was able to infiltrate between two electrodes, the final structure did not have long-term stability, due to the inability to control the partial etching of silica beads. Capillary forces suck the HF up and dissolve the main part of the silica beads that are key for maintaining stability.

For the further stabilization process, silica beads were kept in the structure while infiltrating the stabilizing element. Glue was substituted with nail varnish that was readily diluted with acetone. Different degrees of dilution were examined in order to find an optimal mixture that is able to infiltrate the whole structure. The mixture was stirred to facilitate infiltration, and the final setup for the varnish infiltration is shown in Figure 28. Firstly, the electrode was dipped into water for a few minutes and while still wet it has been transferred to the diluted varnish. The water inside the structure was replaced by acetone and varnish. Stirring allowed homogeneous infiltration of varnish between the two electrodes. Acetone was evaporating slowly at room temperature. The cross-section at the extremity of the electrode was characterized by SEM shown in Figure 29. As can be seen from Figure 29, a thick layer of varnish was present between two gold electrodes.

Once the electrode is mechanically stable, a gold microwire is attached directly to the surface with a drop of the silver paste. Adding a connection is necessary to electrically address the outer electrode. In order to prevent contamination by the silver paste, nail varnish is drop casted below the connecting point. Once the varnish is dried, silica particles are dissolved in HF and the final structure is obtained.

SEM characterization was carried out after every fabrication step as presented in Figure 30. It shows the alternating gold-nickel-gold layers having a thickness that is in agreement with the one predicted by the current oscillations (Figure 30a). Figure 30b has been recorded after nickel dissolution, with preserved silica beads sandwiched between the two gold electrodes. Finally, Figure 30c illustrates the final electrode structure after the removal of the silica beads, indicating a regular macroporous structure, as well as a uniform thickness and homogenously distributed pores. [66] In addition to the SEM characterization, mechanical stability has been confirmed with the electrochemical techniques. One way to confirm the absence of physical contact between the electrodes is to examine them through electrochemical techniques. Especially redox cycling effect between two electrically independent electrodes would be strong proof for the absence of physical contact. Thorough electrochemical characterization and redox cycling are described in the next subchapter.

Redox cycling in the double electrode system

Electroanalytical methods are used in a broad range of scientific disciplines from fundamental research to different applications, such as biological or environmental sensors as well as in fuel and solar cells. [75] Consequently, there is a strong interest in optimizing their sensitivity and selectivity. [76] One way to address these issues is to use redox cycling (RC) as a powerful strategy to amplify faradaic currents in electroanalytical measurements, which can enhance the sensitivity through fast multiple oxidation and reduction events. [77] In order to implement RC, two closely spaced and individually addressable electrodes are biased simultaneously to potentials above and below the formal redox potential of the analyte. This method has been applied in scanning electrochemical microscopy (SECM) for the detection of individual molecules that were confined within the space between a tip and a conducting surface. [78,79] The current amplification which can be achieved through redox cycling strongly depends on the time that a redox active molecule needs to diffuse back and forth between the oppositely polarized electrodes, and therefore the distance between the cathode and anode is a critical parameter that needs to be carefully tuned and optimized, as well as their respective surface areas. [80] Thin-layer electrochemical cells comprising two planar electrodes separated by a thin layer of liquid are the most frequently used type of redox cycling devices. [81] In order to reduce the gap size it is necessary to use cleanroom facilities and multi-step photo-or e-beam lithography techniques as demonstrated in the pioneering work of Lemay et al., where the sensitivity of these devices allows even single-molecule detection. [82][83][84][85] While these devices have many advantages, there is still a need for simplified elaboration processes to open up their use to a broader range of applications. [86] Many reported RC devices are based on such a planar electrode geometry either in a 2D or 3D configuration, [87,88] because the design of thin layer electrochemical cells with electrodes having more complex geometries (e.g. curved electrode surfaces with a cylindrical geometry) would be a real challenge for standard microfabrication techniques. In addition to challenging and complex fabrication, thin-layer electrochemical cells are often integrated with external microfluidic pumps for supplying analyte into the nanochannel.

A schematic representation of the miniaturized twin electrode for the RC is shown in Figure 31. The electrochemical functionality of the coaxial twin electrode system was tested by cyclic voltammetry (CV) to confirm that the two electrodes are independently addressable. The outer and the inner electrodes were separately connected to the potentiostat and their CVs were recorded in pure 0.5 M H2SO4 as supporting electrolyte (Figure 32a). The gold-oxide stripping peak around 0.9 V is used to calculate the electrochemical active surface area by dividing the corresponding charge by 390 μC/cm 2 . [START_REF] Trasatti | [END_REF] To make the two electrodes easily distinguishable in terms of their electrochemical characteristics, the outer porous layer has been chosen to be much thicker in comparison to the inner one, with active surface areas of 0.4 cm 2 and 0.04 cm 2 , respectively (Figure 32a, red and black curves). In the next step, both electrodes were on purpose short-circuited and the total calculated surface area of 0.44 cm 2 corresponds to the sum of the surface areas of the two individual electrodes (Figure 32a, blue curve). This confirms the structural integrity of the architecture and the absence of a short circuit between the outer and the inner electrode after removal of the silica beads, despite their micrometric separation. A first evaluation of the functionality of the elaborated architecture was carried out by recording CVs in 1 mM ferrocene methanol solution prepared in 0.1 M KNO3 as a function of the scan rate for the outer electrode (Figure 32b) while the inner electrode was kept at a floating potential (single mode measurement) and vice versa (Figure 32c). The shape of the recorded CVs is characteristic of a diffusion-controlled process of redox species present in solution with the Faradaic current being directly proportional to the square root of the scan rate (Figure 33) in agreement with the Randles-Ševčik equation. [89] Figure 33. The plot of peak currents vs square root of the scan rate for the a) outer and b) inner electrode.

In the next set of experiments, chronoamperometry has been used as the first technique to illustrate the efficiency of redox cycling with ferrocene methanol as an analyte. Two sets of experiments were performed to characterize the twin electrode system concerning redox cycling. In the first experiment (Figure 34a), the outer electrode was used as a generator while the inner electrode served as a collector. The generator electrode was kept at 0.3 V to oxidize ferrocene methanol and subsequently reduce it at the collector electrode, which is kept at a potential of 0.0 V. The recorded currents show a significant signal amplification when comparing the currents obtained in the single electrode mode (Figure 34b, black curve) and redox cycling mode (Figure 34b, red and blue curves). The amplification factor (𝑓) can be calculated in a first-order approximation by dividing the stationary current of the generator electrode at long times (80 s) in the redox-cycling mode (𝐼 𝑟.𝑐. ) by the current obtained when the same electrode is used in a single electrode mode (without recycling effect (𝐼 𝑛.𝑟.𝑐. ). [80] 𝑓 = 𝐼 𝑟.𝑐.

𝐼 𝑛.𝑟.𝑐. (10) The calculated amplification factor for the present configuration is 10. Since the redox cycling effect is strongly influenced by the geometry of the electrode arrangement, affecting the diffusional transport, it has been suggested by Kätelhön and Wolfrum that the key number that reflects these design features should be the collection efficiency (𝜂). The collection efficiency η is defined by the ratio of the currents at the generator (𝐼 𝑔𝑒𝑛 ) and collector (𝐼 𝑐𝑜𝑙 ) electrodes. [START_REF] Bard | Digital Simulation of the Measured Electrochemical Response of Reversible Redox Couples at Microelectrode Arrays: Consequences Arising from Closely Spaced Ultramicroelectrodes[END_REF] η = 𝐼 𝑔𝑒𝑛 𝐼 𝑐𝑜𝑙 (11) In the present case, the collection efficiency was found to be 90 %.

In the second set of experiments (Figure 34c), the reversed configuration was used, with the inner electrode acting as the generator and the outer as the collector electrode. By dividing the stationary currents of the obtained amperograms (Figure 34d), the calculated amplification factor was 115, while the collection efficiency reached 100 %.

Thus, when the inner electrode is the generator, the amplification as well as the collection efficiency is considerably improved, which can be explained by two types of phenomena. First, the outer electrode has a ten times higher surface area than the inner one and therefore can collect easily all oxidized species produced by the inner electrode and convert them back by reduction. Second, there is a fundamental difference between the two configurations. When the inner electrode is the generator, all species produced by oxidation are converted back into the reduced form by the outer one without the possibility to escape into bulk, causing a drastic increase in the amplification factor (Figure 34c). On the contrary, when the oxidized form is generated by the outer electrode, a certain fraction is diffusing into the confined space towards the inner electrode and will be recycled, but an important part can also diffuse into the bulk solution and consequently is lost for the recycling process (Figure 34a).

Theoretical diffusion limited recycling currents for a single molecule in a nanogap can be calculated according to equation (12), with the assumption that the gap is much longer than wide. [78,[START_REF] White | [END_REF] 𝑖 𝑅 = 𝑒𝐷 𝑧 2 (12) with a diffusion coefficient (D) of 7.5×10 -6 cm 2 s -1 , [92] 𝑒 being the charge of an electron and 𝑧 the gap width. A single ferrocene methanol molecule in a 15 μm gap would be expected to produce a current of 5.34×10 -19 A. When applying this calculation to a finite number of molecules, the concentration and the volume of the gap have to be known. The latter can be calculated by subtracting the volume of the outer from the inner electrode cylinder, since all dimensional parameters are known, due to the precise control of the manufacturing process. In the estimated 0.0245 mm 3 gap, 1.47×10 13 molecules will be present for a 1 mM ferrocene methanol solution, consequently generating a current of 8×10 -6 A.

These theoretical calculations are based on the fact that the surface is flat or in other words that the roughness is neglectable. In the case of the porous systems, porosity is increasing the surface area available for the reaction in comparison to the flat analog. Therefore, the roughness of the electrodes needs to be considered when calculating the theoretical current (equation 9).

However, as in the present work a fast redox couple is used, molecules are only reacting at the outermost pore layer and thus n is 0.5, which corresponds to a roughness factor of 1.8 (see equation 9). The value of the corrected current is therefore 14×10 -6 A and is in very good agreement with the steady-state currents experimentally obtained from the chronoamperograms, 14×10 -6 A (Figure 34b) and 12×10 -6 A (Figure 34d).

In a complementary series of experiments, cyclic voltammograms were recorded for the configuration showing the most efficient redox cycling effect (Figure 35a-c). Voltammograms were compared for the single electrode mode and the redox cycling mode of the inner electrode.

Once the electrodes are polarized to sufficiently high anodic/cathodic potentials, the ferrocene methanol molecules participate in a series of repeated redox reactions, leading to redox cycling, with an efficiency that depends on the characteristic time window of the experiment (i.e. the chosen scan rate). For 5 mV/s as the slowest scan rate, the current amplification is very pronounced (Figure 35a). Calculating at the peak potential the ratio of the oxidation current in the redox cycling and in the single electrode mode, the amplification factor (f) is 84, which is very similar to the one obtained from the chronoamperometric measurements. At a shorter time scale (i.e. 100 mV/s), the amplification factor decreases to 28 (Figure 35b), and for the highest scan rate (200 mV/s) it drops down to 18 (Figure 35c). At even higher scan rates, the amplification effect disappears, as the redox species do not have enough time to travel back and forth between the two electrodes (Figure 35d). At high scan rates, steady-state redox cycling is not fully established between the two electrodes. [93] The impact of the scan rate on the thickness of the diffusion layer causes higher amplification factors in amperometric measurements compared to cyclic voltammetry.

The limiting recycling current for the two planar electrodes separated by a thin layer of fluid can be estimated by equation ( 13): [94] 𝑖 𝑅 = 𝑛𝐹𝐴𝐷𝑐 𝑧 (13) Since the amplification factor is defined as the ratio between the recycling current and the current without recycling effect, obtained from the Randles-Ševčik equation, f can be expressed as:

𝑓 = 𝑖 𝑅 𝑖 𝑝 = ( 𝐷𝑅𝑇 𝑛𝐹𝜈 ) 1 2 1 0.4463 𝑧 (14) 
with a diffusion coefficient D of 7.5×10 -6 cm 2 s -1 [92] , R the gas constant, T the temperature, n the number of electrons transferred per redox event, F the Faraday constant, the scan rate and z the gap size.

The influence of the roughness of the electrodes was included in the calculation and the results are shown in the inset of Figure 35d. For example, for a distance of 15 µm and for the slowest scan rate, an amplification factor of 16 is calculated while a factor of 2 is obtained for the highest scan rate. In addition, for the electrodes where the gap size increased to 25 µm, the amplification factor will be smaller which is in agreement with previous work as with theoretical calculation (Figure 36). It should be noted that the values displayed in Figure 35d (green curve) are smaller than the experimentally determined amplification factors of 83 and 18 respectively. This discrepancy might be due to the fact that the currents measured for the inner electrode in the single electrode mode (black curves in Figures 35a, b andc) are underestimated, as the diffusion of the redox probe towards the inner electrode is restricted by the presence of the outer electrode. Therefore, the reacting redox probe originates essentially from the thin layer between the outer and inner electrode, comparable to the situation encountered in thin film electrochemistry. [95,96] To confirm this hypothesis we performed a control experiment with an individual macroporous gold wire with dimensions and a roughness identical to those of the inner electrode used in the coaxial setup (Figure 37). In this case, the oxidation and reduction currents of ferrocene methanol are ~10 times higher than those measured for the inner electrode in the coaxial setup. Based on this observation, it is possible to recalculate the corrected amplification factors and the results are illustrated by the inset in Figure 35d (grey triangles). As can be seen, this leads to a good agreement between the experimental and theoretical values. The small discrepancy between theoretically expected and experimentally measured amplification values at low scan rates can be rationalized and understood by considering what happens with the size of the diffusion layer in the vicinity of these electrodes as a function of scan rate. At low scan rates, the diffusion layer has the time to expand, and its characteristic thickness becomes bigger than the morphological features (pores) of the electrode. Thus, the measured currents are comparable to those that would be obtained for a flat analog. Consequently, the correction factor that we introduced for taking into account the contribution of the first porous half layer in terms of active surface area, is not really justified and results in a slight overestimation of the theoretical current (and the amplification factor) based on the Randles-Ševčik equation. On the other hand, for higher scan rates, the diffusion layer is relatively thin and thus follows the contour of the porous half layer, thus justifying the use of the correction factor related to surface enhancement by porosity.

Even though the fabricated device has a 300 times greater distance between electrodes, in comparison with previous studies in the field, the obtained amplification factors are comparable or even higher [97][98][99][100] due to a synergy between the geometry and porosity of these high surface area electrodes.

In summary, following an adapted bottom-up approach, porous cylindrical electrodes can be generated in a coaxial configuration, having a high active surface area which results in a very compact device design. The originality of the device relies on the concentric cylindrical architecture, and, even more importantly, a well-defined and perfectly controllable porosity. This allows delivering constantly fresh analytes by natural diffusion through the pores of the outer electrode into the gap where redox cycling occurs. Consequently, no external feeding of the device with an analyte is necessary, and the cylindrical shape guarantees 100% collection efficiency. In comparison to the reported techniques, the straightforward and low-cost bottom-up synthesis allows fine-tuning the thickness of the electrodes, the pore size, and the distance between the electrodes. Most of the literature devices require time-consuming lithography methods, and eventually cleanroom facilities, to generate a well-defined gap. The synergy between the 3D ordered porosity and confined geometry resulted in significant amplification without complex technology or facilities. Mechanical stabilization of the coaxial architecture allows the prevention of short circuits and ensures the stability of the device over long time periods.

Three-electrode system elaboration

Due to the application of electrochemical sensors in diverse areas of interest but especially in the biomedical domain, there is a continuous need for miniaturized assays suitable for integration. For most electrochemical sensors, regardless of the measurement method employed, the reference electrode is a key component. An ideal reference electrode that can provide near-Nernstian stability will minimize sensor response variations. In addition to all other advantages that electrochemical techniques have, a fully miniaturized system, containing working, counter and reference electrode would provide advantages such as portability, the possibility of small microliter sample volumes and field measurements. There are a few geometrical considerations that should be taken into account in designing a fully independent 3-electrode system. A perfect reference, in addition to its stability, should be placed as close as possible to the WE in order to minimize voltage drop through the solution. The counter electrode (CE) should be much larger in surface area than working electrode (WE) in order not limit the current in the readout circuit.

Analytes should be able to diffuse freely towards WE and CE. Most of the devices reported in literature require time-consuming and expensive lithography methods. Following an adapted bottom-up approach, a fully independent miniaturized 3-electrode device can be generated. Due to the bottom-up approach, every step of elaboration is precisely controlled, which allows the implementation of the key requirements to have a reliable electrochemical and biosensing device.

In summary, the elaboration process of the 3-electrode system is shown in Figure 38. The elaboration process of the 3-electrode system is based on an extension of the bottom-up approach described in the subchapter before for the 2-electrode system. The macroscopic gold wire was replaced by a the silver wire on which the colloidal silica crystal template was deposited. The silver wire contains a layer of oxides on its surface which is a reason for its hydrophilicity, excluding the need for plasma treatment prior LB deposition. At least 40 layers of silica particles are required on the silver wire due to the complexity of the electrodeposited structure. Chronoaperometric oscillations are shown in Figure 39 a-d. Electrodeposition is beginning with nickel growing on the silver wire to ensure a big separation between the silver and the first gold electrode, and in this case, the current oscillations are smooth with a regular periodicity (Figure 39a). Once the nickel is deposited, the electrode is thoroughly washed in water prior to gold deposition to avoid cross-contamination. A first gold layer with a thickness of 11 half-layers is deposited, here the oscillations are still present with a regular period but also some noise (Figure 39b). The deposition of the second intermediate nickel layer, separates the two final electrodes, reveals oscillations with a gradual decrease in the absolute current value (Figure 39c). Since the deposited layers are already complex and thick, during the last gold deposition oscillations are not present. Therefore, the thickness of the gold layer needs to be determined by the charge that was used for the deposition (Figure 39d). At the beginning of the electrodeposition process, oscillations are smooth and regular because the colloidal template is perfectly organized. Already during the first gold deposition oscillations are becoming noisier and the reason could be that is higher overpotential needed to grow gold on nickel, making the deposition faster and the layer rougher. The roughness of the gold layer will cause a shift in a silica template which is an explanation for why 2 nd nickel layer has a decrease in the absolute current values and almost no oscillations in the last gold deposition. The overall deposited structure contains close to 30 metal layers, whereas in the literature some authors are reporting cancellation of the oscillation after 25 layers or even faster. [START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] The thickness of each metal layer was planned to confirm optimal electrochemical and mechanical properties to the final device. The separation between the silver wire and the first gold layer was kept between 12 and 15 μm. The thickness of the first gold layer was 5 μm, while the second gold shell was slightly thicker, around 6-7 μm.

Hydrochloric acid was used to dissolve the nickel spacer layers. After nickel removal, the electrode was characterized by SEM (Figure 40). As can be seen in Figure 40, the electrode architecture was preserved despite mechanical cutting through the electrode in order to obtain a cross-section. Nickel dissolution was complete, leaving two well-separated gold electrodes and silica particles in between. Silica particles were then dissolved to characterize the regularity and the organization of the pores in the gold electrodes (Figure 41). As can be seen in Figure 41, the two porous gold electrodes are concentric and follow the shape of the silver core. The thickness of each layer correlates with the number of oscillations or amount of charge consumed during electrodeposition. Higher magnification allowed observation of the pores in depth, which are homogeneous and interconnected (black spots).

Electrochemical characterization of the 3-electrode system

One of the important aspects of the miniaturized 3-electrode system is the reference electrode, or in this case pseudo-reference. The basic requirements for the construction of the miniaturized device with an integrated reference is the stability of its potential, the potential should return rapidly to its equilibrium after perturbation and the potential should be reproducible in a series of experiments. The use of the pseudo-reference electrode in the case of the small device has multiple advantages such as simplicity and ease of construction and low cost. On the under hand, the unprotected silver wire will most likely contaminate the electrochemical system due to the high interdiffusion of atoms. It will react with a variety of supporting electrolytes, for example, the conversion of silver to silver chloride, nitrate or sulfate. Changes of the electrode surface will cause a shift in the reference potential. [START_REF] Inzelt | Handbook of Reference Electrodes[END_REF] Therefore a systematic electrochemical characterization of the silver pseudo-reference electrode in the 3-electrode system was performed. For the preliminary characterization, the silver wire was not pre-treated and floating, while the two gold electrodes were cycled in sulfuric acid (Figure 42a). As can be seen in Figure 42a, a complex CV was obtained, and typical gold oxidation (around 1.1 V) and reduction (0.9 V) peaks are not sharp and clear as it is expected. In addition, they are overlapping with a different process. In order to attribute those overlapping peaks, few millimeters of a silver wire was cycled under the same conditions (Figure 42b). Oxidation and reduction of silver gave sharp and distinctive peaks around 0.65 V and 0.40 V with high current intensities. This control experiment allowed to confirm that the overlapping peaks in the gold signal is due to silver contamination. It can be observed that the amount of the impurity is higher on the inner electrode, which could be expected since it is physically closer to the silver wire. In the case of the outer electrode, gold peaks are more pronounced and the current intensities for the silver contamination are smaller. Freely diffusing silver ions can reach the gold electrodes and form silver dendrites that are responsible of an intense amperometric signal observed in the selected range of potential. [START_REF] Putnam | ELECTROCHEMICAL ASPECTS OF INTRAVASCULAR OXYGEN TRANSDUCERS[END_REF] In order to stabilize the silver pseudo-reference electrode and create conditions that are similar to a commercial reference electrode, the silver wire should be coated with a chloride layer and placed into 3 M NaCl solution. In this case, constant thermodynamic equilibrium is achieved due to the high chloride concentration in the vicinity of the electrode.

In the following, the 3-electrode system is immersed in 1 M KCl, while a constant potential of 0.2 V is applied for 1 minute on the silver wire. Through this process, silver is transformed into silver chloride and a thin layer on the surface is obtained. The thickness of the silver chloride deposition was optimized such that the layer was covering the whole surface, but not being too thick to prevent growth over the inner gold electrode. The electrode was rinsed in the MQ water and the electrochemical characterization was carried out in 1 mM ferrocene methanol in the 1 M KCl electrolyte. Individual measurements of the inner and outer gold electrodes with external counter and reference electrodes were performed (Figure 43). Keeping a high concentration of chloride ions might stabilize the potential shift of the pseudoreference electrode but it is passivating electrode surface. [103] As can be seen in Figure 43, the redox peaks from ferrocene methanol are less pronounced with higher peak separation in comparison to the measurements performed in the different supporting electrolyte. Even though gold can be passivated by chloride ions, in order to perform a proof-of-concept measurement, the same conditions were kept, but no external electrodes were used. The three-electrode system was used as a stand-alone device with the silver wire as a pseudo-reference, and the inner gold layer as counter and the outer gold layer as working electrode. A constant potential of 0 V was applied to the outer gold electrode and the current was measured in time (Figure 44a). As can be seen in Figure 44a, by connecting all three electrodes as an independent electrochemical circuit, a significant reduction current has been obtained, possibly as a result of oxygen reduction. Compared to Figure 43, the currents obtained by amperometry are significantly higher, which might be attributed to the fact that the reduction of oxygen is happening on the counter electrode as well. To confirm that currents are coming from the oxygen reduction, argon was bubbled through the solution and the measurement was repeated (Figure 44b). The obtained current intensities are significantly lower, but some reduction current is still present.

Further characterization was done with CV in the same conditions as the previous amperometry. The 3-electrode system was used as an independent electrochemical cell in an argon-saturated solution and the obtained CV is shown in Figure 45. As can be seen in Figure 45, the three-electrode system operating as an independent cell gives a voltammogram quite similar to the one obtained when the individual electrodes are connected to the external reference or the counter electrode. The observed difference is that the whole baseline of the voltammogram is shifted into reduction currents, probably due to a reaction happening on the counter electrode which could be an oxygen reduction.

Although the ideal configuration of this cell would be that the inner layer operates as the working while the outer layer as a counter electrode to imitate more closely the macroscopic three-electrode cell since the counter is wrapping the working electrode in order to minimize IR drop.

Nevertheless, it appears that even the reverse configuration gives a stable signal.

As mentioned before, highly concentrated chloride ion solutions are passivating gold electrodes due to that further characterization was done in sodium phosphate buffer (NaPi). Firstly signals of the individual electrodes with respect to the external counter and reference electrode were obtained as shown in Figure 46. Evaluation of the functionality of the elaborated architecture was carried out by recording CVs in 1 mM ferrocene methanol solution prepared in 0.1 M sodium phosphate buffer as a function of the scan rate for the outer electrode (Figure 46a) while the inner electrode was kept at a floating potential (single mode measurement) and vice versa (Figure 46b). The shape of the recorded CVs is characteristic of a diffusion-controlled process of redox species present in the solution that is in agreement with the Randles-Ševčik equation, analog to what can be seen for the example of the double electrode. Currents obtained for the outer electrodes are slightly bigger than the ones for the inner electrode due to a higher surface area.

Both electrodes are scanned over the same range of potential simultaneously as shown in Figure 47. As can be seen from Figure 47., the inner electrode is shielded by the outer electrode and if they are polarized simultaneously with the same potential, the currents obtained at the inner one are approximately 100 times smaller than what was observed in the individual measurements reported in Figure 46b.

On the contrary, if they are polarized oppositely, the redox cycling effect will cause a significant current increase as shown in Figure 48. In the case of Figure 48a, the outer electrode was the generator while the inner one acted as a collector, whereas in Figure 48b, the role of the electrodes was reversed. In both cases, at lower potentials significant redox cycling was observed, followed by a jump in current until reaching the maximum of the current range supported by the potentiostat. Similar phenomena were observed during the amperometric measurements shown in Figure 49.

Figure 49.

The amperometric response when the outer electrode acts as a generator polarized at a potential of 0.3 V (black), while the inner one is a collector at 0 V (red).

High currents due to redox cycling amplification were followed by sequences of quickly dropping and sharply increasing currents. The observed signals were quite random and not very reproducible in terms of current amplitudes but with consistently similar measurement patterns. Possible explanations could be a reversible short-term mechanical contact of the electrodes or an electronic effect of the potentiostat.

In summary, a complex 3-electrode system containing a reference, counter and a working electrode on one wire was elaborated. Due to a bottom-up approach, the final device is small in size with a tunable distance between the electrodes as well as their final surface area. Elaboration steps were characterized with SEM. The small distance between the working and counter electrode caused current amplification due to the redox cycling effect. Characterization of the final device was performed with different electrochemical techniques. When connecting all three electrodes, a proof of device functionality could be obtained.

In this chapter, systematic study of the two and three electrode system have been discussed. These electrodes are architectural platform on which enzymes will be immobilized for the bioelectrochemical device assembly. In the next chapter different immobilization strategies are presented together with anodic and cathodic enzymes shuttling the electrons through direct or mediated electron transfer.

Materials and methods

Colloidal crystal -Assembly and characterization

Silica particles have been synthesized using the Stöber method based on the hydrolysis of tetraethyl orthosilicate (TEOS, Sigma-Aldrich) in basic solution and polycondensation of the formed silicate acid. The synthesized silica particles have been covalently functionalized using a coupling reaction with 3-aminoproplytriethoxysilane (APTES, 99.5% wt., Sigma-Aldrich).

Preparation of the Langmuir-Blodgett films -Cleaning of the silica particles Silica particles (d=1000 nm) were synthesized and covalently functionalized following a procedure described by Reculusa et al. [104] After the synthesis, the obtained product was sonicated for 10 minutes to homogeneously disperse silica particles. In the following step, covalently modified silica particles were washed 5 times with absolute ethanol and centrifuged each time to separate the supernatant from the particle deposit. Before each centrifugation (3000 rpm, 5 minutes, 20 °C), silica beads were sonicated for a few minutes to facilitate the washing procedure and disperse in the bulk.

Resuspension of silica particles

After washing, silica particles were redispersed in an ethanol-chloroform mixture (20% v/v -80% v/v respectively). The beads were first redispersed in 1 ml ethanol, and sonicated for a few minutes to obtain homogeneous dispersion and then 4 ml chloroform was added, followed by sonication.

Freshly prepared silica particles suspensions were immediately used to prepare a Langmuir-Blodgett film.

Cleaning of the Langmuir-Blodget through

Prior to adding freshly prepared silica nanoparticles, Teflon-coated surface and movable barriers were cleaned with chloroform and ethanol multiple times using Jospeph paper and Kimtech. The instrument was filled with MQ water, which was cleaned using a water pump to remove any leftovers of dust or contaminants. A value below 0.3 mN/m indicates clean through.

Preparation of Langmuir Blodgett film

A suspension of freshly prepared silica particles was added onto the water surface of the Langmuir-Blodgett trough drop by drop with an interval of a few seconds between two consecutive additions.

The solvent was left to evaporate for 20 minutes. The Langmuir film was compressed by closing the moveable barriers until the surface pressure reached a value of 5.5 mN/m. The quality of the film was checked by immersion of a glass slide, precleaned by sonication in ethanol and chloroform. The film was judged to be of good quality when the transferred colloidal crystal was homogenous without visible lines or cracks.

Preparation of the samples

A gold microwire (d= 250 μm, AlfaAesar, purity = 99.99%) was cut into 5 cm long pieces that were straightened by rolling between two microscope glass slides. In the following step, the gold wires were cleaned by sonication in chloroform and ethanol respectively, dried and hydrophilized using a plasma cleaner (Harrick plasma) in an oxygen stream for 5 minutes. Gold wires were used straight away for the deposition of silica particles by the Langmuir-Blodgett technique. A computer-controlled dipping mechanism immersed the substrates quickly (120 mm/min) across the water/air interface before withdrawal at a low speed (1.2 mm/min) during the deposition step.

In order to deposit multiple silica particle layers the procedure was repeated several times.

Langmuir-Blodget for the screw design

The plastic screw was hydrophilized using a plasma cleaner (Harrick plasma) for 5 minutes, followed by slower immersion of 20 mm/min so that water can fill the space between wire and plastic with a withdrawal of 1 mm/min. Since the design of the screw had a small gap where gold wire was placed, they were containing a lot of water. In order to facilitate the drying of these gaps, the screw was transferred to a furnace for 30 min at 80 °C with 15 min of cooling at room temperature. Once dried, the transfer of the monolayer was occurring as described above.

Electrodeposition

Electrodeposition of alternating gold-nickel-gold (Au-Ni-Au) metal layers has been performed successively using commercially available electroplating solutions, ECF60 (Metalor) and semibright nickel solution (AlfaAesar). Electrodeposition was performed at a constant potential in a three-electrode set-up consisting of the colloidal crystal template modified gold microwire (250 μm diameter, AlfaAesar) as a working electrode. Ag/AgCl (3M NaCl) and a cylindrical Kaptoncarbon foil were used as reference and counter electrode, respectively. The electrode potentials applied for the electrodeposition of alternating metal layers were -0.53 V, -0.85 V and -0.70 V for the inner gold layer, the nickel layer and the outer gold layer, respectively. If not stated otherwise, all electrode potentials are defined versus the Ag/AgCl (3M NaCl) reference electrode.

The nickel layer was etched with 30% nitric acid for one day at ambient temperature. Samples were washed with MQ water to remove dissolved nickel and nitric acid. The set-up was equipped with a stirrer to facilitate the etching process.

Stabilization of the final coaxial structure

To stabilize the final coaxial structure, the bottom part was infiltrated with varnish diluted with acetone (1:5 v/v) by dip coating and subsequent drying. The outer electrode was electrically connected with a silver microwire (50 μm), which was attached to the surface of the electrode with a drop of silver paint (Agar silver paint, Agar). Just next to the connection, the diluted varnish was drop casted onto the structure. The electrode was dried over night at ambient temperature and silica particles were etched in 5% HF prior to the electrochemical testing. The elaboration process was followed by SEM experiments, carried out on a Hitachi TM-1000 tabletop microscope.

Electrochemical characterization of the structure

The final coaxial macroporous system with two independently addressable electrodes was tested by cyclic voltammetry (CV) using a CHI bipotentiostat (Austin, TX, USA). CVs were recorded using a three-electrode set-up composed of the working electrode (coaxial sample), a reference electrode (Ag/AgCl) and a counter electrode (platinum wire) in a potential window from 0.0 V to 1.6 V, with 0.5 M sulfuric acid (Sigma-Aldrich) as supporting electrolyte and at a scan rate of 100 mV/s. The coaxial electrodes were connected either separately or together, cycled several times until the current reached a constant value. For additional electrochemical measurements 1 mM ferrocene methanol (Sigma-Aldrich) in 0.1 M KNO3 (Sigma-Aldrich) was used.

Elaboration of the 3-electrode system

Electrodeposition of alternating nickel-gold-nickel-gold (Au-Ni-Au) metal layers has been performed successively using commercially available electroplating solutions, ECF60 (Metalor) and semi-bright nickel solution (AlfaAesar). Electrodeposition was performed at a constant potential in a three-electrode set-up consisting of the colloidal crystal template modified silver microwire (250 μm diameter, AlfaAesar) as a working electrode. Ag/AgCl (3M NaCl) and a cylindrical Kapton-carbon foil were used as reference and counter electrode, respectively. The electrode potentials applied for the electrodeposition of alternating metal layers were -0.90 V, -0.70V, -0.85 V and -0.70 V for the first nickel layer, the first gold, the intermediate nickel layer and the last gold layer, respectively. If not stated otherwise, all electrode potentials are defined versus the Ag/AgCl (3M NaCl) reference electrode.

The nickel layer was etched with hydrochloric acid for two days at ambient temperature. Samples were washed with MQ water to remove dissolved nickel and hydrochloric acid. The set-up was equipped with a stirrer to facilitate the etching process.

Stabilization of the final three-electrode structure

To stabilize the final coaxial structure, the bottom part was infiltrated with varnish diluted with acetone (1:7 v/v) by dip coating and subsequent drying. Both gold electrodes were electrically connected with a gold microwire (50 μm), which was attached to the surface of the electrode with a drop of silver paint (Agar silver paint, Agar). Just next to the connection, the diluted varnish was drop-cast onto the structure. The electrode was dried in the oven at 30°C and silica particles were etched in 5% HF prior to the electrochemical testing. The elaboration process was followed by SEM experiments, carried out on a VEGA3 Tescan SEM.

Immobilization of the enzymes based on different electron transfer mechanisms

Immobilization of the enzymes is a key aspect of enzymatic biosensor development. The immobilization strategy will determine the operational and storage stability, sensitivity, and reproducibility of the sensor. In addition, the immobilized molecule must retain its 3D active structure, function, and biological activity. Therefore, it is important to find a balance between tight immobilization on the surface for long-term stability while maintaining enzyme activity. [105] Because of the importance of the immobilization strategy for the overall sensor performance, extensive studies and a large variety of immobilization methods have been developed. [START_REF] Patel | Electrochemistry for Bioanalysis[END_REF] The nature of the interaction between the electrode and the enzyme can be chemical (formation of a covalent bond) or physical (predominance of a weak forces). Some methods include adsorption, covalent attachment, physical entrapping, and bioconjugation. [START_REF] Homaei | Enzyme immobilization: An update[END_REF] Due to the variety of biomolecules and substrates, there is no single unique method that can cover the entire spectrum.

All those methods have their advantages and disadvantages, for instance, adsorption is simple but frequently reversible, while covalent attachment is irreversible but usually hinders the conformation dynamics of the enzyme and therefore its efficiency. This needs to be considered when selecting the proper method of immobilization.

The method of the attachment can facilitate electron transfer (ET) between the enzyme and the electrode. Electron transfer is one of the most important aspects to be addressed for efficient bioelectrocatalysis because, in most of enzymes, their active site is embedded deep inside their structure and surrounded by an insulating protein moiety.

In general, there are two different mechanisms to achieve ET: direct electron transfer (DET) and mediated electron transfer (MET). [START_REF] Barton | [END_REF] In MET, a redox-active specie (mediator) is introduced to the solution to shuttle electrons between the enzyme's active site and the electrode and vice-versa. In contrast, DET is achieved without the help of a redox mediator and a direct electrical connection between the enzyme's active site and the electrode is established. Connecting the enzymes directly to the electrode simplifies the development of future generation of biosensors, enables fundamental studies of enzyme catalysis, decreases overpotentials, and increases eventually the interfacial electron transfer rate. [START_REF] Milton | Direct enzymatic bioelectrocatalysis: Differentiating between myth and reality[END_REF] In order to achieve DET, the active site of the enzyme needs to be in the tunneling distance of the electrode usually less than 2 nm. [START_REF] Page | [END_REF] Consequently, the enzyme needs to be properly orientated towards the electrode surface. This is one of the reasons why achieving DET can present a real experimental challenge. [START_REF] Mazurenko | Recent advances in surface chemistry of electrodes to promote direct enzymatic bioelectrocatalysis[END_REF] In the next subchapter, DET will be discussed in more detail, along with several different enzymes and different immobilization strategies.

Direct electron transfer

Bilirubin Oxidase for the efficient biocathode design

Multicopper oxidases (MCOs) are a family of enzymes that are involved in the oxidation of a variety of substrates and concomitantly transfer four-electron for the reduction of oxygen to water with the help of copper centers present at the active site. [START_REF] Jones | [END_REF] The exact nature and mechanism of oxygen reduction have been studied extensively. Briefly, four electrons, provided by the oxidation of the substrate, allow the catalytic reduction of O2 with two water molecules as a product. [113] Enzymes that are part of the MCOs family are laccase, ceruloplasmin, ascorbate oxidase, and bilirubin oxidase. Bilirubin oxidase (BOD) was chosen for this study due to its stability in the presence of a high concentration of chloride ions, while operating under physiological conditions. [114] In this work, two BOD species were used, one extracted from Magnaporthe oryzae (Mo BOD) and one from Bacillus pumilus (Bp BOD). For the purpose of certain immobilization experiments, engineered species of this enzyme were also produced by introducing cysteine residues at specific locations of the protein chain.

BOD contains four copper centers (Figure 50) divided into three classes based on their spectroscopic features which reflect the geometric and electronic structure of the active site: Type 1 (T1) or blue copper, Type 2 (T2) or normal copper and Type 3 (T3) or coupled binuclear copper center. [115] It is assumed that Type 1 Cu is responsible for the reception of the electrons from the substrate and shifts them through a Cys-His residue to the O2 reduction site. The O2 reduction site is composed of the trinuclear cluster (one Type 2 and a pair of Type 3 Cu ions). [116] Figure 50. a) Structure of cysteine engineered bilirubin oxidase S362C, the surface cysteine residue is labeled in red while copper centers are in orange. [116] b) Reaction pathway within the enzyme.

Figure 50a shows the Pymol image of the Mo BOD protein, while Figure 50b shows the active site and the electron flow marked with the arrows. A cysteine residue has been introduced on the outer surface of the enzyme close to the Type 1 active site (cys-BOD) (red label in Figure 50a). The introduction of the cysteine at this specific location has been chosen because it provides a promising strategy for the covalent immobilization of the enzyme onto the electrode by chemisorption. In comparison to electrostatic adsorption, covalent immobilization will provide higher stability of the biosensor/electrode. [116] In addition, by using engineered sites instead of the naturally present enzyme surface groups, the risk of denaturation (the effect of the flattening enzyme on the electrode) is lower. Moreover, these engineering sites induce a preferential orientation on the electrode favoring DET. [117] It is well known that the thiols, disulfides, and sulfides have a strong affinity to spontaneously adsorb on gold and this interaction can result in well-organized self-assembled monolayers (SAM). [START_REF] Qingwen | Studies on Self-Assembly Monolayers of Cysteine on Gold by XPS, QCM, and Electrochemical Techniques[END_REF] A similar mechanism applies to cys-BOD, the engineered cysteine will not only increase stability and induce preferential orientation, but it will have very strong affinity towards gold electrodes. The formation of the S-Au bond drives the self-assembly of the enzyme on the electrode and leads to a well-ordered monolayer of the enzyme.

The cys-BOD was immobilized on the gold electrodes and the catalytic O2 reduction reaction was measured by the means of cyclic voltammetry. Prior to the immobilization, the gold electrodes were cleaned with Piranha solution in order to remove all possible impurities and further cycled in sulfuric acid repeatedly until reaching steady currents in subsequent scans. The active surface area for the 2 cm long gold electrode was 0.1843±0.0012 cm 2 . The experimental active surface area is in good agreement with the geometrical prediction of 0.1580 cm 2. The small discrepancy is due to roughening of the electrode during the cycling process. The electrodes were dipped in a diluted enzyme solution (6 mg/ml) overnight and subsequently washed with buffer solution. The electrocatalytic currents were measured in O2-saturated 0.1 M phosphate buffer pH 7.2 at 25 °C (Figure 51). Significant enzymatic current for the reduction of oxygen has been obtained with the simple adsorption (covalent binding) of the cys-BOD on the gold surface (blue and cyan). In comparison, the control electrode generates only a capacitive current (black) (Figure 51). The current variation between two electrodes with the same preparation and characterization conditions remains within 10% (blue and cyan). Since the crystal structure and the active surface areas of the electrodes are the same this variation of the current could be caused by the different orientation of the enzyme. The immobilization of the enzyme involves a complex cascade of processes, including change in hydration state, structural rearrangements, redistribution of charge groups, or surface aggregation. While proteins are rotating freely in solution, they will adopt a preferential orientation to minimize free energy once immobilized on the surface. Not only the surface amino groups of the enzymes are influenced by the electrode potential variation, but even the amino acids in the core of the enzyme can also be affected. [119] On one hand, electrostatic interactions between the enzyme and the electrode may support the attachment process. On the other hand, if these interactions are too strong, they can affect the structure of the enzymes. Flattening of the 3D structure was observed by adsorbing proteins on the bare gold surface, [START_REF] Pankratov | [END_REF] while no change in the enzyme structure upon immobilization on the SAM modified gold was observed. [121] In general, metal modification is preventing the interaction of certain amino acids with bare metal.

Moreover, when the previously described porous electrodes (see Chapter 3) are used for the immobilization, this not only increases the overall loading and hence the catalytic currents, but also improves the stability of the enzymes and/or reduces the loss of activity induced by the flattening of the enzymes. [113] In order to study and understand better surface modification and enzyme immobilization, experiments in this work are first performed on planar gold and then on porous electrodes.

By adsorbing M. verrucaria BOD onto the different SAMs on gold, it has been observed that BOD interacts preferentially with negatively charged SAMs, which can be explained by looking at the structure around the T1 copper center. [122,123] The observed electrochemical properties can be ascribed to the different surface properties promoting favorable electrostatic interaction around the T1 copper site, as this region contains positively charged surface Arg and has hydrophilic properties. [124] Based on this knowledge, an immobilization strategy relying on the formation of the chemical bond between cys-BOD on an electrochemically pretreated gold electrode was investigated.

The gold surface is highly hydrophobic and indeed one of the driving forces of enzyme adsorption onto its surface is hydrophobic interactions. Since the region of interest around the BOD T1 copper center is hydrophilic, the hydrophilic activation of the electrode surface would allow preferential orientation of the enzyme for efficient DET and also induce an increase of enzyme stability.

Piranha treatment and extensive cycling in sulfuric acid are not just cleaning procedures they can be also used for changing gold surface properties via forming hydrophilic oxide and hydroxide moieties at the surface. The electrodes were cleaned in Piranha and cycled in sulfuric acid. In addition, one of these electrodes was polarized at 1.3 V for 15 minutes to electrochemically oxidize surface. Electrodes were rinsed with MQ water to remove leftovers of sulfuric acid and dipped in the diluted enzyme solution (6 mg/ml) overnight, washed with the buffer solution, and characterized in O2 saturated 0.1 M phosphate buffer pH 7.2 at 37 °C (Figure 52). Bare gold (red) and pre-treated gold (oxide, yellow) electrodes are modified with cys-BOD, they both generate significant O2 reduction currents. The gold oxide electrode had a 10% higher current and no crossover in the catalytic curve compared to bare gold electrode. The hysteresis in catalytic curve is attributed to the enzyme activation step, suggests that the enzyme is in the direct electron contact with the electrode but not catalytically active. [125,126] Furthermore, the stability test was carried out by cycling several times until two stable cyclic voltammograms were obtained, as shown in Figure 52. By successive cycling, the catalytic current decreased significantly, due to possible desorption of electrostatically attached BOD. Chemisorption and electrostatic adsorption could be two processes occurring simultaneously.

Interestingly, the resulting current on the pretreated gold (oxide) electrode was 50% higher than on the gold electrode. The possible explanation could be that the gold oxide is more hydrophilic which preferentially orientates the enzyme towards the catalytic site or leads to less flattening due to the hydrophilicity of the surface, thus preserving the enzyme's activity.

An extensive study of the mechanism of S-Au bond formation showed that the gold oxide surface can significantly increase the stability of the thiol-gold contacts. The authors used AFM to study the effects of experimental conditions on the strength of single bonds formed at the thiol gold interface. They observed that the Au-S bond is formed on the oxidized surface through oxidationreduction reaction that involves the reduction of the gold oxide and direct thiol adsorption on the surface. The same species are formed on both the oxidized and reduced gold (gold (I) thiolates), moreover, the XPS spectra of these systems are similar. [127] A better retention of the enzyme can be obtained once applied to the immobilization of the cys-BOD. In the end, the strength of the thiol bond could determine the stability of the enzyme on the electrode surface.

In conclusion, the electrochemical pretreatment to generate a hydrophilic gold oxide electrode could provide a better environment for the immobilization of cys-BOD via two mechanisms. The stronger bond formed between cysteine and gold increases the retention of the enzyme on the surface and hydrophilicity ensures long-term stability. The high initial catalytic currents could essentially originate from the loosely electrostatically adsorbed BOD.

Further work focused on electrode pretreatment that could further increase the loading and facilitate the proper orientation of the enzyme for DET, without the need to rely on chemical modifications such as SAMs. The electrode activation in different buffer solution was also studied because the more the electrochemical interface resembles the physiological environment of the enzyme, the more likely it is that interfacial electron transfer will be direct and fast if the enzyme has a proper orientation on the surface. Based on the knowledge that positively charged amino acid residues are located around T1 Cu, several studies report that negatively charged SAMs could allow fast electron transfer for adsorbed M. verrucaria BOD. [123,128,129] In order to avoid complex procedures and the solvent use that if not properly removed can alter the structure of the enzyme and subsequently decrease its activity, simple pretreatment of the gold electrode in the various buffer solution for BOD attachment was investigated. In this study, prior to the Mo BOD and cys-BOD immobilization, gold electrodes were cycled in the sodium phosphate, acetate and citrate buffers.

Gold substrates were cleaned with Piranha solution and cycled in sulfuric acid to assess the active surface area. Afterward, the gold electrodes were polarized for 100 s at 1.3 V in 0.1 M sodium phosphate buffer pH 7.2. Oxidized substrates were reduced by a CV under the same experimental conditions in the 0.6 V to 0.15 V potential range. Such pretreated substrates with the untreated bare gold controls were immersed in the diluted cys-BOD enzyme solution (4 mg/mL) for 15 minutes. Enzyme-modified electrodes were characterized by CV in O2-saturated 0.1 M phosphate buffer pH 7.2 at 37 °C as shown in Figure 53. The catalytic currents obtained for the oxygen reduction at the physiological pH (Figure 53a) were 50 times higher for the gold electrode that was cycled in phosphate buffer (red curve) than its control without pretreatment (black curve) prior to the enzyme immobilization. Based on the previous work of Yaguchi et al. cycling gold in the phosphate buffer toward positive potential caused adsorption of the phosphate species dependent on the potential window and pH of the buffer solution. [130] Based on that, it could be hypothesized that pretreatment caused phosphate ions adsorption from the buffer solution that should be experimentally identified by the means of Raman or Infrared spectroscopy. Nevertheless, negatively adsorbed species from the gold surface could interact with positively charged amino residues around T1 Cu and facilitate electron transfer between the catalytic site of the enzyme and the electrode. Which could be a possible explanation for the observed difference in the catalytic oxygen reduction reaction currents. In addition, the onset potential of the catalytic reaction is shifted by 60 mV to more positive potential (460 mV for the control and 530 mV for the pretreated electrode).

The global charge of the enzyme drives its loading on the interface, the dipole moment will orient it on the surface, and a change in the local pH will induce different dynamics of reorientation on the electrode. [START_REF] Mazurenko | Recent advances in surface chemistry of electrodes to promote direct enzymatic bioelectrocatalysis[END_REF] Considering these phenomena, the pH of the buffer for the electrode pretreatment and catalytic oxygen reduction reaction was changed from neutral 7.2 to acidic 5.5 (Figure 53b). A change of the solutions pH influence the electrode charge as well as the global and local charge of the enzyme. Observed catalytic currents for the pretreated electrodes were comparable for both pH conditions, nevertheless the non-treated bare gold cys-BOD electrode generates higher currents.

At acidic pH (Figure 53b), the catalytic currents were significantly higher than the one obtained at pH 7.2 (Figure 53a). At pH 5.5 the charge in the sphere around T1 Cu is slightly more positive in comparison to the physiological pH, thus favoring enzymes immobilization of the electrode and generating higher catalytic currents. Moreover, the potential at which the reaction starts shifted towards more positive values, as expected according to the Nernst law, around 59 mV for each pH unit corresponding to a 1e -/1H + process. [116] In conclusion, a change in just one pH unit has a significant effect on the catalytic activity of the enzyme. This motivates us to explore the influence of the physicochemical effect of ionic strength on the catalysis. Electrodes were prepared in the same manner as described above, keeping the pH of 5.5 but decreasing the concentration to 0.05 M for the pretreatment of the electrode as well as subsequent characterization. CVs are shown in Figure 54. Catalytic currents for the treated electrodes in the case of high and low ionic strength buffers were comparable indicating that the pretreatment of the electrode is independent on ionic strength, although a small change of the magnitude of the catalytic reaction occurs for the non-treated gold electrode.

The enzyme activity is also modulated by the type of buffer used. In this study, two different buffers were used for both catalysis measurement and for the gold pretreatment process, the pH and buffer concentration were kept constant. Th electrodes were pretreated as described before but instead of the 0.05 M sodium phosphate buffer pH 5.5, sodium citrate and sodium acetate buffers were used for the electrode modification and the post-characterization (Figure 55). Since both pretreatment and the catalysis conditions were changed to different buffer types two distinct conclusions derived from these experiments can be made. First, in these buffers certain pretreatment/adsorption process is occurring on the electrode that is creating favorable conditions for the enzyme compared to the bare gold. Second, the type of buffer is affecting catalytic efficiency since current densities increase compared to cys-BOD on immobilized on untreated gold. Catalytic currents and the onset potential for each type of experimental condition have been summarized in Table 1.

Table 1. Summary of the cys-BOD catalytic properties as a function of immobilization and pretreatment conditions. The catalytic currents were measured at 0.2 V under the experimental conditions described above.

By comparing the catalytic currents and the onset potentials for the BOD-catalyzed oxygen reduction, it can be observed that the type of the buffer plays a significant role on the BOD catalytic properties. The results show that BOD has the highest catalytic activity in the sodium citrate (NaCt) buffer and the lowest in the sodium acetate (NaAc). Since a significant difference in current densities was observed, it might be possible that one of the Cu centers was complex with the anionic species from buffer. As stated before, enzyme catalytic behavior could be altered due to the immobilization efficiency on the electrode compared to those freely diffusing in the solution, in that case, complementary experiments with measuring cys-BOD activity in the different buffers should be performed. With those set of experiments it may be possible to fully understand the effect of the buffer environment on the enzyme.

Nevertheless, regardless of the buffer nature, it seems that pretreatment of the gold surface increases catalytic currents by a very significant factor ranging from 3 to 50 depending on the experimental conditions. For these electrodes, change in the onset potential are shifted towards higher values which might indicate a more favorable enzyme orientation facilitating electron transfer from the electrode. Here we show that the simple pretreatment of the gold electrode favors electrostatic interaction leading to an increase of electrocatalytically active enzyme. This allows achieving high catalytic currents of an specifically oriented enzyme (0.05 mA/cm 2 ) in straightforward way.

The parental type of the enzyme Mo BOD without an engineered cysteine site on its surface was used for the immobilization on the pretreated and bare gold electrodes. Mo BOD was immobilized on the control and pretreated gold and characterized in the 0.1 M sodium phosphate buffer pH 7.2 (Figure 56). In these experiments, the electrostatic adsorption is the driving force for enzyme immobilization since there is no cysteine on the surface to form a covalent bond with the electrode. Similar to the previous observation, current densities are higher for the electrode with BOD attached to the pretreated gold surface. To assess the stability of the electrode, both electrodes were cycled continuously until two consecutive CVs were stable and no obvious further change in current was observed. When comparing the initial currents (black and red dashed line) with its final (black and red full line), the expected significant decrease is observed due to either desorption of the enzyme or denaturation. However, it seems that the observed decrease was slightly lower for the pretreated electrodes. In order to gain additional experimental insight about the possible influence of the pretreatment of the gold electrode, atomic force microscopy (AFM) was used in addition to the electrochemical measurements for the enzyme adsorption. Gold plates with a chemical composition similar to that of gold wires were cleaned in Piranha and cycled in sulfuric acid. Cys-BOD was drop-casted onto gold plates followed by rinsing in order to remove unbounded enzyme. Moreover, prior to the enzyme adsorption, one set of gold plates was pretreated in phosphate buffer. AFM measurements are shown in Figure 57. As can be seen in Figure 57, AFM was used to evaluate the influence of the substrate treatment on the final enzyme monolayer morphology. Comparing the control (Figure 57a) and the modified gold substrate (Figure 57d) with their enzyme adsorbed analogs (Figure 57b,d) and (Figure 57 e,f), respectively, the presence of the enzyme layer can be confirmed. Moreover, the thickness of the respective layers was 4.5 nm, which is in good agreement with previous studies on BOD size. When a low concentration (0.1 mg/mL) of enzyme is adsorbed on the gold (Figure 57b), a homogeneous layer is observed where in the case of the phosphate-modified substrate (Figure 57e), layer looks like a network. When the enzyme concentration is increased by a factor of 10, the immobilized layers are homogeneous and less difference is observed between substrate pretreatment (Figure 57 c andf). Observed bright spots in the image could correspond to the enzyme aggregates formed in the case of the high concentration since they were not observed during control and low concentration measurement.

In summary, parental type and cysteine-engineered Mo BOD were successfully immobilized on gold electrodes pretreated in the different buffer solution. Immobilization of both types of the enzyme onto a modified gold substrate increased overall electrochemical performances compared to a non-preconditioned surface. Shift towards more positive potential for oxygen reduction reaction could indicate better orientation on the electrode while the physiological environment as well as the possible presence of the negative charge might increase electron transfer rate between the enzyme and the electrode. AFM results indicated different enzyme organization when comparing control and pretreated gold electrode. For additional mechanistic insight in the observed phenomena, a combination of the bioelectrochemical study of stability and activity of BOD enzyme together with chemical analysis of the gold surface would be necessary.

Simple and easy modification of the gold electrode for improved DET could be of significant importance, especially in architecturally complex systems such as biofuel cells (BFC). In short, biofuel cells are composed of the anode where oxidation takes place and cathode with reduction reaction, catalyzed with its corresponding enzymes, a concept that will be discussed in more detail in the last chapter of this thesis. Based on the work showed above and previous studies, successful immobilization of the BOD on the gold electrode indicates that this enzyme can be used for the oxygen reduction reaction in the BFC system. Moreover, since the objective of this work is to elaborate an implantable glucose biofuel cell, efficient and stable anode is the key of the overall design. In this system analyte of the interest is glucose therefore sugar-converting enzyme is of the importance. For that purpose galactose oxidase was engineered with one or two surface cysteines to facilitate enzyme attachment and orientation. For this particular enzyme, studies regarding DET were quite elusive. Focus on the next subchapter will be on the detailed electrochemical study of the double and single cysteine engineered galactose oxidase on the several different architectures including gold disk, wires and porous electrodes.

Galactose Oxidase for the efficient bioanode design

Galactose oxidase (GaOx) is a copper-containing enzyme composed of a single polypeptide with 68 kDa molecular mass. It catalyzes the oxidation of D-galactose, dihydroxyacetone (DHA) as well as substituted benzyl alcohols with the concomitant reduction of the oxygen to hydrogen peroxide. [131] In addition, GaOx has become an attractive enzyme for biotechnological applications because it catalyzes the oxidation of glycerol and 5-hydroxymethylfurfural. [132] Figure 58. Illustration of the structure of galactose oxidase a) three-dimensional structure and b) the detailed representation of the catalytic active site. [133] As can be seen in Figure 58a, the enzyme structure is composed of three functionally distinct domains. The detailed structure of the catalytic site (Figure 58b) reveals a copper ion coordinated in a square pyramidal geometry. The copper site is coordinated by a stable tyrosyl radical residue (Tyr272), two histidines (His496, His581), a labile water molecule at the substrate-binding site and a tyrosine (Tyr495) as the axial ligand. [134] Due to this special feature of the catalytic site, Cu and the Tyr272 can exist in three different oxidation states as Cu (II) and tyrosyl radical (GaOX ox ) that is catalytically active; Cu (II) and tyrosine (GaOX semi ) corresponding to an intermediate state and Cu (I) and tyrosine (GaOX red ) indicating the lowest oxidation state. A fully reduced Cu ion can react with oxygen to produce hydrogen peroxide. Since a high concentration of hydrogen peroxide can deactive the enzyme, catalase can be added to protect the enzyme from inactivation. [START_REF] Parikka | Oxidation with galactose oxidase: Multifunctional enzymatic catalysis[END_REF] Although DET represents a favorable approach for various bioelectrochemical applications, only a few enzyme groups have been found to be capable of direct electron transfer with the electrode. Even though the GaOx Cu redox site is approximately 8 Å close to the protein surface (< 2 nm theoretically allowing electron tunneling), DET has been quite elusive. [133] As a part of the project, an engineered GaOx was produced with the aim of studying DET-based electrocatalysis. Cysteine residues were introduced into the GaOx structure in strategic location to facilitate direct electron transfer without the need for mediators. To achieve this, Ser/Thr residues on the protein surface were replaced with Cys residues through one or two-point site-directed mutagenesis. Four variants with single-point attachments at different locations on the structure were created, and one variant with double-point attachments. Introduction of a surface-cysteine should facilitate the proper enzyme immobilization, favoring the correct orientation of the Cu/Tyr active site with respect to the electrode surface.

During the secondment at the CSIC laboratory in Madrid, rotating gold disk electrodes were modified using three different routes to functionalize the electrode surface with the covalent immobilization of the engineered GaOx enzyme.

First, 1,4-dithiothreitol (DTT) was co-adsorbed with the enzyme to obtain a mixed monolayer on the gold electrode. In addition, DTT was used as a reducing agent to prevent dimerization of the proteins by disulfide bond formation. According to a second strategy, the gold disk electrode was functionalized with the 4-aminothiophenol, followed by 3-Maleimidopropionic acid Nhydroxysuccinimide ester reaction to promote maleimide bond formation with the enzyme. Lastly, the modification of the electrodes by grafting a diazonium salt followed by the maleimide bond formation to covalently attach the enzyme to the electrode was tested.

After these modifications, the bioelectrocatalytic properties of the immobilized GaOx were studied by cyclic voltammetry in the presence of the natural substrate galactose under O2 and N2 flow. Ferrocenemethanol and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were used as mediators to promote electron transfer from the enzyme to the electrode.

To summarize the results, none of the covalent immobilization strategies resulted in DETbioelectrocatalysis of the galactose oxidation. Although the above mentioned covalent immobilization strategies could improve the long-term stability of the enzyme-modified electrodes, they could also make DET more difficult by introducing a lengthy "spacer" between the enzyme and the electrode.

Even when mediators were added together with the substrate to facilitate electron shuttling, catalysis was not observed, which could indicate that the modification strategies did not result in a proper binding of the enzyme to the gold surface or the enzyme was not catalytically active anymore.

Since covalent immobilization did not lead to DET catalysis or confirmed the presence of the on the electrode, further studies were focused on simple adsorption through thiol bond formation and the use of the porous electrodes to enhance signals from the enzyme. In addition to the wild type GaOx, two engineered enzymes were used, one with the single surface cysteine T469C (cys-GaOx) and one with a double cysteine T469C, T412C. The following results are obtained with the single cysteine (1.47 mg/mL) because the concentration of the produced double cysteine enzyme was significantly lower (0.24 mg/mL). By introducing additional surface cysteine, the chances of the enzyme crosslinking or formation of disulfide bonds are higher, leading to a more rigid attachment to the electrode, which could contribute to more difficult catalysis.

correspond to the D-galactose oxidation on the gold electrode. [START_REF] Mie | [END_REF] Since polysaccharides tend to adsorb on gold, an increase in galactose concentration does not follow the same current trend due to a passivation of the electrode. On the other hand, for the enzyme-modified electrode, a welldefined current trend could indicate possible enzymatic oxidation. However, as the enzyme layer does not perfectly cover the gold surface, galactose can be oxidized also at bare gold sites, resulting in a mixed signal between enzymatic and non-enzymatic galactose oxidation. In both cases, oxygen has been removed from the system, so the oxidation and activation of the enzyme is achieved by the electrode.

Experiments were repeated in the same manner with the oxygen-saturated solution, for the enzyme-modified gold (Figure 59c) and bare gold control (Figure 59d). Once again, well-formed catalytic shape like voltammograms were obtained when the enzyme is attached to the gold electrode. In contrast to the bare gold control where no increase in current was observed with successive increase in the galactose concentration. Currents of the non-enzymatic galactose oxidation are twice higher than the enzymatic ones. In addition, oxygen reduction can be observed in both cases with twice higher reduction currents obtained on the bare gold.

The gold disk electrode was modified by the parental type of the galactose oxidase without engineered cysteine on the enzyme surface. CVs for these electrodes were recorded at 5 mV/s under the same experimental conditions (Figure 60). As can be seen in Figure 60a, the modification of the gold electrode with the parental type of the enzyme resulted in overall higher oxidation currents compared to those for the cys-GaOx in Figure 59a. By increasing the galactose concentration, an increase in the peak of the oxidation current is observed as well as the crossover in the cyclic voltammogram, also observed for the bare gold electrode in Figure 59b. In the oxygen-saturated atmosphere, significant oxygen reduction currents were observed with comparable values for the oxygen reduction on the bare gold (Figure 59d). Since the parental type of the enzyme does not contain surface cysteine, the adsorption on the gold surface occurs through hydrophobic interactions, meaning that the enzyme layer can be easily removed from the electrode surface when changing the potential. Removal of the enzyme restores a clean gold surface for the non-enzymatic galactose oxidation, which could explain the increase in oxidation current in contrast to the clean gold controls.

Further studies were performed on the gold wire electrodes since the final objective was to immobilize cys-GaOx on the porous gold wires in order to amplify the enzymatic catalysis. Cys-GaOx was immobilized on the gold wire and characterized in the absence and presence of the galactose together with clean bare gold wire control (Figure 61) electrode. An increase in D-galactose concentrations (Figure 61a, green) caused higher oxidation current with an onset potential of 0.1 V contrary to its control without enzyme (Figure 61b) where the overall voltammogram is shifted to higher currents with the presence of the CV cross-over. The response of the cys-GaOx immobilized on the gold disk (Figure 59a) and on the gold wire (Figure 61a) is significantly different as well as for the bare controls. It seems that currents for the nonenzymatic oxidation of the galactose are 5 times lower on the wires than on disk electrodes even though their surface is 3 times larger. This difference could be attributed to the difference in the gold crystal structure. [START_REF] Mie | [END_REF] Since the non-enzymatic oxidation is not so pronounced as before, it might be that the observed oxidation in Figure 61a is due to enzymatic conversion. In order to differentiate non-enzymatic from enzymatic catalysis additional experiments were performed in the presence of the D-galactose as a natural substrate for the enzyme and the L-galactose.

Gold wires electrodes were modified with cys-GaOx and characterized in the presence of both galactose enantiomers (Figure 62). Oxidation was observed in the presence of the D-galactose (Figure 62, green) but none in the presence of the L-galactose (red). The enzyme selectively oxidizes only D-galactose and due to the intrinsic enantioselectivity of the enzyme no oxidation takes place in the presence of the wrong enantiomer. This control experiment seems to indicate that although the DET signal is small, galactose gets oxidized at least partially via an enzymatic process.

To summarize, gold wire electrodes are suppressing the unwanted effect of the non-enzymatic galactose oxidation, allowing a better way of the enzyme characterization and confirmation of the DET. However, the drawback of these experiments is the large capacitive currents, covering the small bioelectrocatalytic signal. In order to minimize capacitive effects, potentiostatic experiments were also used, by polarizing the electrodes at +0.15 V in phosphate buffer to obtain steady-state currents (Figure 63). Moreover, differential pulse voltammetry (DPV) as a more sensitive technique than CV, was used to eventually record the redox signal originating from the Cu and the Tyrosine radical, which were reported previously to be around 159 mV and 410 mV, respectively. [START_REF] Shleev | Direct electron transfer between copper-containing proteins and electrodes[END_REF] In order to increase the loading of the enzyme and facilitate peak resolution, a 7 half-layers porous electrode was used to increase the active surface area by a factor of 15. DPV measurements with a scan rate of 5 mV/s, a pulse amplitude of 25 mV and a pulse width of 50 ms is shown in Figure 64. The DPV response (Figure 64) showed the presence of a small peak around 0.2 V when the porous gold is modified with the enzyme (black), while the control porous gold electrode (blue) had no any observable peaks in this potential range. The addition of the 20 mM D-galactose increased significantly the present peak around 0.2 V. As reported previously, a peak around 0.2 V could correspond to the Cu in the active center of the enzyme. Although no peaks were observed with CV, DPV as a more sensitive technique allowing to eliminate capacitive current, resulted in a signal that might be attributed to the Cu center due to the present of a higher amount of enzyme in the porous structure.

Since DET of GaOx hasn't been reported so far in the literature, the extensive electrochemical study of this enzyme attached to a gold electrodes was showed. GaOx was firstly immobilized on the gold disk electrodes with different strategies that were covalently binding the enzyme on the surface, but without observable DET. Once immobilization strategy was changed to a enzyme adsorption, possible DET signal appeared. In order to amplify these signals, gold wires with higher surface area and finally porous electrodes with different thicknesses were used. Even though gold porous wires provide significantly higher surface area for the enzyme to attach, their high capacitive currents were overlapping with observed signals. To minimize capacitive effects, differential pulse voltammetry was used as a technique more sensitive then cyclic voltammetry, which revealed peaks possibly corresponding to the copper of the enzyme. Although, there are indications of DET catalysis, it is difficult to draw a final conclusion due to overlapping signals from the non-enzymatic galactose oxidation. In order to understand and prove DET of the galactose oxidase, possible non-enzymatic galactose oxidation needs to be completely excluded.

In addition to DET studies, enzymes were incorporated into redox hydrogel for the MET as well, in order to assess the most appropriate immobilization strategy for the biofuel cell assembly.

Mediated electron transfer

The main advantage of MET over DET is the ability to simultaneously connect multilayers of enzymes irrespective of their spatial orientation. As a result, the current densities obtained are much higher than with the enzyme monolayer on the electrode surface. One of the most commonly used immobilized redox mediators is osmium-based redox hydrogels. [START_REF] Heller | Electron-conducting redox hydrogels: design[END_REF] They are used specially when the leaching of redox mediators must be avoided as in the case of the implantable biosensors.

The structure of the osmium redox polymer used for the entrapment of BOD is shown in Figure 65. chemical structure. [139] The chemical structure of the Os-based redox polymer consists of an Os-redox complex directly or indirectly tethered to the polymer backbone. By tuning the chemical composition of the ligands which are complexing the osmium center, the redox potential can be specifically adjusted according to the enzyme. This makes them a versatile tool for the immobilization of different enzymes for a variety of applications. Electron conduction is based on the fast self-exchange of electrons or holes between rapidly reduced and oxidized redox centers of the polymer network. Electron transfer is achieved through collisions between reduced and oxidized redox centers known as Marcus-type collisional transfer. [START_REF] Heller | Electron-conducting redox hydrogels: design[END_REF] Moreover, the electrochemical properties of the modified electrodes can be optimized by changing the ratio of enzyme, redox polymer and crosslinker. In addition, the thickness of the hydrogel as well as the drying procedure plays a significant role in the diffusional properties of the electrode.

If the redox mediator and enzyme are immobilized into multilayered structures, current densities can be increased. [140] However, due to a hydrogel viscosity penetration through thicker porous layers could be challenging.

Bilirubin Oxidase redox hydrogel

To determine whether the increased surface area of macroporous gold electrodes is available for the adsorption and electrochemical addressing of the redox hydrogel, electrodes with a thickness of 3 hl, 7 hl and 15 hl were cleaned as described before and dipped into a solution containing the redox hydrogel. Hydrogels containing Bacillus pumilus (Bp BOD) were obtained by incorporating the enzyme into the matrix with Os-redox polymer and crosslinker with a wt % BOD/Ospolymer/PEDGE of 30/62.57/7.43. The hydrogel-modified electrodes were kept at 4 °C overnight followed by drying for at least one hour at room temperature prior to the electrochemical measurements. Electrochemical characterization was carried out in 0.1 M phosphate buffer pH 7.2 at 37°C under oxygen saturated atmosphere (Figure 66). Steady-state oxygen reduction currents increased by a factor of 2 as the thickness of the porous gold electrodes was varied from 3 hl to 7 hl and to 15 hl (Figure 66a). As can be seen in Figure 66b, a linear increase in the oxygen reduction current upon increasing the active surface area was observed. Such a linear increase in current is indirect proof that the hydrogel is penetrating through the pores and that even the deepest pores are participating in the electron transfer. In this study, electrodes were kept wet after the cleaning process in order to protect the pores to be filled with air. If the pores are dried/filled with air, the hydrogel will not be able to penetrate into the pores, therefore a thick polymer layer will dry at the outer surface and the electrode porosity will not contribute.

Since the linear increase in catalytic current is only indirect evidence that the hydrogel homogeneously penetrates and modifies even the deepest porous layers, SEM with EDX detection was employed as a strategy of characterization to map the presence of copper and osmium ions (Figure 67). The electrode with the highest number of porous layers was modified with redox hydrogel in the same manner as described above. The modified electrode was carefully cut with a sharp blade in order to obtain a cross-section for the SEM-EDX analysis (Figure 67). The most dominant peak corresponds, as expected, to the signal coming from gold, with only a small peak for copper which could be ascribed to the presence of BOD, unfortunately, no signal for the osmium ions from the redox polymer. Therefore the EDX analysis did not reveal additional information about the depth of the hydrogel penetration.

In conclusion, the redox hydrogel was used for the modification of the porous gold electrodes.

Values of the catalytic currents are linearly increasing with the number of pore layers / active surface area, which can be used as an indirect proof that the hydrogel is penetrating through all the porous layers. SEM-EDX characterization was performed to analyze the depth of the hydrogel penetration, but the results were not conclusive. Future studies could be directed towards attaching a fluorescent probe to the enzyme followed by the hydrogel immobilization into porous electrodes.

In the work Zhang et al., cys-BOD was labelled with fluorescent dye Alexa 488 and used for the

GaOx characterization

Electrodes were removed from the fridge and left at room temperature for 15 minutes and washed in buffer. For the electrochemical characterization in saturated O2 or Ar, the 0.1 M sodium phosphate buffer pH 7.2 solution was purged with O2 or Ar for 15 minutes, followed by a slow gas flow above the buffer solution during the rest of the experiment. Measurements were carried out in the thermostated electrochemical cell at 37 °C. D-galactose solutions were freshly prepared prior to the measurement with the buffer.

BOD hydrogel preparation

The cathodic osmium redox polymer was synthesized as reported previously. [143] The cathodic composite hydrogel was prepared by mixing the cathodic Os-redox polymer PAA-PVI-[Os(4,4'dichloro-2,2'-bipyridine)2Cl] +/2+ with diluted BOD and polyethylene glycol diglycidyl ether (PEDGE) acting as a cross-linker. The wt % of BOD/Os-polymer/PEDGE was kept consant at 30/62.57/7.43. Gold wires were cleaned as described above, dipped into 18 μL of the mixture and dried at 4 °C for 24 hours for a hydrogel loading of 100 μg/cm 2 . The bioelectrodes were kept at the room temperature at least for 1 hour prior to the electrochemical characterization. To completely dry hydrogel, vacuum may also be applied for 20 minutes if necessary afterwards the electrodes are immediately ready for characterization.

Biofuel cell: general design consideration

The need for a clean, renewable, cheap and environmentally friendly energy production has been an interest of many studies. [START_REF] Meredith | Biofuel cells: Enhanced enzymatic bioelectrocatalysis[END_REF] Enzymatic biofuel cells (BFC) are systems in which energy is produced by flow of electrons between the redox enzymes immobilized on the electrode surfaces. Biofuel cells are conceptually equal to conventional fuels cell, except that expensive metal catalysts are replaced by enzymes. Desirable features of the enzymes as bioelectrocatalysts are renewability, biodegradability, high turnover frequency, low intrinsic overvoltage and specificity towards substrates. Moreover, glucose and lactose are abundant, sustainable and constantly present in the human body, could be used as fuels in such systems. Because of the above mentioned advantages, enzymatic biofuel cells have a great potential for powering implanted and small portable devices. [START_REF] Zhang | [END_REF]146] An enzymatic BFC is composed of two electrodes, an anode where the oxidation of the substrate/fuel occurs, while the released electrons are flowing to a cathode, where a reduction reaction takes place (Figure 69). Features that make BFCs attractive alternatives to batteries and conventional fuel cells are separator-membrane free design, mild pH, moderate temperature, renewability and safe handling. On the other hand, certain drawbacks such as intrinsic instability of enzymes at the electrode and time-dependent degradation need to be addressed. Furthermore, immobilization of the enzymes will be a critical factor in determining the overall BFC performance. [147] As already discussed in previous chapter, enzymes can be electrically connected to the electrode through two different mechanistical pathways, either direct or mediated electron transfer. Since in DET electrons are transferred directly from the active site of the enzyme to the electrode surface, electronic transfer rate will highly depend on the enzyme orientation. On the other hand, since in MET electrons are shuttled with help of a redox mediator from the enzyme to the electrode, this mechanism is not sensitive to the enzyme orientation hence transfer rate will be determined by mediator properties. For example, in the case of using osmium redox polymer as a mediator, rate of electron conduction will depend on the length of the tether that links the osmium center to the polymer backbone, hoping the distance between the redox site as well as their concentration. The difference in the redox potentials of the enzyme and the mediator will be a driving force of the electron transfer. Both approaches to the enzyme immobilization have certain advantages and drawbacks. DET mechanism is relatively simple and overvoltages are dependent on the intrinsic properties of the enzyme, hence close to zero, but it requires adequate orientation and usually attaches only the monolayer of the enzyme. However, MET will attach enzymes regardless of the orientation as well as in the form of multilayers but electron-hopping through the polymer can introduce additional step that can lower the catalytic efficiency of the bioelectrode. In addition, the voltage drop is induced since catalysis is recorded at the potential of the mediator which must be lower than the enzyme. ) Typical power curve with the maximum power density. [148] The driving force of the reactions is the difference in electrochemical potential of the cell, hence the overall performance of BFC is evaluated through open circuit potential (OCP) at which no current flows (Figure 69a). In theory, this voltage should correspond to the difference in redox potentials of the fuels at each electrode, however experimentally this value is affected by the overpotential required to overcome the activation energy of the catalytic reaction. By closing the electrical circuit, the voltage drops and current flows (Figure 69b). The sources of the voltage drops observed in Figure 69b are attributed to slow kinetics at the electrodes, ohmic losses due to electrolyte resistivity and mass-transport issues. Steep decrease of the cell voltage corresponds to kinetic losses that are correlated to slow rate of the reaction on the electrode. After initial steep decrease in voltage, ohmic losses will cause more linear decrease of the polarization curve. Ohmic losses occur due to resistance to the flow of electrons through the electrode material or the electrolyte. Lastly, mass transport limitation will cause the final decrease in the potential until it reaches to zero where the current is at its maximum and two electrodes behave electrically as one. This type of the loss is the result of change in the concentration of the species at the electrode surface because of the constant substrate/fuel consumption. [113] The maximum of the electrocatalytic current obtained, hence maximum power (Figure 69c) depends on the electroactive coverage and the rate of catalysis per active site (turnover number of the enzyme), for that reason appropriate immobilization strategy can improve the electrochemical efficiency of the BFC. [148] In addition, the appropriate design of the electrode interface is a key concern for the creation of the BFC, for instance, appropriate considerations in the cell design, such as decreasing the interelectrode gap could minimize the ohmic resistance losses.

In the next chapter, the different architectural designs of a BFC will be presented. In the first subchapter, enzymes were immobilized on vapor-deposited gold electrodes on a flexible single sheet with an integrated antenna for future studies with respect to wireless signal transmission. Anodic and cathodic enzymes were incorporated into a redox polymer matrix for a mediated electron transfer. Flexible electrode support is expanding the possibilities of the application towards wearable sensorics. In addition, integrating the anode from one side and cathode to the other side of the sheet could influence the overall electrochemical properties of the BFC. Taking one step further in the architectural design of the BFC, co-axial porous electrodes with 15 µm inter-electrode distance were used for the enzyme immobilization. Overall miniaturization of the set-up, high surface area, and micro-distance between anode and cathode should have a significant impact on the performance of the BFC. The performance of the BFC has been evaluated through extensive electrochemical characterization. Up to this point, the efforts to improve the properties of BFC have been mostly directed towards internal features, such as various structural designs, high surface area electrodes and efficient enzyme immobilization strategies. However, we were also interested to study the effect of an external parameter, such as the presence of a magnetic field to eventually improve the BFC performance without additional energy input.

Flexible biofuel cell for the wireless signal transmission

The incorporation of flexible materials into bioelectronics could provide a new perspective for continuous health monitoring. Today flexible materials are found in wearable electronics, composed of an integrated biosensor with a readout on a smartwatch or smartphone. [149] In this study, two gold electrodes were vapor-deposited on a single sheet of a polyimide film in two defined geometrical patterns (a star and a spiral) for future signal transmission from the sensor to the readout device. Different gold electrode patterns were chosen in order to study the influence of the electrode shape on the signal transmission. In addition, spiral shape will ensure higher surface area over the star shape gold that will as well influence BFC cell perfomance. These two gold electrodes are kept on a distance of 0.2 mm flexible polyimide material between them. Small distance between anode and cathode could minimize the ohmic and mass transport losses. Figure 70 shows a single flexible sheet with star-shaped gold on one side and spiral-shaped gold deposited on the other side. The polyimide material offers a high degree of flexibility, stretchability, biocompatibility, combined with good chemical resistance. Since anode and cathode are positioned on the opposite sides of a single polyimide sheet, simultaneous immobilization of the both redox hydrogels was not possible, in that case, first anodic redox hydrogel was drop cast onto star gold and dried for 24 hours at 4 °C. Design was carefully flipped over to a spiral gold side where cathodic hydrogel was drop cast and dried for additional Anode and cathode were initially characterized individually in O2-saturated 0.1 M sodium phosphate buffer pH 7.2 at a scan rate of 5 mV/s (Figure 72). Measurements were performed in a three-electrode system with an external Ag/AgCl reference electrode, a platinum mesh counter electrode and the modified anode or the cathode as a working electrode. In the absence of a substrate for the anodic oxidation reaction (Figure 71, black), two electrochemically reversible peaks corresponding to the oxidation and reduction of osmium redox centers are observed around 0.05 V. However, in the presence of the oxygen, reduction of oxygen at the cathode (Figure 71, red) can be clearly identified by a characteristic sigmoidal-shaped voltammogram.

The further characterization of each electrode was then performed in the presence of 5 mM Dglucose, as shown in Figure 72. Following the addition of glucose, the voltammogram takes a sigmoidal shape, indicating enzymatic glucose oxidation (Figure 72, black) on the anode and enzymatic oxygen reduction on the cathode (Figure 72, red).

In the presence of glucose, an open circuit voltage (0.5 V) was measured between the anode and cathode. The polarization curve was recorded in a two-electrode system where the anode was a short-circuited counter/reference electrode and the cathode was the working electrode (Figure 73). The biofuel cell was cycled in the potential range from the OCV to 0 V, while the current was measured (Figure 73, black). The obtained current was then multiplied by the corresponding potential values to obtain a power curve (Figure 73, blue). In addition to the OCV value, one of the important BFC features is the maximum power. In this case, 50 μW at 0.3 V with a shortcircuit current value of 190 μA is obtained. Electrocatalysis at both electrodes will determine the magnitude of the current, which is limited by the electrode with the lowest electrocatalytic rate. As reported previously, the power generated by a BFC is often limited by the oxygen reduction reaction due to low solubility and moderate diffusion coefficients in aqueous media. [150] In this study, it appears that the higher loading due to the increased surface area of the cathode compared to the anode was enough not to limit the output of a BFC.

Typical BFC power outputs are in the micro to milliwatts range, which is significantly lower than typical kilowatts for conventional fuel cells. Although, the power output is not as high as the one of conventional fuel cells, it is sufficient to power small medical devices and wearable electronics. [151] In summary, a proof-of-concept BFC composed of a GOX redox hydrogel anode and a BOD redox hydrogel cathode immobilized on flexible material has been developed. The use of the flexible support could extend the application area to wearable sensors and noninvasive health monitoring. Nevertheless, even in the case of implantable devices, softer and more flexible support materials might influence foreign body response. Star and spiral gold electrode patterns were carefully designed in a way to maximize surface area but also to provide additional electronic signals for the wireless transmission. Improvement of the architectural design and enzyme immobilization leads to a stable BFC development with an microwatts output. With an long-term stable BFC cell that can monitor glucose in a reproducible and reliable way future efforts then can be focused on integrating the insulin pump with an BFC that would automatically dose necessary insulin according to a glucose concentration measured. And for these reasons, wireless transmission of a signal from such implanted device would facilitate the overall monitoring and redout process. A combination of generating power from glucose concentration measurement that can fuel small device such as insulin pump that would be controlled through smart device may lead to an personalized health care for diabetes patients.

In the next subchapter, a different approach to improve architectural design of an implantable BFC will be shown. A porous co-axial double electrode (described in subchapter 3.4.) was used for the selective enzyme immobilization to assemble miniaturized BFC. The millimeter size of a co-axial electrode may facilitate the implantation process while high surface area and micrometer distance between the electrodes should increase the electrochemical performance of a BFC. Co-axial electrode is designed in such way that the analyte/electrolyte is supplied to the inner electrode by radial diffusion through the outer electrode, which is highly beneficial for the redox cycling studies but on the other hand, made selective enzyme modification highly challenging. The biggest challenge was how to bind the enzyme onto surface of the inner electrode without modifying the outer one as well. In theory, highly efficient BFC can be designed in a way that the inner electrode serve as anode while the outer electrode is cathode. Since the cathode is wrapped around anode, cathodic enzyme (BOD) would convert all the oxygen from the space between the electrodes while having a continuous supply of fresh oxygen from the bulk. Moreover, high surface area of the outer electrode would ensure that the cathode is not limiting overall electrochemical process. However, experimentally, the challenge was to keep the enzymes entirely compartmentalized to its own respective electrode. In order to find the most efficient strategy, several different enzyme immobilization methods were tested.

Selective enzyme immobilization into a co-axial double electrode

The co-axial double system was designed in such a way that the bottom and upper parts of the cylinder were sealed for the structural mechanical stability. Therefore, analyte diffusion towards the inner electrode is only possible through the pores of the outer electrode (radial diffusion). This presents a real challenge for defining a successful enzyme immobilization strategy that would allow binding the enzyme selectively to one electrode without modifying the other one. Since the inner and outer electrodes are electrically independent, the first enzyme immobilization attempts were based on attracting or repelling the enzymes from differently polarized electrodes.

The electric field has already been successfully used as a driving force for enzyme attachment to the electrode surfaces. Studies were based on the precise manipulation of the forces acting on the surface charge of the enzymes and driving their attachment to the electrodes with respect to the external electric field applied. [START_REF] Ammam | Electrochemical and electrophoretic deposition of enzymes: Principles, differences and application in miniaturized biosensor and biofuel cell electrodes[END_REF] Prior to the selective enzyme immobilization into a co-axial double electrode, proof-of-concept strategies were developed with two gold wires placed as close as possible to each other to simulate the conditions of double electrode system. Since these experiments were performed in the enzyme solution, a miniaturized electrochemical cell of 250 μL was made from a glass pipette (Figure 74) to reduce the amount of enzyme consumed during these experiments. Gold wires were cleaned in Piranha solution followed by extensive cycling in sulfuric acid to remove organic impurities and to determine surface area. Two gold electrodes were positioned inside the coiled platinum wire together with a miniaturized reference electrode. The resistance between the electrodes was measured with a multimeter in order to confirm that there was no electrical contact between them.

Potential-assisted enzyme attachment was performed in 0.2 mg/mL cys-BOD (Magnaporte S362C) diluted with 0.05 M sodium phosphate buffer pH 6 at room temperature in an argon saturated atmosphere. Simultaneously, the first and second gold working electrodes were held at 1.1 V and -0.3 V, respectively, for one hour of measurement. This was followed by a characterization in O2-saturated 0.1 M sodium phosphate buffer pH 7.2 at 37 °C using cyclic voltammetry (Figure 75). As can be seen in Figure 75, potential-assisted cys-BOD binding to the electrode polarized at -0.3 V (red) resulted in much higher current densities compared to the electrode that was held at 1.1 V (black). Since the dipole moment of the Mv BOD points mostly in the direction of the T1 copper indicates that the surface vicinity of the catalytic center will have a net positive charge in the pH range from 5-8. [122] The dipole moment of the enzyme could contribute to an increased loading or a favorable orientation of the enzyme on the negatively polarized electrode. In the case of the positively polarized electrode, the enzyme should not have an orientation that will favor DET, but even in this case, some catalytic current was observed. It appears challenging to prevent the cys-BOD enzyme from attaching to the positively polarized electrode despite the applied potential. Instead of developing strategies that would protect the electrode from enzyme attachment, further efforts were made to develop an alternative strategy, based on the removal of the enzyme after the first round of adsorption in order to provide a clean surface for binding of the second enzyme. A schematic representation of the sequential immobilization protocol is shown in Figure 76. Due to co-axial electrode architecture Cys-BOD diffuses through the pores windows (size 150 nm) towards the inner electrode. The enzyme will be attached through thiol bond formation on both, inner and the outer electrode since their surface chemistries are the same (Figure 76a). Porter at el. reported oxidative and reductive desorption of n-alkanethiols adsorbed on the gold surfaces. Potential for the stripping process is dependent on the strength of the thiol bond and the intermolecular interaction between adsorbates. [START_REF] Walczak | [END_REF] Followed by this example, the outer electrode was biased to high negative and positive potentials in order to break the thiol bond formed between the enzyme and the electrode (Figure 76b). Once the absence of the catalytically active BOD layer on the outer electrode is confirmed with CV, the GOX redox hydrogel is immobilized on the electrochemically cleaned outer electrode to form a co-axial biofuel cell (Figure 76c).

The briefly described immobilization strategy was first tested on the gold wires and then implemented with co-axial system. Two bare gold wires were cleaned with Piranha solution and extensive cycling in sulfuric acid. One of those electrodes was dipped in 4 mg/mL cys-BOD for 15 minutes, while other gold electrode was control or not modified electrode. Control electrode was used as a standard for the efficiency of the enzyme removal strategy, that is why both electrodes were characterized simultaneously by cyclic voltammetry at 5 mV/s at 37°C in the 0.1 M phosphate buffer pH 7.2 under O2 saturated atmosphere (Figure 77). When comparing the enzyme-modified gold electrode (black) with the unmodified gold control electrode (red) significant catalytic oxygen reduction currents were observed, confirming the efficient enzyme immobilization strategy (Figure 77a). To strip of the enzyme from the electrode surface, both electrodes were simultaneously biased at the potential of -1.2 V for 100 s under the same experimental conditions. Reductive desorption of the adsorbed proteins from gold surfaces has been reported previously. [154] It has been for example reported that fibrinogen protein was desorbed at -1.2 V due to electrostatic repulsion between the electrode and surface charges. Moreover, the application of a high negative potential to the electrode causes the breaking of thiol bonds between the enzyme and gold electrode. [155] After reductive desorption, the electrodes were re-characterized in oxygen saturated 0.1 M sodium phosphate buffer (Figure 77b). As can be seen, catalytic oxygen reduction current can still be observed (black) after reductive desorption when compared to the bare control (red), which indicates that the enzyme has not been completely removed. Therefore, in addition, the same electrodes were biased to a high positive potential of 1.3 V for 100 s in an attempt to remove residual enzymes by oxidative desorption. Characterization of the electrodes showed an overlap of the CVs of the control (red) and the electrochemically cleaned electrode (black) (Figure 77c). Since no oxygen reduction current was observed, this could indicate that the strategy of reductive followed by oxidative desorption, removed the enzyme completely from the electrode or at least induced a wrong orientation with respect to possibility to undergo DET.

After these first encouraging tests with two independent electrodes, the described experimental strategy was also applied to the co-axial double porous electrodes. The electrode consisted of 11 and 3 half-layers of porous gold as an outer and inner electrodes, respectively (detailed synthesis procedure is described in subchapter 3.4).

Prior to the enzyme immobilization, the electrode was cleaned by extensive cycling in sulfuric acid, followed by spontaneous adsorption of 4 mg/mL cys-BOD on the outer and inner gold electrode. Electrodes were characterized with CV in oxygen saturated 0.1 M sodium phosphate buffer to confirm the enzyme attachment. The outer electrode was biased first to high negative potential of -1.2 V and then to high positive potential 1.3 V for 100 s in order to remove the enzyme attached on the surface of the electrodes and in the pores. Both of the electrodes were recharacterized under the same experimental conditions to confirm that the outer electrode was cleaned while the inner electrode contains catalytically active BOD.

As shown in the previous chapters, despite all the methodological efforts direct electron transfer for the glucose oxidizing enzymes was quite challenging and because of that glucose oxidase redox hydrogel was drop casted onto the outer porous electrode. The hydrogel consisted of 35 wt% GOX, 55 wt% (PVP-Os[(1,1-dimethyl-2,2′biimidazole)2-2-[6-methylpyrid-2yl] imidazole] 2+ / 3+ osmium polymer and 10 wt% crosslinker PEDGE. In this way, mixed biofuel cell was prepared containing BOD attached on the inner electrode, transferring the electrons through DET while the glucose oxidase was transferring the electrons to the outer electrode through MET. The so obtained bifunctional co-axial electrode was characterized at 5 mV/s with cyclic voltammetry in 0.1 M sodium phosphate buffer pH 7.2 at 37°C (Figure 78). Individual characterization of the outer anode (Figure 78a) and the inner cathode (Figure 78b) showed possible leakage of the GOX redox hydrogel through the porous outer layer to the inner electrode since osmium oxidation/reduction peaks can be observed for both electrodes around 0.05 V (black), although less pronounced for the inner electrode. In the presence of 10 mM glucose (red), the sigmoidal shape of the CV indicates catalytic glucose oxidation. It seems that GOX redox hydrogels uniformly covered the pores of the outer electrode since there is no observable signal rising from the non-enzymatic glucose oxidation on bare gold surfaces. In addition, it seems that the redox hydrogel modification of the outer electrode did not limit diffusional transport toward the inner electrode. Unfortunately, the BOD-catalyzed oxygen reduction reaction of the inner electrode (Figure 78b) was hindered due to possible GOX cross-contamination.

In principle, by optimizing the final sequential step of the enzyme immobilization it should be possible to obtain a fully functional miniaturized co-axial BFC. The possible problem causing cross-contamination is that the GOX hydrogel is in a quite liquid state until fully dried, and can therefore easily penetrate through the pores of the outer electrode. Increasing the viscosity could possibly help to keep the hydrogel entirely on the outer electrode. In addition, since the signals from the DET cathode were hindered by a small quantity of the osmium hydrogel, a better alternative would to have also a MET cathode. Further efforts could be directed towards, the coelectrodeposition of the enzyme and the polymer monomer which would polymerize solely on the anode or cathode electrode surface. [156] Since the monomers have lower molecular weight than the pre-synthesized polymers, the risk of completely blocking the pores should be minimized in the beginning of the experiment while controlling the time for the electrodeposition would allow thin final polymer layers. In addition, this strategy would provide a way to assemble an theoretically ideal example of co-axial BFC with BOD on the outer layer. After considering all the material, geometrical aspects as well as efficient enzyme immobilization strategies, influence of the external stimuli on the BFC performance will be investigated as well.

Magnetohydrodynamic effect

One of the major limitations of many electrochemical processes is the relatively slow diffusion of reactants or products to or from the electrode surface. Therefore, exploring alternative approaches to improve mass transport without increasing energy consumption is a key to enhance the overall efficiency of an electrochemical reaction. Different attempts to improve mass transport, ranging from conventional mechanical convection to rotating electrodes and to sophisticated flow cells have been designed. One promising strategy is to take advantage of the unconventional synergy between ionic flow, produced by an electrochemical reaction and an external magnetic field. Such an interplay will cause a magnetohydrodynamic effect (MHD) stimulating mass transport towards the electrode interface. [START_REF] Luo | Electrochemistry in Magnetic Fields[END_REF] Briefly, the MHD effect is a Lorentz-force-induced 𝐹 𝐿 ⃗⃗⃗ hydrodynamic convection, caused by the interaction of the homogeneous magnetic field 𝐵 ⃗ with the local current density 𝐽 associated with the electrochemical process (Equation 15).

𝐹 𝐿 ⃗⃗⃗ = 𝐵 ⃗ x 𝐽 (15) 
Thus, the thickness of the diffusion boundary layer, formed during the electrochemical reaction can be influenced by the magnetohydrodynamic flow at the electrode/electrolyte interface according to the theoretical model proposed by Willner et al. [START_REF] Lioubashevski | [END_REF] In their work, they found that in the presence of the magnetic field, the decrease in the thickness of the diffusion layer enhances the mass transport of the analyte, with a concomitant increase of the limiting currents. [START_REF] Monzon | Magnetic fields in electrochemistry: The Lorentz force[END_REF] It is important to note that the type of hydrodynamic convection strongly depends on the spatial arrangement of the magnetic field with respect to the electrode. For example, in the abovementioned model, in which the magnetic field is placed parallel to the electrode surface, current flowing from the counter to the working electrode (or vice versa) is orthogonal to the magnetic field lines, resulting in macro-MHD flow between the two electrodes (Figure 79a). ) when 𝐵 ⃗ // 𝐽 . [160] However, when the magnetic field is orthogonal to the electrode surface, only the ion flux at the edges of the electrode can be perturbed by the presence of the external field 𝐵 ⃗ // 𝐽 . This will lead to the formation of a macro-MHD flow along the edges of the electrode (Figure 79b). In this case, the intensity of the field and the distance between the electrode and the magnet will strongly influence the amplitude of the effect. Moreover, one of the most interesting features of this configuration is the possible formation of micro-MHD vortices, caused by the presence of local inhomogeneities. Due to their controlled clockwise or anticlockwise flow direction, such micro-MHD vortices have been previously used to induce the formation of chiral surfaces during the electrodeposition of metals or conducting polymers. Moreover, the efficient coupling of the macroand micro-MHD vortices could induce high current density spots on a small scale, otherwise difficult to achieve with conventional mechanical stirring. [160] Therefore, such unique magnetic field effects in synergy with well-defined electrode morphologies can improve the reaction rate by promoting mass transport via the formation of macro-and micro-MHD vortices. [161] Although the MHD effect is a well-known phenomenon, it has only been successfully applied in a relatively small number of electrochemical systems, such as in the development of energy conversion devices, electrocatalysis and electrodeposition. [START_REF] Gatard | Use of magnetic fields in electrochemistry: A selected review[END_REF] In this context, it is possible to assume that the localized hydrodynamic convection may impact the conversion rate also of more sophisticated redox reactions, such as bioelectrochemical systems. For example, Katz et al. observed an effect on the performance of a lactate dehydrogenase/nicotinamide/pyrroloquinoline (LDH/NAD-PQQ) and cytochrome c/cytochrome oxidase (Cyt c/COX) biofuel cell in the presence of an homogeneous magnetic field. In this work, a parallel arrangement of the magnetic field (0.92 T) with respect to the biofuel cell, resulted in an increase in the power output by a factor of two. [START_REF] Katz | [END_REF] However, as mentioned above, mechanistically two different MHD effects can be observed based on the spatial arrangement of the magnetic field with respect to the working electrode. In the present work, we take advantage of the MHD effect formed by positioning the magnetic field orthogonal to the biofuel cell, to investigate its effect on the overall bioelectrochemical efficiency.

Influence of the MHD effect on the biofuel cell performance

The biofuel cell is composed by a two gold plate electrodes (0.5 cm x 0.5 cm) connected between with a gold wire (Figure 80). Osmium redox polymers were used to provide a stable enzyme immobilization matrix and to allow the electron transfer from the enzyme active site to the electrode surface. In this work, bilirubin oxidase (BOD) and glucose oxidase (GOX) were used as the cathode and anode of the biofuel cell, respectively. In such a configuration, the spontaneous reduction of oxygen and the oxidation of glucose by the corresponding enzymes are the driving force of the bioelectrochemical device. Theoretically, the anodic glucose oxidation reaction provides a flow of electrons (red arrow) through a wire connection to the cathode. At the opposite extremity, these electrons are consumed by the oxygen reduction reaction producing water. The resulting electron transfer, associated with the spontaneous enzymatic redox reactions, is accompanied by a flow of cations, i.e. protons, from the anode to the cathode of the biofuel cell, to maintain the electroneutrality. Theoretically, in the presence of a magnetic field (𝐵 ⃗ ) (blue arrow) imposed orthogonal to the electrode surface, a Lorentz force is induced on the proton flux to and from the cathode and anode of the biochemical system. This leads to a hydrodynamic convection in the form of a macro-MHD vortex (green arrow) along the electrodes, as mentioned above. [164] To visualize the macro-MHD vortex generated at the edges of each electrode, glassy carbon beads (200 -400 μm diameter) were used as tracking particles. The two redox hydrogel-modified gold plates, connected by an Au wire, were immobilized at the bottom of a Petri-dish in order to keep them in a static configuration. The composition of the redox hydrogel was prepared according to the procedure described in Chapter 4.

The reaction chamber, containing the bioelectrodes, was filled with 25 mL of an air saturated 0.1 M sodium phosphate buffer pH 7.2 containing 50 mM D-glucose. In order to study the influence of the magnetic field, a rectangular FeNdB magnet (B = 0.2 T, 98 cm 2 surface area) was placed under the Petri dish, with the north (N) or south (S) pole facing up. The motion of the tracking particle at the air-water interface of the corresponding solution was monitored for 5 minutes per each experiment (Figure 81). Due to the relatively small ionic current produced by the coupled enzymatic reactions, a competition between the random Brownian motion and the macro-MHD flux is expected. In order to differentiate between the two dynamic phenomena, the motion of three individual particles positioned at different locations on each electrode was evaluated (Figure 82). By superposing each trajectory, at relatively short times (t < 10), it can be observed that the tracking particle exhibits a clockwise and anticlockwise motion above the BOD and GOX electrode, respectively, when the south pole is facing upwards (Figure 82). The specular behavior was obtained when changing the orientation of the magnetic field, with the north pole facing upwards (Figure 82). However, at long experimental times (t > 10), the particles begin to drift away from the characteristic circular motion, presenting a more characteristic random motion. This was confirmed by evaluating the average speed over the given time range, where the tracking particles show at short times speed up to two times higher (0.015 cm/s) compared to the values obtained at long times (0.008 cm/s). The relatively weak induced Lorentz force is directly attributed to the thermodynamically small potential difference between the oxidation and reduction reactions. Furthermore, it can be assumed that the force of the macro-MHD vortex is closely related to the availability of the fuels at the electrode/electrolyte interface, oxygen and glucose, and the rate of the consumption of such analytes. Nonetheless, since only random motion is obtained in the absence of magnetic field, it is possible to confirm the presence of macro-MHD vortex at the edge of each electrode of the biofuel cell.

Following this set of experiments which confirms the possible formation of a macro-MHD vortex above the electrodes of a biofuel cell, the influence of the magnetic field on the biocatalytic current was evaluated. The current measurement allowed a more quantitative analysis of the observed MHD effect on the BFC output. This was carried out by slightly modifying the above-mentioned experimental set-up, by adding an individual wire connection to each bioelectrode, removing the direct electrical contact between them and maintaining the separation distance of 0.5 cm. To measure the current produced by the electrons traveling from the anode to the cathode, the electrodes were connected to an electrometer. The reaction chamber, containing the immobilized bioelectrodes, was again filled with 25 mL of an air saturated 0.1 M sodium phosphate buffer pH 7.2 containing 5 mM or 50 mM glucose solution, and placed above a rectangular FeNdB magnet (B = 0.2 T, 98 cm 2 surface area), with the north (N) or south (S) pole facing upwards.

Under the same conditions, an experiment was carried out in the absence of a magnetic field. As can be seen, for both glucose concentrations, the current profile resembles the characteristic diffusional behavior predicted by the Cottrell equation (Figure 83). [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] In the presence of a 5 mM glucose concentration, catalytic sites of the enzymes are not fully occupied by the substrate, since this value is below the Michaelis-Menten constant (Km) for glucose oxidase. On the other hand, when the glucose concentration is increased above the Km value, the catalytic sites are fully saturated with an excess of the substrate. Interestingly, in the presence of a magnetic field (0.2 T) orthogonal to the electrodes with either the north or south pole facing upwards, the catalytic currents for both glucose concentrations increases. In particular at low glucose concentration, the current profile follows a linear decay, indicating a complete change in the mass transport regime. At high glucose concentrations two different mass transport profiles appears. At short times (below 10 seconds), a relative linear decay of the current is observed, while above this time, a Cottrell-like profile is obtained. From these results is possible to assume that the change on the mass transport regime is associated to the decay of the force of the macro-MHD vortex which as stated above is intimately related to different physico-chemical factors. However, as described before, the observed magneto-hydrodynamic convection decreased the thickness of the diffusion layer while increasing substrate supply to the electrode surface.

The tracking particle experiments allowed the visualization of the MHD effect, while the current measurement revealed a significant increase in the BFC output when the magnetic field is applied, associated with different mass transport regimes. Due to the complexity of the system, the influence of the magnetic field orthogonal to the surface of the biofuel cell electrodes is currently mechanistically unclear. However, further studies need to be focused on the deconvolution of the system's complexity that could possibly reveal additional insight into the influence of the magnetic field on the individual components of the BFC. In addition, high surface area porous electrodes can be used for the biofuel cell construction in order to amplify and further study the MHD effect.

Materials and methods

Flexible biofuel cell preparation

The vapor deposition technique was used to form a star or spiral shape gold electrodes on the flexible polyimide material. Prior to enzyme modification, electrodes were cleaned with ethanol and the surface was hydrophilized by oxygen plasma treatment. Glucose oxidase (GOX) from Aspergillus Niger (480 U/mg) was purchased from Sigma-Aldrich and purified according to previously published procedure. [START_REF] Gao | [END_REF] Anodic osmium redox polymer was synthesized as reported earlier. [143] The anode (spiral) was prepared by depositing hydrogel composed of 35 

Electrochemical characterization of the BFC

The measurements were performed with CHI Instruments bipotentiostat (760C). The electrochemical characterization of the bioelectrodes was done in a standard electrochemical setup with a platinum counter electrode, Ag/AgCl reference and cathode/anode working electrode. Individual electrodes were characterized with cyclic voltammetry at 5 mV/s at 37°C in the 0.1 M phosphate buffer pH 7.2 under O2 saturated atmosphere. The polarization curve was recorded in a two-electrode system where the bioanode was short-circuited counter/reference and biocathode was working electrode. Power curve was calculated by multiplying the current obtained during the polarization experiment with the potential measured.

Magnetic field measurements

Two gold plates (AlfaAesar 99.99%) were cut into 0.5 cm x 0.5 cm squares and connected with 0.5 cm long gold wire (AlfaAesar 99.99%). Plates were immobilized with epoxy glue to the bottom of a rectangular Petri-dish. A rectangular FeNdB magnet (B = 0.2 T surface area 98 cm 2 ) was placed below the container. Motion of the glassy carbon beads (AlfaAesar 200 -400 μm diameter) on the air/water interface was monitored by using CCD camera (Canon EOS 70D, Objective Canon MacroLens 100 mm 1:2.8). Images and videos were processed with ImageJ software. Current was measured with Keithley 6517B Electrometer/High Resistance Meter.

transfer between Bilirubin Oxidase and the electrode. Bilirubin Oxidase was chosen as a cathodic enzyme because of its stability in the presence of a high concentration of chloride ions, while operating under physiological conditions. In addition, a BOD containing redox hydrogel was used for the modification of porous electrodes to study the penetration depth of the enzymes into the pores. A detailed study was also performed with respect to the immobilization of Galactose oxidase DET since the results of the previous studies were quite elusive.

In the last part of the work several distinct biofuel cell designs were proposed. First, enzymes were immobilized on a flexible gold electrode with an integrated antenna for future studies related to wireless signal transmission. A flexible electrode support is expanding the possibilities of application towards wearable sensorics. In addition, integrating the anode at one side and the cathode at the other side of a polymer sheet might influence the overall electrochemical properties of the BFC.

Taking one step further in the architectural design of the BFC, co-axial porous electrodes with 15 µm inter-electrode distance were used for the enzyme immobilization. Even though the co-axial cell was highly beneficial for redox cycling, it made selective immobilization of the enzymes quite challenging. Further improvement of this strategy could be through co-electrodeposition of an enzyme and the polymer. This method enables the interchange of cathode and anode positions within the co-axial configuration. By employing this method, the anodic enzyme can be immobilized on the inner electrode, while the cathodic enzyme is immobilized on the outer electrode. This particular electrode arrangement offers several advantages, one of which is the complete exclusion of oxygen from the interspace between the electrodes. As a result, the risk of reactive oxygen species (ROS) generation is minimized. ROS are highly reactive molecules that can potentially cause damage to biological samples or interfere with the electrochemical measurements. The overall miniaturization of the set-up, high surface area, and small distance between anode and cathode should have a significant positive impact on the performance of the BFC.

The efforts to improve the properties of BFC have been mostly directed towards internal features, such as various structural designs, high surface area electrodes and efficient enzyme immobilization strategies. However, we also investigated the effect of an external parameter, namely the presence of a magnetic field, to eventually improve the BFC performance without additional energy input.

In this thesis, we considered the impact of various aspects, such as architecture, enzyme immobilization methodologies, biological response and external stimuli on the overall device performance. Further research and development in these areas could lead to more advanced and efficient biosensors/biofuel cells for a wide range of applications in healthcare and beyond. Such future studies could involve the evaluation of the device performance over extended lifetime periods under realistic operating conditions, while evaluating various other environmental factors, including mechanical stress. These studies could be accompanied with clinical studies, evaluating the performance, reliability and safety of these devices in animal models. The research focus could be on further improving the biocompatibility of the porous gold electrodes and exploring alternative materials for electrode synthesis. This could involve investigating novel surface modifications or exploring the use of biocompatible polymers to enhance the interaction between enzymes and electrodes, leading to improved overall performance and longer device lifetime. Moreover, the development of more efficient and selective enzyme immobilization techniques remains an important area for future exploration. Such advanced methodologies would allow precise enzyme immobilization and enhanced enzyme loading and stability. Such advancements would contribute to higher catalytic activity and improved performance of the resulting biofuel cells. As technology continues to advance, the integration of biofuel cells with other emerging technologies holds tremendous potential. Integration of biofuel cell with other electronic or biomedical devices, such as wearable devices or smart implants could provide advanced health care monitoring and personalized medicine. Expanding the application of biofuel cells to environmental monitoring represents an exciting direction for future research. By incorporating specific enzymes or microbial systems that can detect environmental pollutants or biomarkers, biofuel cells could be used for in-situ monitoring of water quality, air pollution, or soil contamination. This would provide a sustainable and eco-friendly approach to environmental monitoring and contribute to the development of green technologies. In order to implement biofuel cells into day-to-day life, efforts towards scale-up and commercialization are essential. Future research could focus on developing cost-effective manufacturing processes, optimizing electrode production techniques, and streamlining enzyme immobilization methodologies. Additionally, exploring potential applications in industries such as in the healthcare, agriculture, or energy sectors would facilitate the transition from laboratory-scale research to large-scale production and commercial viability.
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 2 Figure 2. a) Top view of a natural opal b) SEM image of the opal nanostructure c) face-centered cubic closed (fcc) lattice used for the description of the nanostructure.[START_REF] Marlow | [END_REF] 
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 5 Figure 5. Schematic illustration of the mechanism of self-assembly in a) single and b) multi-layer arrays.[START_REF] Dziomkina | Colloidal crystal assembly on topologically patterned templates[END_REF] 
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 11 Figure 11. Schematic representation of the 1 st , 2 nd and 3 rd generation of glucose biosensors.Electrons from the glucose oxidation are taken by the enzyme cofactor and transferred to the oxygen (1 st ) or mediator(2 nd ) or directly to the electrode (3 rd ).[START_REF] Zhang | Smartphone Based Medical Diagnostics[END_REF] 
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 12 Figure12. Schematic representation of the enzymatic sensor, where the enzyme is embedded into a polymer network, showing the concentration gradients building up in front of the electrode surface.[START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF] 
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 13 Figure 13. SEM images of the silica seeds synthesized by the modified Stöber method.
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 14 Figure 14. SEM and EDX characterization of the 1 µm ± 13 nm silica particles.
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 15 Figure 15. Picture of the Langmuir-Blodgett instrument
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 17 Figure 17. A monolayer of the 1 µm ± 13 nm silica particles transferred at the 5.5 mN/m with a withdrawal speed of 1.2 mm/min.
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 19 Figure 19. Comparison between a chronoamperometric curve for the electrodeposition at E = -0.66 V of gold onto a) planar gold electrode and b) gold electrode premodified with a colloidal crystal template composed of 1 µm ± 13 nm silica beads.
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 20 Figure 20. a) Current oscillations observed during potentiostatic gold deposition into colloidal crystal template. b) Schematic representation of the periodic variation of the surface area available for the electrodeposition.[START_REF] Kuhn | Springer Handbook of Electrochemical Energy[END_REF] 
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 21 Figure 21. SEM characterization of the electrodeposited gold at -0.66 V on a) a planar electrode; b) an electrode modified with a colloidal crystal template and at -0.53 V on c) a planar electrode; d) an electrode modified with a colloidal crystal template.
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 22 Figure 22. Electrochemical characterization of macroporous electrodes in 0.5 M sulfuric acid and their corresponding chronoamperometric curves for 3 half-layers (black curve), 7 half-layers (red curve) and 15 half-layers (blue curve) of pores.
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 23 Figure 23. Illustration of the linear dependency of theoretical roughness factor and surface area as a function of the number of porous gold layers.
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 24 Figure 24. Comparison between theoretically predicted surface area and the experimentally determined one for gold electrodes with different thicknesses.
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 25 Figure 25. Scheme illustrating the elaboration steps of a miniaturized coaxial macroporous twin electrode. a) Gold microwire (250 μm) covered with a predefined number of 1 μm silica particle layers. b) Electrodeposition of the gold-nickel-gold layer through the colloidal silica template. c) Structure obtained after the selective dissolution of the nickel layer d) Final electrode structure obtained after the dissolution of the silica template.
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 26 Figure 26. Examples of chronoamperometric curves recorded during the electrodeposition of the inner gold (a), the intermediate nickel, (b) and the outer gold (c) layer throughout the colloidal silica template.
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 27 Figure 27. Cross-section of the extremity of a co-axial double electrode after a) nickel and b) silica bead etching. The presence of varnish is labeled in yellow.
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 28 Figure 28. Set up for the varnish infiltration into the co-axial double electrode.
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 29 Figure 29. Cross-section of the extremity of a co-axial double electrode after nickel and silica bead removal. The presence of varnish is confirmed between the two gold electrodes.
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 30 Figure 30. SEM characterization of a coaxial twin electrode architecture composed of alternating gold (yellow arrow) -nickel (blue arrow) -gold (orange arrow) layers (a) in the presence of the silica template, (b) after the dissolution of nickel, (c) and of the final architecture after the dissolution of the silica particles.
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 31 Figure 31. Schematic representation of a cylindrical coaxial twin electrode set-up for redox cycling. A fast exchange of the oxidized ( ) and reduced ( ) form of the analyte is occurring between the inner and outer electrode. Measurements are performed with respect to external reference and counter electrodes.
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 32 Figure 32. a) Electrochemical characterization of the structural stability and electrical independence of the coaxial electrodes for the inner (-), outer (-) and short-circuited (-) electrodes recorded in 0.5 M sulfuric acid at 100 mV/s.; b) and c) Cyclic voltammograms of the outer and inner electrodes in 1 mM ferrocene methanol in 0.1 M KNO3 recorded at 5 (-), 10 (-), 25 (-), 100 (-), 150 (-), 200 (-) mV/s respectively.
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 34 Figure34. a) Schematic representation of the redox cycling process and distribution of the oxidized ( ) and reduced ( ) ferrocene methanol species when the outer electrode (generator) is polarized to 0.3 V, while the inner one (collector) is kept at a constant potential of 0 V. b) Amperometric response showing the comparison of the single electrode mode when the outer electrode is polarized at 0.3 V, while the potential of the inner one is floating (black curve), and the redox cycling mode, where the inner electrode is biased at a constant potential of 0 V (red and blue curves for the outer and inner electrode respectively). c) Schematic representation of the redox cycling process when the inner electrode is the generator, while the outer one is the collector. d) Amperometric response showing the comparison of the single electrode mode, when the inner electrode is polarized at a potential of 0.3 V, while the outer one is at a floating potential (black curve), and the redox cycling mode with the inner electrode acting as a generator polarized at 0.3 V, and the outer one being the collector at a constant potential of 0 V (red and blue curves for the inner and outer electrode respectively).

Figure 35 .

 35 Figure 35. Illustration of the signal amplification measured by cyclic voltammetry at different scan rates: a) 5 mV/s, b) 100 mV/s and c) 200 mV/s. Comparison between the single electrode mode where the potential of the inner electrode is swept between 0.0 and 0.5 V while the outer is at a floating potential (black curve), and the redox cycling mode where the inner electrode acts as the generator and the outer as the collector (red and blue curves respectively). d) Correlation between scan rate and amplification factor obtained from the experimental data ( ) with an inset showing the theoretical amplification factor calculated according to the Randles-Ševčik equation ( ) and the corrected experimental amplification factor ( ).
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 36 Figure 36. Illustration of the signal amplification measured by cyclic voltammetry. Comparison between the redox cycling effect for the 15 μm (13.5 layers) (orange curves) and 25 μm (22.5 layers) (purple curves) gap between the electrodes.

Figure 37 .

 37 Figure 37. a) CVs of the control porous wire in 1 mм ferrocene methanol in 0.1 M KNO3 recorded at 5 (-), 10 (-), 25 (-), 100 (-), 150 (-), 200 (-) mV/s. b) Plot of peak currents vs square root of the scan rate.
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 38 Figure 38. Scheme illustrating the elaboration steps of a miniaturized 3-electrode system a) Silver microwire (250 μm) covered with a predefined number of 1 μm silica particle layers. b) Electrodeposition of the nickel-gold-nickel-gold layer through the colloidal silica template. c) Structure obtained after the selective dissolution of the nickel layer d) Final electrode structure obtained after the dissolution of the silica template.
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 39 Figure 39. Examples of chronoamperometric curves that were recorded during the electrodeposition of (a) the first nickel layer, (b) the first gold, (c) the second nickel and (d) the second gold throughout the colloidal silica template.
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 40 Figure 40. SEM characterization of the 3-electrode system containing a macroscopic silver core electrode and two macroporous gold electrodes with silica particles in between each layer.
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 41 Figure 41. SEM characterization of the 3-electrode system containing a macroscopic silver core electrode and two macroporous gold electrodes after silica particle dissolution.
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 42 Figure 42. a) Electrochemical characterization of the structural stability and electrical independence of the inner (-) and outer (-) gold electrodes, b) silver wire (-) recorded in 0.5 M sulfuric acid at 100 mV/s.
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 43 Figure 43. Cyclic voltammograms of the outer (-) and inner (-) electrodes in 1 mM ferrocene methanol in 1 M KCl at 100 mV/s with external reference and counter electrodes.

Figure 44 .

 44 Figure 44. Amperometric response of the three-electrode system with the silver wire as pseudoreference, inner layer as a counter and the outer layer as a working electrode in the a) air; b) argon saturated 1 mM ferrocene methanol in 1 M KCl.

Figure 45 .

 45 Figure45. Cyclic voltammogram of the 3-electrode system used as an independent electrochemical cell, the silver wire is a pseudo-reference, the inner gold layer as counter and the outer gold layer as a working electrode in 1 mM ferrocene methanol in 1 M KCl.
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 46 Figure 46. Cyclic voltammograms in 1 mM ferrocene methanol in 0.1 M sodium phosphate buffer recorded at 5 (-), 10 (-), 25 (-), 100 (-), 150 (-), 200 (-) mV/s for the a) outer and b) inner electrodes.

Figure 47 .

 47 Figure 47. Cyclic voltammograms in 1 mM ferrocene methanol in 0.1 M sodium phosphate buffer were recorded at 10 mV/s for the outer (black) and inner (red) electrodes in a simultaneous measurement.
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 48 Figure 48. Cyclic voltammograms in 1 mM ferrocene methanol in 0.1 M sodium phosphate recorded at 10 mV/s for the outer (black) and inner (red) electrode when a) the inner was the generator while the outer was the collector; b) the outer was the generator while the inner was the collector electrode.
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 51 Figure 51. Cyclic voltammograms, recorded at 5 mV/s a using control bare gold (black) and two cys-BOD modified electrodes (blue and cyan) in O2-saturated 0.1 M phosphate buffer pH 7.2 at 25 °C.
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 52 Figure 52. Cyclic voltammograms recorded at 5 mV/s using cys-BOD gold (red) and gold oxide (yellow) electrodes in O2-saturated 0.1 M phosphate buffer pH 7.2 at 37 °C.
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 53 Figure 53. Cyclic voltammograms, recorded at 5 mV/s using cys-BOD immobilized on gold (black) and pretreated gold (red) electrodes in the O2-saturated 0.1 M phosphate buffer at 37 °C a) pH 7.2; b) pH 5.5.

Figure 54 .

 54 Figure 54. Cyclic voltammograms, recorded at 5 mV/s using cys-BOD immobilized on gold (black) and phosphate-pretreated gold (red) electrodes in the O2-saturated 0.05 M phosphate buffer pH 5.5 at 37 °C.

Figure 55 .

 55 Figure 55. Cyclic voltammograms recorded at 5 mV/s using cys-BOD immobilized on a) gold (black) and citrate-pretreated gold (red) electrodes in O2-saturated 0.05 M sodium citrate buffer pH 5.5 at 37 °C; b) gold (black) and sodium acetate-pretreated gold (red) electrodes in the O2saturated 0.05 M sodium acetate buffer pH 5.5 at 37 °C.
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 56 Figure 56. Cyclic voltammograms, recorded at 5 mV/s using Mo BOD immobilized on gold (dashed black) and pretreated gold (dashed red) electrodes in O2-saturated 0.1 M phosphate buffer pH 7.2 at 37 °C. After 2 hours of continuous cycling resulting currents of gold (black) and pretreated gold (red) are shown with full lines.

Figure 57 .

 57 Figure 57. AFM images recorded in the dry state a) cleaned gold, with b) 0.1 mg/mL, and c) 1 mg/mL cys-BOD adsorbed on the gold. d) modified gold, with e) 0.1 mg/mL and f) 1 mg/mL cys-BOD adsorbed on the modified gold.
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 60 Figure 60. CVs of parental GaOx adsorbed on gold disc electrode characterized in 0.1 M sodium phosphate pH 7.2 at 37°C under argon (a) and oxygen (b) saturated atmosphere in the absence (black) and in the presence of the 20 mM (red), 40 mM (blue) D-galactose.
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 61 Figure 61. CVs of a) cys-GaOx-modified gold wire electrode and b) bare gold wire control characterized in 0.1 M sodium phosphate pH 7.2 at 37°C in the absence (black) and in the presence of the 20 mM (red) and 140 mM (green) D-galactose.

Figure 62 .

 62 Figure 62. CVs of cys-GaOx adsorbed on gold wire electrode characterized in 0.1 M sodium phosphate pH 7.2 at 37°C in the absence (black) and in the presence of the 140 mM D-galactose (green) and 140 mM L-galactose (red).

Figure 63 .

 63 Figure 63. Amperometric response of a) cys-GaOx adsorbed on a gold wire and b) bare gold control at 0.15 V while adding D-galactose to the system in the 20 mM to 140 mM concentration range at 37°C.

Figure 63

 63 Figure63shows the catalytic current response of the enzyme-modified electrode (a) and the bare gold electrode (b) to a stepwise increase in galactose concentration. An increase in galactose concentration caused an increase in the enzyme-modified electrode response in contrast to the bare gold control where a decrease was observed.

Figure 64 .

 64 Figure 64. DPV response of 7hl porous gold electrode (blue) in 0.1 M sodium phosphate buffer pH 7.2 at 37°C with cys-GaOx adsorbed on the surface (black) and in the presence of the 20 mM D-galactose (red).

Figure 65 .

 65 Figure 65. Illustration of the redox polymer PAA-PVI-[Os(4,4'-dichloro-2,2'-bipyridine)2Cl] +/2+chemical structure.[139] 

Figure 66 .

 66 Figure 66. a) Cyclic voltammograms for porous gold electrodes with different thicknesses (3hl (black), 7hl (red) and 15hl (blue)) modified with redox hydrogel, characterized in 0.1 M phosphate buffer pH 7.2 at 37°C under oxygen saturated atmosphere; b) linear dependence of the oxygen reduction current (left Y-scale) and active surface area (right Y-scale) upon increase in the thickness of the porous layer electrodes.

Figure 67 .

 67 Figure 67. a) SEM characterization of a cross-section of a 15 hl layer porous electrode modified with the redox hydrogel and b) EDX measurement.

Figure 68 .

 68 Figure 68. Schematic representation of a BFC composed of anodic Aspergilus Niger glucose oxidase which catalyzes glucose oxidation, and cathodic Magnaporte Oryzae bilirubin oxidase catalyzing oxygen reduction. The direction of the electron flow is shown with the black arrows.

Figure 69 .

 69 Figure 69. a) Voltage and current response for a pair of fuel cell electrodes. b) Polarization curve with respective OCP.c) Typical power curve with the maximum power density.[148] 

Figure 70 .

 70 Figure 70. Illustration of the frontside (star shape) and backside (spiral shape) design of the flexible biofuel cell for wireless signal transmission.The anodic enzyme used in this study is glucose oxidase (GOX) from Aspergillus Niger which catalyzes the oxidation of glucose. The active center flavin adenosine dinucleotide (FAD) is buried deep within the protein shell so that the electrons cannot be transferred directly to the electrode. GOX was incorporated into the anodic hydrogel matrix to facilitate the shuttling of the electrons from the active site to the electrode. The anodic redox hydrogels contained 35 wt% GOX, 55 wt%(PVP-Os[(1,1-dimethyl-2,2′biimidazole)2-2-[6-methylpyrid-2yl]imidazole] 2+ / 3+ osmium polymer and 10 wt% crosslinker PEDGE. On the cathodic side, redox hydrogels contained 30 wt% Mo BOD, 62.6 wt% (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl] +/2+ osmium polymer and 7.4 wt% crosslinker PEDGE. The use of redox polymers can promote electron transfer and enhance catalysis on both the anodic and the cathodic side. Prior to the immobilization, the electrodes were cleaned and hydrophilized using a plasma cleaner in an oxygen flow for 5 minutes.

113 24

 113 hours at 4 °C. Prior to the electrochemical characterization, BFC was kept at least one hour at the room temperature.

Figure 71 .

 71 Figure 71. CVs obtained with anodic (black) and cathodic (red) redox hydrogel in 0.1 M sodium phosphate buffer pH 7.2 at 37°C in O2 saturated atmosphere.

Figure 72 .

 72 Figure 72. CVs obtained with anodic (black) and cathodic (red) redox hydrogel in the presence of 5 mM D-glucose in a 0.1 M sodium phosphate buffer pH 7.2 at 37°C O2 saturated atmosphere.

Figure 73 .

 73 Figure 73. Polarization (black) and power (blue) curve of the flexible biofuel cell composed of GOX redox hydrogel anode and BOD redox hydrogel cathode at 5 mV/s.

Figure 74 .

 74 Figure 74. Miniaturized customized electrochemical cell containing a coiled platinum wire wrapped around two working gold electrodes and a miniaturized reference electrode.

Figure 75 .

 75 Figure 75. CVs of the potential assisted cys-BOD attachment on the gold electrodes polarized at -0.3 V (red) and 1.1 V (black). 4 consecutive CVs are shown while the red and black arrows are indicating the direction of the current density decrease with each additional measurement in O2saturated 0.1 M sodium phosphate buffer pH 7.2 at 37 °C.

Figure 76 .

 76 Figure 76. Sequential steps of the enzyme immobilization into co-axial electrode: a) cys-BOD (green) attachment on both gold electrodes, b) selective electrochemical enzyme stripping from only the outer electrode and c) GOX (blue) attachment on the previously cleaned outer electrode.

Figure 77 .

 77 Figure 77. CVs of a) the gold electrode without (red) and with cys-BOD adsorbed (black); b) after applying -1.2 V for 100 s and c) after applying 1.3 V for 100 s in a O2-saturated 0.1 M sodium phosphate buffer pH 7.2 at 37 °C.

Figure 78 .

 78 Figure 78. CVs of the a) GOX redox hydrogel outer and b) cys-BOD modified inner porous gold layer of the co-axial double system in the absence (black) and presence of 10 mM glucose (red) in O2-saturated 0.1 M sodium phosphate buffer pH 7.2 at 37 °C.

Figure 79 .

 79 Figure 79. Illustration of the MHD flow under the influence of a homogeneous magnetic field (𝐵 ⃗ ) a) orthogonal to diffusional flux of the electroactive species (𝐽) ⃗⃗⃗ and b) when 𝐵 ⃗ // 𝐽 .[160] 

Figure 80 .

 80 Figure 80. Schematic illustration of the MHD flow (green) produced on the surface of the bilirubin oxidase cathode (BOD) and glucose oxidase anode (GOX) incorporated into redox polymer (red) with a representation of the associated biochemical reactions, the spontaneous ionic current and the magnetic field (𝐵 ⃗ ).

Figure 81 .

 81 Figure 81. Trajectory plot of a glassy carbon bead moving on the air/water interface of an airsaturated 50 mM glucose, 0.1 M sodium phosphate buffer pH 7.2 solution, as a function of the magnetic field orientation (indicated in the figure).

Figure 82 .

 82 Figure 82. Trajectory plot of three independent glassy carbon beads moving at the air/water interface of an air-saturated 50 mM glucose, 0.1 M sodium phosphate buffer pH 7.2 solution, as a function of the magnetic field orientation (indicated in the figure). Particle trajectories above the BOD and GOX electrode are indicated with black and green lines, respectively, while arrows show the direction and the red and blue circles indicate the theoretical macro-MHD vortex at the edge of each electrode.

Figure 83 .

 83 Figure 83. Current transients obtained for the electrocatalytic BOD/GOX biofuel cell obtained in an air-saturated a) 5 mM glucose and b) 50 mM glucose solution in the absence (black) and presence of a magnetic field orthogonal to the surface of the electrodes, north (red) and south pole facing upwards (blue).

  

  

  

  

  

  

  

  

  

  

  

  

  wt% GOX, 55 wt% (PVP-Os[(1,1-dimethyl-2,2′biimidazole)2-2-[6-methylpyrid-2yl] imidazole] 2+ / 3+ osmium polymer and 10 wt% crosslinker PEDGE. Anode was dried at 4°C for 24h prior to the cathode modification. The cathode (star) was prepared by depositing hydrogel composed of 30 wt% Mo BOD, 62.6 wt% (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl] +/2+ osmium polymer and 7.4 wt% crosslinker PEDGE. The biofuel cell was dried at 4°C for additional 24 hours before characterization.
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The electrochemical behavior of cys-GaOx immobilized on a gold disk electrode was studied under argon and oxygen flow by cyclic voltammetry in a 0.1 M sodium phosphate buffer pH 7.2 at a scan rate of 5 mV/s. Upon successive D-galactose addition (red, blue, purple and green), the voltammogram shows Sshape curve with a significant increase in current, corresponding to the galactose oxidation. The current peak is located at around 0.3 V. A bare control gold electrode without enzyme modification was characterized under the same conditions (Figure 59b). When increasing the concentration of D-galactose, the voltammograms do not show a continuous increase, but exhibit overlapping maximum peak currents around 0.3 V. The oxidation current appearing around 0.3 V could immobilization in the 11 hl porous electrode. Cross-section of the modified electrode was studied by confocal fluorescence microscopy where well-defined fluorescent layer was observed stating that the whole internal space of the macroporous layer was modified by the enzyme. [141] Based on a similar approach it should be possible to immobilize redox hydrogel containing fluorescent dye labeled BOD into porous electrodes followed by the confocal fluorescence microscopy visualization, although fluorescent signal might be quenched or attenuated due to osmium polymer or a cross-linker present in the excess compared to the enzyme.

In this chapter, different immobilization strategies have been investigated with a focus on direct electron transfer. Anodic (galactose oxidase) and cathodic oxidase) enzymes were attached to the electrode followed by electrochemical characterization. In addition, bilirubin oxidase was incorporated into a hydrogel matrix to study mediated electron transfer as well, since both DET and MET have their own distinct properties. In the next chapter, the obtained results and acquired knowledge will be combined to make further steps towards the final objective, which is an implantable biofuel cell.

Enzymes

Magnaporthe oryzae (568 U/mg) bilirubin oxidase wildtype (Mo BOD), its engineered type (S362C, cys-BOD) and Bacillus pumilus (Bp BOD) samples were provided by Dr. Nicolas Mano from Centre de Recherche Paul Pascal (CNRS, Bordeaux). The samples were produced and purified as reported in the literature. [142] Galactose oxidase (GaOx) expressed in E.Coli has been produced together with engineered mutants where cysteine was introduced on the T469C and T412C sites (cys-GaOx). The samples were provided by Eyown Technologies Madrid, Spain.

Electrode cleaning for enzyme immobilization

Gold electrodes were cleaned with Piranha solution (3:1 H2SO4:H2O2) for 15 minutes and rinsed with MQ water. All electrochemical measurements were conducted with a CHI bipotentiostat (Austin, TX, USA). Ag/AgCl (3 M NaCl) was used as the reference electrode and a platinum mesh served as a counter electrode. After Piranha cleaning, electrodes were cycled in with 0.5 м sulfuric acid (Sigma-Aldrich) as supporting electrolyte, at a scan rate of 100 mV/s in a potential window from 0.0 V to 1.6 V for 50 consecutive cycles.

Immobilization of the enzymes on the electrodes

The stock solution of the S362C was diluted with the buffer in which the enzyme is stored (50 mM MOPS pH 6.5) to a final concentration of 6 mg/ml. Gold electrodes were immersed in 18 µL of diluted enzyme and left over night in the fridge at 4 °C. Afterwards electrodes were removed from the fridge, left at room temperature for 15 minutes and washed with the buffer.

Electrochemical reduction of O2

For the electrochemical reduction in saturated O2, the 0.1 M sodium phosphate buffer pH 7.2 solution was purged with O2 for 15 minutes, followed by a slow gas flow above the buffer solution during the experiment. Measurements were carried out in a thermostated electrochemical cell at 37 °C.

AFM

The AFM instrument used to obtain topographic images of the surface (500 x 500 nm 2 and 2 x 2 µm 2 ) was the Dimension Icon AFM (Bruker Company). The samples were imaged at ambient conditions in PeakForce mode using Scanasyst-Air probes (spring constant 0.4 N/m). Height images were second-order flattened using Nanoscope Analysis software (Bruker, version 1.90). AFM images were kindly provided by Gilles Pecastaings from the Centre de Recherche Paul Pascal (CNRS, Bordeaux).

Sample preparation for the AFM measurements

Gold plates (AlfaAesar purity = 99.99%) were cut into squares of 0.5 mm x 0.5 mm. The plates were cleaned with Piranha solution (3:1 H2SO4:H2O2) for 15 minutes and rinsed with MQ water. After Piranha cleaning, the electrodes were cycled in 0.5 м sulfuric acid (Sigma-Aldrich) as supporting electrolyte, at a scan rate of 100 mV/s in a potential window from 0.0 V to 1.6 V for 50 consecutive cycles. Moreover, for the phosphate-treatment, plates were polarized for 100 s in 0.1 M sodium phosphate buffer pH 7.2 followed by 2 consecutive scans in the 0.6 V to 0.15 V potential range. Plates were rinsed with MQ water and 0.1 mg/mL or 1 mg/mL of cys-BOD enzyme was immobilized for 15 minutes. Gold substrates with enzymes were washed in the MQ water and dried under an argon stream prior to the AFM measurement.

Preparation of gold disk electrodes for the GaOx immobilization

Gold disk electrodes (geometric area 0.05 cm 2 ) were cleaned with Piranha solution (3:1 H2SO4:H2O2) for 15 minutes and rinsed with MQ water. Electrodes were polished with alumina paste with size of 1 μm, 0.3 μm and 0.05 μm for 3 minutes per each particle size. In order to remove residual silica particles, electrodes were sonicated for 15 minutes in 50% ethanol solution. After sonication, electrodes were cycled in 0.5 м sulfuric acid (Sigma-Aldrich) as supporting electrolyte, at a scan rate of 100 mV/s in a potential window from 0.0 V to 1.6 V for 20 consecutive cycles.

GaOx immobilization

After rinsing 10 μL of cys-GaOx enzyme was drop-cast onto the electrode surface. The concentration of cys-GaOx was 1.47 mg/mL while the parental type was 0.4 mg/mL. Gold wire electrodes were cleaned as described above, and dipped into enzyme 18 μL of the enzyme solution overnight at 4°C.

Selective enzyme immobilization experiments

The electrochemical enzyme adsorption and co-electrodeposition were performed in the self-made miniaturized 250 μL cell. For that purpose, glass pipet was cut and melted to transform it in the final cell that was used for the electrochemical experiments. Coiled platinum wire, miniaturized Ag/AgCl reference and two gold wires were used in electrochemical measurements. Miniaturized reference electrode was made from a standard glass-body Ag/AgCl reference electrode mounted to U-shaped glass capillary extension filled with 3 M NaCl. Bottom part of the capillary extension was sealed with small agarose seal serving as a salt bridge. For this purpose, 2 % agarose solution was prepared by dissolving agarose in 3 M NaCl at 80 °C with vigorous stirring. Small amount of the obtained solution was introduced into capillary by suction followed by agarose solidification.

Conclusions and perspectives

In this thesis, alternative strategies to improve the performance and the lifetime of biofuel cells were proposed. The first part of the work was dedicated to the synthesis of macroporous gold electrodes that were used throughout the project for the enzyme immobilization. These porous electrodes are highly biocompatible, their surface chemistry can be easily changed, while the high surface area will increase the overall electrochemical performances. The strategy for their synthesis is based on infiltrating electro-active material into a silica-based colloidal crystal template. Features of the silica template will strongly influence the overall quality of the final porous material. Therefore, the Langmuir-Blodgett technique was used for the colloidal crystal assembly allowing a precise control of the spatial arrangement of the sub-micron particles, and thus ensuring the absence of cracks and defects in the structure. Potentiostatic electrodeposition was used to infiltrate gold into the colloidal template that is subsequently removed by dissolution in hydrofluoric acid, leading to the final porous gold structure.

Through this bottom up approach, it was possible to engineer a sophisticated double co-axial electrode, based on two threaded cylindrical porous gold microelectrodes with a gap that can be fine-tuned. Because of the small distance between these two electrodes, redox molecules can be oxidized/reduced multiple times resulting in a significant signal amplification, known as redox cycling effect. In this work, redox cycling amplification was investigated with a classic chemical redox probe, but it is possible to envision the use of biochemical compounds that could benefit from this effect as well. For example, pyocyanin is a important redox-active compound produced by the bacterium Pseudomonas aeruginosa that could be cycled between two gold electrodes in order to amplify the electrochemical signal. This means that even smallest concentrations of pyocyanin can be detected and quantified more accurately using this electrode configuration. The ability to amplify the electrochemical signal through redox cycling opens up possibilities for improved detection and analysis of various biochemical compounds, providing a valuable tool in fields such as biomedical research, environmental monitoring and chemical analysis.

An even more complex functional device was engineered by integrating a silver electrode in addition to the two porous gold electrodes. The final device could provide a miniaturized alternative to a conventional electrochemical cell, comprising a fully integrated set of working, counter and reference electrodes. In the proposed device, those three electrodes are located in a single wire of milimetric dimensions. The cylindrical geometry of the device provided compactness, which is advantageous for implantation studies and holds potential for future applications in areas like bioelectronics and wearable sensors.

The second part of the project was focused on developing more efficient methods for enzyme immobilization. Enzyme immobilization is a crucial factor that directly influences the analytical properties, performance and characteristics of biosensors. Simple pretreatment strategies based on modifying the surface chemistry of gold were proposed in order to facilitate the direct electron