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Low molecular weight hydrogels : une stratégie de revêtement de biopiles enzymatiques pour augmenter la fonctionnalité et la biocompatibilité

Les biopiles enzymatiques miniatures représentent un potentiel important pour la future génération de dispositifs médicaux implantables, utilisés pour le diagnostic, le pronostic et le traitement. Ces derniers fonctionnent actuellement avec des sources d'énergie externes. Ces biopiles utilisant les molecules présentes dans les fluides biologiques sont des dispositifs médicaux prometteurs. Le glucose, qui est abondamment disponible dans le corps, est à l'étude comme biocarburant permettant de produire de l'énergie. Les enzymes utilisées pour produire l'énergie à partir des produits biochimiques sont immobilisées sur des électrodes en or par des médiateurs redox. Cependant, la faible puissance actuellement disponible et la sensibilité des enzymes à l'environnement limitent leur application in vivo. Malgré des recherches intensives, de nombreux problèmes restent à résoudre, notamment l'amélioration de la puissance, de la stabilité et de la biocompatibilité des biopiles.

La réaction à corps étranger et l'isolement du dispositif médical par la formation d'une capsule fibreuse peuvent d'une part dénaturer les enzymes et, d'autre part, entraver la diffusion des analytes et de l'oxygène. Le travail décrit dans cette thèse vise à protéger les biopiles fonctionnant à base de glucose. Afin de résoudre les problèmes mentionnés ci-dessus, les hydrogels, actuellement développés pour diverses applications telles que l'administration de médicaments, l'ingénierie tissulaire et les dispositifs médicaux, offrent des propriétés prometteuses en tant que matériaux de revêtement.

Low molecular weight hydrogels as a strategy to coat enzymatic biofuel cells to enhance functionality and biocompatibility.

Miniature enzymatic biofuel cells hold great potential to power the future generation of implantable medical devices, which are currently working on external power sources used for diagnosis, prognosis and treatment. Enzymatic biofuel cells appear to be promising in harvesting the energy from biochemicals present in physiological body fluids. Glucose, which is abundantly available in the body, is being explored as a biofuel to harvest energy. The enzymes employed to harvest the energy from the biochemicals are electrically wired on gold electrodes by redox mediators. However, the limitation of insufficient power and the sensitivity of the enzymes towards host environment restrict theirs in vivo application. Despite several attempts, numerous challenges remain to be addressed, such as improved current density, increased stability, and biocompatibility of enzymatic biofuel cells.

Foreign body reaction and isolation of the medical device by the formation of a fibrous capsule may firstly denature the enzymes, and secondly hinder the diffusion of analytes and oxygen. The work described in this thesis aims at protecting glucose-based biofuel cells. As a strategy for combatting the bottlenecks mentioned above, hydrogels, currently developed for various applications such as drug delivery, tissue engineering, and medical device, offer promising properties as coating materials.

The first part of the thesis is focused on characterisation and evaluation different low molecular weight injectable hydrogels by analysing both in vitro and in vivo gel formation, degradation kinetics, foreign body reaction and angiogenesis. The hydrogels exhibit slow degradation and optimal tissue integration. Enhanced angiogenesis was observed due to a pro-angiogenic molecule released during hydrogel degradation.

In the second part of the thesis, one of the studied hydrogels was used to coat the gold electrode functionalised with enzyme: the selection of the enzyme (bilirubin oxidase) was based on in vitro stability studies. In parallel, the process of the coating was optimised, both for uniformity and thickness. Although a thicker coating should protect the electrode against foreign body reaction, it was necessary to limit the thickness to maintain efficient analyte and oxygen diffusion.

Ongoing experiments described in the last part of the thesis are focused on the optimisation of implantation in rat and measurement of the biofuel cell activity. Also, the electrodes were connected to an antenna for wireless communication; indeed, such a device would allow for non-invasive measurement of enzyme activity.

To conclude, this work allowed for the identification of a hydrogel that can be used to coat the electrodes of biofuel cells. The by-product released during the biodegradation favours angiogenesis in the vicinity of the material. Thanks to this coating, we can, therefore, expect an enhanced exchange of analytes and oxygen, which is a prerequisite for enzyme activity. The results presented in this dissertation are submitted or in preparation for future submission to international peer-review scientific journals:

Note: the data presented in this dissertation is partially formatted according to the style of the journals of publication with minor modifications.
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Scope of the thesis.

In the present generation, many human beings suffer chronic metabolic diseases that necessitate treatments during their whole life. Among these, diabetes is one of the most prevalent, as it affects many adults and children in developed countries. The administered dose of drugs is based on averages optimised for large populations. In the case of diabetic patients, discontinuous measures of blood glucose and an inappropriate dose of insulin treatment can cause long term deleterious effects and discomfort. To overcome the discrepancy between body needs and drug supply, researchers strive to develop new devices for measuring the real-time key physiological parameters in the patient's body which determine the amount of drug that must be administered.

Considerable progress has also been made in the field of glucose sensors and insulin pumps for the treatment of type I diabetes. Such feedback loop-based individualised, integrated medical systems, comprising an implanted sensor, battery, amplifier, processor, and actuator, are now in use. However, these devices still rely on an external energy source, and they need to replace frequently.

In this field, miniature enzymatic biofuel cells (EBFC) have been the subject of extensive research, to engineer energy-autonomous devices. EBFCs are those which convert chemical energy stored in biomolecules such as glucose, fructose and lactate into electrical energy by utilizing enzymes (Fig. 1). Although the enzymes are highly active and substrate selective, they are associated with insufficient stability. EBFCs differ vastly in terms of size, power (µW to mW) and their targeted application. The power is highly dependent on electrode morphology, including the structure and adsorbed enzymes. These features the EBFCs in specialised niche applications instead of competing with the conventional fuel cell operating with larger electrochemical power source. The glucose oxidase immobilised at the anode oxidises glucose, the electrons flow to the cathode containing bilirubin oxidase where O2 is reduced to water.

The need of hydrogels to coat EBFCs.

The major issues concerning the implantable EBFCs include the sensitivity of enzymes towards the hostile environment, biofouling of biological molecules at the surface of the implanted device, and biocompatibility of the device. The performance of implantable medical devices is impeded by the foreign body reaction (FBR), an inflammatory reaction resulting in the formation of a dense fibrous capsule. The thick collagenous capsule isolates the material from surrounding tissue, thereby blocking the mass transport and communication between material and the body. These issues limit the long-term in vivo functionality of EBFCs. To address these issues, several types of biocompatible hydrogel coatings are used to enhance their function and biocompatibility (1).

Among them, most of the hydrogels are made of polymers, which are either of natural (chitosan, alginate, silk, hyaluronic acid) or synthetic origin (poly-lactic acid, poly-lactic-co-glycolic acid, poly-ethylene-glycol, poly-vinyl-alcohol) and designed for drug delivery in regenerative medicine.

However, there remain several limitations for polymer-based medical device coatings such as a multistep process for preparation (photopolymerization, electrochemically mediated, and radical polymerisation), difficulties in coating the small medical devices as they rely on crosslinker to form a hydrogel, and FBR. As an alternative to polymers, this thesis proposed the use of low molecular weight hydrogels (LMWHs) to coat EBFCs.

Low molecular weight bola amphiphile gelators take advantages over polymers due to their selfassembled, and easy coating to medical devices. These are nucleoside-based small amphiphilic molecules containing hydrophilic moieties attached to both the ends of the hydrophobic hydrocarbon chain. The molecules are generally easy to synthesize, and the formation of gels does not require cross-linking agent instead undergo self-assembly. The self-assembly of these molecules is driven by Π-Π interaction and hydrogen bonding to generate a dense network of fibers. Moreover, the sol-gel transition of these gels is often dependent on physical parameters, which can be used to control gel formation or its transition to a liquid state. It was envisaged that such self-assembled hydrogels would be ideal for biological applications such as medical device coating, drug delivery and tissue engineering due to their injectability. In this thesis, we have evaluated four different LMWHs for their, degradation, fibrosis and angiogenesis, which are crucial before using it for any biological applications. The selected desired hydrogel will be used for coating EBFCs to enhance their functionality and biocompatibility.

General introduction A Brief overview of the biofuel cell

Advances in miniaturised implantable medical devices (IMDs) are increasingly significant for the growth of medical devices. IMD has been utilized for various diagnosis, prognosis and treatment.

An IMD can be either active or passive in function depending on whether it requires a power source or not (2). The current biomedical devices implanted in the body such as pacemakers, cochlear implants, defibrillators, insulin pumps, biosensors, etc. (Table 1.1, Figure 1.1) operate via an external power source (3). To provide the external power source for such devices, the existing technology is focused on lithium batteries alkaline electrolyte batteries. However, the main limitations of the current batteries include their corrosive nature, their size, and unwanted chemical reactions (4). It is, therefore, necessary to consider the addition of a protective coating to isolate the device from the surrounding environment. Apart from this, the longevity of medical devices relies on the battery shelf life and such batteries have limited lifetime from months to several years and require frequent charging/replacement for their efficient function (5). These limitations encouraged many researchers to find an attractive alternate called enzymatic biofuel cell (EBFC) (6). The EBFCs are electrochemical devices that harvest the electricity from the chemical energy stored in biomolecules in vivo such as glucose, sweat, and lactate. The power generated in EBFCs relies on the use of redox enzymes, utilised for charging the implantable device continuously without the need for an external power source (7). 

Energy harvesting from biofuels inside the body

The human body generates various forms of energy, for example, chemical energy through glucose and the physical way such as breathing and limb motion. Energy harvesting systems are the devices that convert these forms of energy into electricity for charging the implantable devices.

Approximate power generated from various forms is shown in Figure 1.2. Based on the amount of energy needed, biofuel cells can be used to power implantable medical devices.

Harvesting the power from biochemical fuel is promising since the electricity generated from chemical energy is >100 W. The constant availability of fuel within the body encouraged the researchers to develop EBFCs. Among various biofuels, glucose is the most commonly used fuel due to its abundance in most of the body fluids (3). 

Enzymatic Biofuel cell (EBFC)

Enzymes are well known as exceptional catalysts due to their high substrate specificity, selectivity, efficiency, and sensitivity. Enzymes are proteins in nature and just like all catalysts, expedite the rate of reaction by lowering the activation energy. To utilize the enzymes for sensors, and implantable devices, immobilisation onto the electrode is primarily essential to achieve electrical connection of enzymes to the electrode surface (8) The EBFC involves the utilisation of redox enzymes for converting the chemical energy (analytes such as glucose, lactate) into electrical energy using biochemicals present in physiological fluids (9)(10)(11). The conversion of biochemical energy is achieved by oxidation, which generates electrons and protons, coupled with reduction by using these electrons and protons at the cathode. The generated electrons are forced through an external circuit to reach the cathode, while protons diffuse through the electrolyte solution to reach the cathode, thereby maintaining the charge balance and completing the electrical circuit (Figure 1.3). Biofuel cells that use biocatalysts are advantageous over chemical fuel cells, as they operate in mild conditions and do not require expensive metal catalysts such as platinum. Although EBFCs hold great potential as miniature medical devices, there are numerous persistent challenges such as improved power density, increased stability and biocompatibility of the device (12,13).

The work of Yahiro et al. (14,15) in 1964 has been considered as the first report of an enzymatic biofuel cell in the literature. The system consists of glucose oxidase at the anode and nonenzymatic platinum cathode with low open circuit potential (175-350mV). However, this pioneering work demonstrated the proof of concept to advance from a simple device to prototypes implanted in living animals, which can power small electronic devices (5,16,17). The selectivity of enzymatic reaction allows the construction of a single compartment cell containing both anode and cathode upon implantation, which could feed autonomous and implantable medical devices (18,19). Despite the potential application, insufficient power output, stability and incomplete oxidation of fuel limits their utilisation to power larger devices. This instigated many researchers to improve the design, immobilisation, and the performance of EBFCs (8,20).

Enzymes as a catalyst

In an EBFC, enzymes employed as catalysts have been isolated from the biological source and wired on either anode or cathode or both electrodes. Bioanode and biocathode utilise the enzymes as biocatalysts for oxidation and reduction of fuel and oxidants, thereby, generating the power (11). The catalysis and the harvesting of energy are enzyme specific, where an oxidoreductase oxidises the fuel to transfer electrons from fuel to anode. Electrons flow to the cathode, where oxidants such as molecular oxygen (O2), hydrogen peroxide (H2O2), or organic peroxides, are reduced by another oxidoreductase (21).

Enzymes employed at the anode

There is a wide range of fuels that can be targeted for enzyme oxidation on the anode. Most of the researchers focused on utilising glucose as a fuel since it is the most abundant fuel available in the body. The most used enzyme for catalytic oxidation of glucose is glucose oxidase (GOx) (22).

GOx is derived from the Aspergillus niger (23). It is a well-known oxidoreductase enzyme which catalyses the oxidation of glucose to gluconolactone. The catalytic function is due to the presence of cofactor FAD/FADH2, as shown in Figure 1.4 (22).

𝑮𝑶𝒙 (𝑭𝑨𝑫) + 𝟐 𝒆 -+ 𝟐𝑯 → 𝑮𝑶𝒙 (𝑭𝑨𝑫𝑯 𝟐 )
𝑮𝑶𝒙 (𝑭𝑨𝑫𝑯 𝟐 ) + 𝑶 𝟐 → 𝑮𝑶𝒙 (𝑭𝑨𝑫) + 𝑯 𝟐 𝑶 𝟐

Enzymes employed at the cathode

A class of multicopper oxidase (MCO) such as laccase and bilirubin oxidase (BOD) have been received much attention as a biocatalyst at the cathode (24). MCOs can reduce four electrons of oxygen to water at the relatively high reduction potential and under mild condition. MCOs contains four copper ions, T1 is the primary site that accepts the electrons from the electrode. The electrons are further transferred to trinuclear copper T2/T3 cluster (TNC) where molecular oxygen is reduced to water (Fig. 1.5) (25). BOD catalyses the oxidation of bilirubin to biliverdin, concomitantly reducing oxygen to water in a four-electron reduction system. BOD was isolated from different sources such as Myrothecium verrucaria, Magnaporate orzae, and Bacillus pumillus (26)(27)(28). The enzyme consists of 4 redox active copper atoms; T1 where the substrate oxidation occurs and tri-nuclear T2/T3 in which oxygen is reduced to water. A Myrothecium verrucaria bilirubin oxidase (MvBOd) is a first reported BOD based oxygen-reducing cathode (26,29,30), from then BOD has gained much interest as an ideal candidate for EBFC as it works under physiological conditions for reduction of oxygen at the cathode. 

Electron transfer between enzyme and electrode

The sensitivity and the overall performance of the biofuel cell depend on the efficient electron shuttle system from the enzyme to/from the electrode surface. As we know, the enzymes are proteins in nature with high molecular weight, the active centre of the enzyme is located either on the surface or several angstroms deep from the surface in the protein. Thus, the efficient electron shuttle system relies on the distance of the redox centre of the enzyme and the electrode surface (31,32). Different strategies corresponding to the electron transport system, such as direct electron transfer (DET) and mediated electron transfer (MET) have been used, as shown in Figure 1.6 and 1.7. In DET, the electrons are transferred directly from enzymes to the electrode surface. Whereas in mediated electron transfer, the electrons are shuttled through the redox mediators. Polyvinyl imidazole (PVI), polyallylamine (PAA) and polyvinyl pyridine (PVP) complexes of osmium, ruthenium, iron (II) are generally used as a mediator for electron transfer (21,(33)(34)(35). The selection of DET or MET method is based on the location of an active centre of the enzyme (Figure 1.7). For a few enzymes such as glucose oxidase (Figure 1.6) at the anode, the redox centre FAD/FADH2 is deeply buried inside the enzyme. To overcome the distance of electron transfer, MET is employed when the distance between the active centre of enzyme to the electrode surface is greater than 15 angstroms (Table 1.2). The mediator assists in the rapid transfer of electrons continuously between enzyme and the electrode by undergoing oxidation and reduction.

The efficiency of mediator depends on its redox potential; it should be as close as the potential of the redox enzymes. The literature indicates that for optimal performance of EBFC, the potential difference between the mediator and the redox centre of the enzyme lays around 50mV (12). Also, the mediator should have an approximate potential to show oxidation and reduction without interfering with the analyte and oxidant electrochemical reaction, and the chemical stability is vital in both oxidation and reduction state of a mediator. 

Immobilisation methods

During the immobilisation technique, enzymes can undergo substantial changes with the surface microenvironment, conformational change and protein refolding, which can lead to the diminished activity and stability of the enzyme (37,38). Hence, the critical consideration for immobilising the enzyme onto the electrode requires proper selection of an attachment method, where the active centre of enzymes is appropriately oriented towards the support for an effective electron transfer.

The principal techniques for immobilisation of enzymes onto the support includes entrapment, adsorption, and covalent coupling /crosslinking, as shown in Figure 1.8 and Table 1.3.

Adsorption involves physical methods, in which enzymes attach to the surface through weak interactions such as hydrogen bonds, Van der Waals forces, ionic bonding, affinity bonding and hydrophobic interaction with the support material (39,40). Covalent crosslinking involves chemical methods by forming covalent bonds with thioester, amide and carbamate bonds (38,41).

The ideal choice of immobilisation technique depends on the support and complex nature of the protein structure. 

Electrochemical principles and analytical methods

Electrochemistry is the study of exchange between electrical and chemical energy. The electrochemical processes utilise oxidation and reduction reactions. Oxidation is the loss of electrons from a chemical species, while a reduction in the gain of n electrons by a chemical species. When oxidation and a reduction are paired together in a redox reaction; electrons can flow from the oxidised species to the reduced species via redox agents.

The experiment is performed using a potentiostat comprising three electrodes: a working electrode (WE), reference electrode (RE) and counter electrode (CE). The working electrode is generally made of an inert carbon, graphite or inert metals such as glassy carbon, platinum and gold. The reference electrode is usually the silver/silver chloride (Ag/AgCl) (44) or a saturated caramel electrode (SCE). The platinum wire is generally used as a counter electrode, with enough surface area without limiting the flow through the working electrode (45,[START_REF] Bard | Electrochemical methods & Fundamentals and Applications Allen[END_REF]. The potential difference is measured between the WE and the RE, while the current is monitored between WE and CE.

A brief description of the basic principles of electrochemistry analysis adopted in the experiments is discussed in the following sections.

Capacitive current

The capacitive current is also called as "non-faradaic" or "double-layer" current. Capacitive current is generated by the events occurring within small distance at an electrode surface. It does not involve the flow of electrons (Charge transfer). However, the processes such as adsorption and desorption can occur at the electrode-solution interface with changing potential or solution composition. These processes are called non-faradaic processes. Both faradaic and non-faradaic processes occur during the electrochemical reaction at the electrode surface [START_REF] Bard | Electrochemical methods & Fundamentals and Applications Allen[END_REF]. Although the faradaic processes are usually of primary interest in the investigation of an electrode reaction, the effects of non-faradaic processes must be considered in using electrochemical data to obtain information about the charge transfer and associated reactions. 

Faradaic current

The faradaic current is a result of the electrochemical reactions at the electrode surface. The flow of current in a cyclic voltammogram (CV) scan depends on the standard potential of the reaction, the mass transport of the redox species to the electrode surface and the rates of reaction at the electrode surface (Figure 1.10). For the electrochemical reaction of reversible oxidation and reduction, a sharp peak is observed in both the forward and reversed scans (anodic peak and the cathodic peak) with the current observed returning to its capacitance level (44). As observed in Figure 1.11 ➢ A capacitive current resulting from redistribution of charged and polar species at the electrode surface, and ➢ Faradaic current, the increase in the voltage intensifies the current until it reaches the oxidation peak (anodic peak). When the reactants become diffusion limited, the current drops to a lower and sometimes constant value, while reversing the sweep results, the reduction of the oxidised species and a cathodic peak is recorded.

Depending on the shape of the curve and the number of scans, it is possible to determine whether the reaction is reversible or irreversible.

Chrono-amperometry

Chrono-amperometry works under constant potential held at the working electrode, while the current flow is monitored over time (Figure 1.12) [START_REF] Marusak | Appendix 6: A Brief Guide to Writing in Chemistry[END_REF]. The method is used to check if the current remains stable at the given concentration of an analyte or decays with time. From the typical scan, it is observed that at the beginning of a scan, a relatively large current is observed followed by a rapid decay and a plateau (no more decline) in the current. The decrease is due to either the system's capacitance (i.e. the flow of current from a sudden shift in potential difference) or to the formation of a diffusive layer as the supply of reactants at the surface is rapidly exhausted [START_REF] Wang | Amperometric biosensors for clinical and therapeutic drug monitoring: A review[END_REF]. The Plateau in the current signifies that no further reactions are taking place and thus the current was solely due to the electrode surface itself acting as a reactant (e.g. due to metal oxidation).

The implantation sites for EBFC: Physiological and medical aspects

Significant advances on enzymatic biofuel architecture, the stability of the enzymes, and wiring of enzymes on electrode have led to the development of a wide range of prototype EBFCs, which have been proven to generate power in living organisms (Figure 1.13) for a short period (17,[START_REF] Cosnier | Beyond the hype surrounding biofuel cells: What's the future of enzymatic fuel cells?[END_REF].

One of the critical elements for the implantation of the biofuel cell is the selection of the desired implantation site (3). The selected implantation site should contain an adequate amount of analyte and substrate. It should replenish the formed catabolites efficiently, without accumulating at the site. Further, the vital consideration for the implantation site is the biofouling process, which should not be augmented at the site since biofouling hinders the exchange of analytes between the electrode and the surrounding tissue. Based on these considerations, as mentioned earlier, the various research groups attempted multiple efforts to develop and implant EBFCs at different sites in animals (Figure1.14, Table 1.4). The first biofuel cell implanted in a living system was by Mano in 2003 (52) while Cinquin and coworkers [START_REF] Cinquin | A Glucose BioFuel Cell Implanted in Rats[END_REF] were the first to harvest the power from an animal by implanting the EBFC in retroperitoneal space of Wistar rat.

Miyake and coworkers (54) implanted the electrodes in the rabbit ear for a short duration (1hr) while placing the cathode at the surface (air breathing electrode). This implantation has the advantage to circumvent the limitation of low oxygen issues in the body. Another group, from Crespilho [START_REF] Sales | An intravenous implantable glucose/dioxygen biofuel cell with modified flexible carbon fiber electrodes[END_REF], implanted modified carbon fibre microelectrodes are containing glucose oxidase on the anode and platinum nanoparticles at the cathode in a rat jugular vein using a polyethylene catheter.

Rapport and coworkers (56) implanted microelectrodes with gold nanoparticles in cerebrospinal fluid (CSF). The CSF was considered due to its limited cell content and low protein concentration (0.02 to 0.04 %), while in plasma it is 8 %. However, the limitation with this site poses difficulties in miniaturising the device. Also, the low buffering capacity of CSF might affect the function of the cathode due to an acidic environment created by gluconic acid produced during the oxidation of glucose.

Katz and group [START_REF] Castorena-Gonzalez | Biofuel Cell Operating in Vivo in Rat[END_REF] have tested the multiwalled carbon nanotube electrodes in cremaster muscle of rat as an implantation site, considered as a highly vascularized region of the body with enough oxygen supply [START_REF] Cosnier | Towards glucose biofuel cells implanted in human body for powering artificial organs: Review[END_REF]. Nevertheless, the implantation was only for a short duration.

In the group of Cinquin, Cosnier et al. [START_REF] El Ichi | Biocompatible implantable biofuel cell[END_REF] tested in 2014 the implantation of a prototype biofuel cell in the intraperitoneal space. In this study, the connection was tunnelled subcutaneously to the rat neck to connect to the potentiostat for electrochemical measurement. In previous studies, more than two decades ago, researchers provided proof about the abdominal cavity as an implantation site. The site contains an extracellular fluid; the movement of organs facilitates the diffusion of oxygen and the analyte.

Later, Cadet et al. performed in 2016 the glucose/O2 biofuel activity in human blood [START_REF] Cadet | An enzymatic glucose/O2biofuel cell operating in human blood[END_REF]. Design of anode and cathode was made with osmium redox polymer, a mediator to shuttle the electrons effectively. The progress opens the way for future research to test the functionality of EBFC in human blood as a step forward before in vivo implantation.

Despite the encouraging progress in the implantation and the performance, there exist several unmet challenges. One of the significant limitations includes the stability of enzymes. Cosnier et al. [START_REF] Zebda | Single Glucose Biofuel Cells Implanted in Rats Power Electronic Devices[END_REF] achieved the most extended operation in vivo until three months in the rat. These studies opened the way by providing proof of concept to harvest the power by EBFCs. Further optimisation of the system is still required to produce enough energy for an extended period. 

Bottlenecks for the implantable EBFC concerning the stability of chemical components

The main task of the EBFC is to generate enough power to charge the IMD for an extended period.

This last requirement presents quite a challenge for implantable EBFCs that need to operate under physiological conditions. Enzymes are the main components and unfortunately, the labile constituent of the biofuel cells. They are sensitive to pH, ionic strength, and temperature and alteration of factor mentioned above lead to the deactivation of the enzyme resulting in the decreased power output. Apart from enzymes, various other factors influence the reduction of current density such as instability of the mediator, which affects efficient electron shuttle to the active centre (co-factor) of the catalyst, biofouling and foreign body response. The variability of the mediator is the second most significant issue, the frequent loss of ligands after several cyclic scans reduce the active electron shuttle. Next is the sterilisation technique, as the sensitivity of enzymes hinders the use of standard sterilisation techniques [START_REF] Cosnier | Beyond the hype surrounding biofuel cells: What's the future of enzymatic fuel cells?[END_REF][START_REF] Ichi-Ribault | Remote wireless control of an enzymatic biofuel cell implanted in a rabbit for 2 months[END_REF].

Physiological practicalities for implantable biomaterial/medical devices

Another challenge frequently encountered is biocompatibility of the implanted EBFC. The limited in vivo functionality and the longevity of any medical device/biomaterial over time is still a critical issue to overcome. It is prerequisite to understand the response of a host towards any implanted material to avoid failure of devices [START_REF] Morais | Biomaterials/Tissue Interactions: Possible Solutions to Overcome Foreign Body Response[END_REF].

Implantation of either non-degradable or degradable material at any site of tissue inside the body inevitably triggers the immune response. Although the initial stages of host reaction for degradable and non-degradable materials remain the same such as tissue damage during implantation and protein adsorption to the surface of the material (66), later phase of the host response undergoes quick transition depending upon the type of material being implanted. The stages involve cellular and molecular events of the innate and adaptive immune system, which determine the fate of the healing process, i.e., the formation of encapsulation or scar formation or constructive remodelling.

For both degradable and non-degradable material, implantation results in the foreign body reaction, depending on surface topography, mechanical properties, and chemical composition. The different stages of foreign body reaction include protein adsorption, provisional matrix formation, acute inflammation, chronic inflammation, granulation tissue formation, and fibrosis. Each event involves the complex interplay of inflammatory cells, cytokines, chemoattractants, and form giant cells and activation of adaptive immune system [START_REF] Kwee | Manipulating the Intersection of Angiogenesis and Inflammation[END_REF]. Host cellular responses to implanted materials

Adsorption of plasma proteins

Implantation of biomaterials or medical devices in any vascularised connective tissue leads to the adsorption of proteins [START_REF] Corradetti | The Immune Response to Implanted Materials and Devices[END_REF]. The Vroman effect (Figure 1.16) explains the adsorption of protein on to the surface of the material. When the material is exposed to human serum consisting of many proteins, small, mobile and highly concentrated proteins tend to adsorb first on the surface, and then are displaced by larger and high-affinity proteins. Protein affinity varies with different implanted surfaces. For example, hydrophobic surfaces tend to bind more proteins as well as attaching them more tenaciously. Later, adsorbed proteins undergo time-dependent molecular spreading by unfolding/conformational change to expose internal functional groups for interaction with additional binding sites [START_REF] Dee | An Introduction to Tissue-Biomaterial Interactions Protein-Surface Interactions[END_REF].

As a result of protein adsorption, direct interaction of host cells to the material does not occur, but instead, cells interact with an adsorbed protein layer. The adsorbed serum proteins in conjugation with clot formation in homeostatic mechanism results in thrombus formation defined as the provisional matrix around the biomaterial [START_REF] Corradetti | The Immune Response to Implanted Materials and Devices[END_REF]. The provisional matrix serves as a ligand site for cell adhesion and mediates the interplay between host cells and the implanted material. In certain types of materials, it also serves as a bridge that facilitates the cellular access and infiltration of host cells into the materials [START_REF] Morais | Biomaterials/Tissue Interactions: Possible Solutions to Overcome Foreign Body Response[END_REF][START_REF] Santos | In vivo tissue response to natural-origin biomaterials[END_REF]. The accumulation of certain proteins on the biomaterial surface plays a crucial role in determining the fate of the tissue-implant interface.

Neutrophils

Deposition of the protein layer on the material surface and their unfolding influences the neutrophil activity [START_REF] Gardner | Biomaterials-based modulation of the immune system[END_REF]. The implantation or injection of any biomaterial causes the tissue damage resulting in the release of damage-associated molecular patterns (DAMPs) [START_REF] Lin | Chronic inflammation in biomaterial-induced periprosthetic osteolysis: NF-κB as a therapeutic target[END_REF]. Apart from DAMPs, the damaged endothelial cells and activated platelets secrete various cytokines and potent neutrophil chemoattractants IL-8 and CXCL-4, resulting in the recruitment of neutrophils to the material surface (Figure 1.17).

The recruited neutrophils release reactive oxygen species (ROS), granular proteins (myeloperoxidase, matrix metalloprotease-9 (MMP-9)), various cytokines, CCL2, and CXCL1, CXCL2, which are responsible for degradation, phagocytosis, activation, and recruitment of other inflammatory cells to the material surface [START_REF] Jhunjhunwala | Neutrophils at the Biological-Material Interface[END_REF]. The intensity of activation and secretion of neutrophil factors vary with the type of biomaterial implanted. Furthermore, neutrophils have also been shown to possess anti-microbial property due to their ability to release chromatin to extracellular space. The released chromatin forms a dense network that can entrap microbes to neutralise them, thereby preventing the spread of infection potentially.

The release and formation of chromatin fibres are called neutrophil extracellular traps (NET) [START_REF] Christo | Innate Immunity and Biomaterials at the Nexus: Friends or Foes[END_REF].

Macrophages

The progression of inflammation and foreign body response results in the migration of monocytes from blood capillaries to the implanted site. The chemokines and chemoattractants guide the migration of monocytes, as depicted in 

Macrophage-mediated phagocytosis of biomaterial

The process of phagocytosis involves the interaction of specific plasma membrane receptors to surface particle. During phagocytosis, macrophages undergo membrane reorganisation to entrap the particles into the cytoplasm, where hydrolytic enzymes are fused to form phagosomes to kill and degrade engulfed particles. When the size of the particle is between 10-100 µm, which is beyond the capacity of single macrophage to undergo phagocytosis, the fusion of macrophages takes place to form giant cells [START_REF] Sheikh | Macrophages, Foreign Body Giant Cells and Their Response to Implantable Biomaterials[END_REF].

Foreign body giant cells and fibrosis

The phagocytic failure of foreign material by macrophages results in the fusion of macrophages to form foreign body giant cells (FBGC). The formation of multinucleated cells of monocytic origin occurs in three steps: first, cells acquire their ability to fuse, then the cells migrate and attach their membranes by sharing their cellular components to become a single entity (Figure 1.20). Fusion involves the sharing of cytoskeletal elements that enable spreading and motility.

Apart from the function of phagocytosis, macrophages and FBGCs are also involved in the degradation of biomaterial scaffold by the release of enzymes, reactive oxygen intermediates (ROIs), and acidic products [START_REF] Sheikh | Macrophages, Foreign Body Giant Cells and Their Response to Implantable Biomaterials[END_REF]. For example, macrophages and FBGCs adhering to polyurethanes are known to degrade these materials by stress cracking, which leads to device failure. Further, the polymers such as polyethylene, polypropylene used for prosthesis and suture, undergo surface oxidation by ROIs generated by macrophages. Furthermore, growth factors released by macrophages attract cells such as fibroblasts, pericytes, endothelial, and smooth muscle cells that together form granulation tissue. The development of granulation tissue around the implants is also a part of chronic inflammation, where fibroblasts begin to replace the provisional matrix with fibrillar and collagen-rich extracellular matrix (ECM)

having high mechanical strength. The deposition and organisation of collagen are essential to restore and maintain normal organ integrity after injury. However, in mature granulation tissue, fibroblastic cells and other cells begin to activate into contractile myofibroblasts that add further mechanical strength by remodelling the ECM, which results in the formation of fibrosis [START_REF] Walraven | Therapeutic approaches to control tissue repair and fibrosis: Extracellular matrix as a game changer[END_REF][START_REF] Pakshir | The big five in fibrosis: Macrophages, myofibroblasts, matrix, mechanics, and miscommunication[END_REF].

Fibrosis is described as the degeneration of connective tissue, where the excessive accumulation of collagen-rich ECM replaces functional tissue. Depending on the material, macrophages can be beneficial in normal tissue repair or result in detrimental fibrosis [START_REF] Chandorkar | The foreign body response demystified The Foreign body response demystified[END_REF].

Effect of degradable and non-degradable material on the foreign body response

The surface chemistry, size, and topography of biomaterial determine the foreign body reaction The non-degradable materials such as sensors, drug delivery pumps, hip prostheses, brain implants, stents, pacemakers, orthopaedic implants, etc., [START_REF] Berzina-Cimdina | Biodegradable Materials and Metallic Implants-A Review[END_REF] are usually implanted to exert certain mechanical functions in tissues for the long term. The intended host reaction against these implants includes integration and fixation to the host tissue without undergoing degradation from macrophages and foreign body giant cells (FBGC) [START_REF] Anderson | Foreign body reaction to biometarials[END_REF]. Formation of fibrosis impedes the exchange of analytes from the host to the implants, which creates discontinuity and weakens the interface and results in the failure of devices.

Therefore, the surface coating is necessary to protect from the host environment to enhance its biocompatibility and its functionality. The functional failure explains the importance of biocompatible surface coatings to protect the materials from foreign body reaction.

In contrast, biodegradable materials are considered as good candidates for developing therapeutic devices such as tissue engineering scaffolds, medical device coatings and as controlled drug release vehicles [START_REF] Berzina-Cimdina | Biodegradable Materials and Metallic Implants-A Review[END_REF]. The materials are expected to be degraded by different mechanisms, biological or chemical ones over a predetermined time to achieve a function. 

Strategies to improve biocompatibility

As discussed previously, the major challenge is to control the inflammation and fibrosis to enhance the functionality and biocompatibility of implantable devices. Numerous approaches have been made, such as biomaterial coating and composite coating with drugs around implantable devices to overcome the limitation mentioned above.

Reduction of protein adsorption by biocompatible material coatings

The biomaterial selected alone should not trigger any inflammation and hinder the functionality of the implanted device. The primary purpose of coating with a biomaterial is to protect implantable device surface by minimising the tissue reaction. The addition of a biocompatible layer around implantable devices improves the device-host interaction, thereby increasing the functionality and longevity of the device. Various natural and synthetic materials are exploited as a coating material such as alginate, collagen, dextran, and cellulose ( 82) poly(lactic-acid)(PLA), poly(lactic-co-glycolic acid) (PLGA), polyvinyl alcohol, polyethylene glycol (PEG), or 2-hydroxyethyl methacrylate (65) Table 1.5. Knowledge on physical, chemical and biological properties of the polymeric material is necessary to understand the foreign body response.

The protein adsorption is controlled by material characteristics such as surface groups (hydrophobic or hydrophilic), charge density, topography, and extent of hydration. One "simple" strategy to improve the function and biocompatibility of implantable medical devices is to reduce the protein adsorption by surface modification (Figure 1.

22).

Surface coating using Poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG), and PHEMA based materials (PEGylation materials) [START_REF] Zhang | Zwitterionic Hydrogels : an in Vivo Implantation Study[END_REF][START_REF] Wisniewski | Characterization of implantable biosensor membrane biofouling[END_REF] have been extensively used since the 1980s to reduce non-specific protein adsorption. However, PEG derivatives are susceptible to enzymatic oxidation of the hydroxyl groups to aldehydes and acids; the oxidised surface increases protein adsorption and cell attachment. Hence, the susceptibility to the oxidation limits the long term application of PEG derivatives [START_REF] Zhang | Zwitterionic hydrogels implanted in mice resist the foreign-body reaction[END_REF].

The next class of materials which have been extensively used for coating is zwitterionic materials.

Zwitterions and mixed charge materials are well known for their ultra-low fouling property, as the protein adsorption is below 5ng/cm 2 . Recently, Zhang and coworkers [START_REF] Zhang | Zwitterionic hydrogels implanted in mice resist the foreign-body reaction[END_REF] have mentioned the zwitterionic materials such as poly(sulfobetaine) and poly (carboxybetaine) and poly (carboxy betaine ester) for efficiently reducing the protein adsorption [START_REF] Chandorkar | The foreign body response demystified The Foreign body response demystified[END_REF]. The main disadvantage involves the cross-linking reaction containing acrylates. These linkages are not cleavable hydrolytically and enzymatically, indicating that these are not well suited for tissue engineering and drug delivery approach, where biodegradable implants are preferred. 

Implant modification by the release of drugs from surface coating 1.8.2.1 Use of Angiogenic drugs

The formation of the fibrous capsule because of the device implantation limits its functionality by hindering the transportation of analyte from the tissue to the device and the diffusion of the product from the device to the tissue. The utilisation of composite coatings by releasing an angiogenic drug can promote angiogenesis, which enables the diffusion process. New blood vessels can be induced in the vicinity of the devices by slow release of growth factors like VEGF (vascular endothelial factor) [START_REF] Klueh1 | Continuous Glucose Monitoring in vivo[END_REF][START_REF] Norton | Vascular endothelial growth factor and dexamethasone release from nonfouling sensor coatings affect the foreign body response[END_REF]. The formed blood vessels enhance the diffusion of analytes, thereby improving the functionality of the device.

Use of Steroidal and non-steroidal Anti-inflammatory drugs

Foreign body reaction can be minimized by using glucocorticoids. Such compounds have been used due to their ability to modulate the immune response. They inhibit the formation and release of inflammatory mediators, such as prostaglandins and leukotrienes [START_REF] Norton | Vascular endothelial growth factor and dexamethasone release from nonfouling sensor coatings affect the foreign body response[END_REF]. Besides, they also decrease capillary permeability and fibroblast proliferation, which thereby reduces inflammation at the site of injury. Many researchers employed polymer coatings (PLLA and PCL) containing dexamethasone to reduce fibrosis formation around a glucose sensor (91). 

Hydrogels

Coating with hydrogels has received considerable attention in the past 30 years due to their utilization in a wide range of applications. These include polymeric, soft and zwitterionic hydrogels. The hydrogel is defined as a three-dimensional, water-swollen network formed by monomers by cross-linking, hydrogen bonding or van der Waals interaction. The hydrogels have been employed in a wide range of fields such as pharmaceuticals, tissue engineering, regenerative medicine, clinical applications, and agriculture [START_REF] Saroia | A review on biocompatibility nature of hydrogels with 3D printing techniques, tissue engineering application and its future prospective[END_REF][START_REF] Annabi | 25th anniversary article: Rational design and applications of hydrogels in regenerative medicine[END_REF]. 

Classification of hydrogels

The literature reports many ways to classify the hydrogels. According to the source, hydrogels are divided into those formed from natural, or synthetic products, and the combination of both.

Depending on the ionic charges present in the polymer network, hydrogels divide into anionic, cationic and neutral structures (98)( Figure 1.24).

In terms of preparation or synthetic route, hydrogels classified as homopolymers prepared by single hydrophilic monomers, copolymers made of two monomers and multipolymers consisting of two or more monomers. Further, based on size, hydrogels are divided into macrogels, microgels and nanogels. Micro and nanogels have advantages over macrogels for their less invasive delivery.

Microgels having 5 μM or less in size are applied in oral and pulmonary delivery but are not suitable candidates for intravascular injections. Whereas nanogels with 10-100 nm size are used mainly for systemic drug injections (99). 

Natural and synthetic hydrogels

The two most widely used natural polymers over the years include alginate and chitosan, which have been utilized for various biomedical applications. Later collagen, gelatin, and hyaluronic acid have gained attention in the field of tissue engineering for stem cell differentiation. Also, the natural polymers show higher potential risks of immunological reaction (101). 

Physical and chemical hydrogels

The hydrogels can also be classified based on their crosslinking network, either physical or chemical. Chemical gels are those formed by covalently-crosslinked networks. For example, poly (2-hydroxyethyl methacrylate) (pHEMA) obtained by the polymerisation reaction, crosslinking of polyvinyl alcohol with glutaraldehyde, photopolymerization of PEG derivates and hydrogels formed by gamma irradiation (101,102). Despite the formation of strong hydrogels, the crosslinking agent used to create a network is usually toxic, which often requires to remove it before the biological application. The in-situ photo polymerisation generates free radicals, which might cause injury to the tissues. (103).

Physical hydrogels are formed by the ionic reaction, protein interaction, hydrogen bonds, van der Waals interaction, and crystallisation. The crystallisation is indeed another way to form physical hydrogels. For example, the homopolymers such as PLLA, PVA and Dextran 6000 crosslinks by the crystallites to form a hydrogel (104).

Thermosensitive, thermoresponsive and phase transition hydrogels

Temperature sensitive hydrogels are those that contain both hydrophilic and hydrophobic molecules in their network. They undergo phase transition (hydrogel to sol or sol to hydrogel) either at low critical solution temperature (LCST) or upper critical solution temperature (UCST).

The phenomenon of transition from solution to gel is commonly referred to as sol-gel transitions, where hydrogels separate from solution and solidify above a certain temperature called LCST.

Below LCST, the polymers are soluble, whereas, above LCST, they become hydrophobic and insoluble, resulting in the formation of a gel. This phenomenon is used in Matrigel®, methylcellulose (MC), Chitosan-β-glycerophosphate, Poly (N-isopropylacrylamide) (poly (NIPA Am). In contrast, the hydrogels that are formed upon cooling of polymer solution have a UCST.

Gelatin, collagen and agarose are natural polymers that exhibit UCST phase transition (105,106). Recently, supramolecular gels have been developed, which provide attractive features for various biomedical applications due to their injectable property. Among which, low molecular weight gels (LMWGs) or self-assembled supramolecular gels are another interesting class of materials that form hydrogels by self-assembly through hydrogen bonds and van der Waals interactions (molecular stacking). These are soft hydrogels which possess sol-gel-sol transition (107-109).

Photo-responsive hydrogels are those which change their properties when irradiated with light of appropriate wavelength. Further, these are classified into UV sensitive and visible sensitive hydrogels. The light-sensitive hydrogels contain a chromophore, which can absorb and emit light, thereby increasing the temperature to form hydrogels like temperature sensitive hydrogels.

Enzyme-responsive hydrogels are a new kind of materials that can undergo a macroscopic transition in the presence of enzymes. The ability of enzymes to undergo catalytic synthesis and hydrolysis leads to sol-gel and gel-sol phase transition. Among which, most commonly focused enzymes include protease and glycosidase responsive polymer (100). 

Properties of hydrogels

For any material, the physical, chemical, and biological properties play an essential role in determining the desired application. Although different types of hydrogels are available, it is necessary to choose the desired hydrogel based on multiple features such as swelling behaviour, surface properties, mechanical properties, and degradation rate for the specific application.

Swelling properties

The swelling properties are crucial for the hydrogels in biomedical applications. The swelling ratio influences the degree of diffusion of analytes, permeability, and mechanical properties. When the hydrogels are exposed to solvent, they absorb water and start to swell until they reach their equilibrium in swelling state. The swelling is achieved when the polymer chains in the hydrogels interact with the solvent molecules to attain solvated state (expansion), while the crosslinked structure retracts the chains inside until the equilibrium is reached between the expansion and retraction of the assembled molecules (126). The swelling ratio is generally described as swelling behaviour calculated by using the formula mentioned below.

Swelling ratio (R s )= W s -W d /W d Rs = Swelling ratio, Ws= weight of the swollen hydrogel, Wd = weight of dried hydrogel (tap dried using Kim wipes to remove excess fluid).

Permeability properties

The permeability of hydrogels is the ability to transmit the fluids, cells and proteins. In the context of hydrogels as coating membranes, permeability is one critical parameter for adequate function of implantable medical devices.

Mechanical properties

The mechanical properties of hydrogels rely on their composition. However, it should be noted that an optimum mechanical strength is required for different applications. At the macroscopic level, mechanical properties are essential in maintaining the stability of hydrogels to withstand the tissue load. At the microscopic level, the stiffness plays a critical role in affecting cell activities and fate. For example, an increase in stiffness of hydrogels has been reported to affect cell attachment, differentiation, and spreading (127). Mechanical properties can be tuned by changing the crosslinker concentration, and molecular weight of the precursor. For example, soft hydrogels are required for neural regeneration, harder scaffolds for bone regeneration (128). The summary of hydrogels and their mechanical strengths are given in Table 1.8

Elasticity

Elasticity is defined as the capacity of a material to return to its original shape after the removal of the constant load. The force applied is usually referred to as stress, which is acting per unit crosssectional area of the material, while the relative deformation of the material is called strain. The ratio between the stress and strains termed as Young modulus, often represented by E.

Viscosity is the direct measurement of the ability of a material to resist the deformation in response to the applied stress and is directly related to the ability of hydrogels to respond to changes in shear stress during the injection. Rheology is a method used to quantitatively measure the parameters of hydrogels such as viscosity, storage modulus and loss moduli, which are essential in measuring the hydrogel injectability. The storage and loss moduli provide information on the elastic modulus of the hydrogels. The extent to which a hydrogel responds to stress and absorb energy is called storage modulus, and when the hydrogel undergoes stress relaxation to dissipate energy is termed as loss modulus (129,130). 

Biocompatibility assessment

Biocompatibility is one of the most critical parameters that must be evaluated carefully. It is a multi-stage approach, beginning with the in vitro assessment, before animal testing. Various in vitro studies can be used for initial screening of material safety like cytotoxicity, irritation and hemocompatibility tests. In vitro tests are also be used to evaluate the material at early development to choose the best candidate for future in vivo studies, saving time and resources.

Cytotoxicity assessment

The choice of cell lines used for cytocompatibility must be carefully chosen according to the regulations. In most cases, continuous (immortalized) cell lines originally obtained from neoplasms or transformed by viruses or mutagens, such as HeLa, L929, WI-38, 3T3 or CHO, are used to screen the cytotoxicity (134). Whereas in some instances, cells are chosen according to the interactions investigated and prospective medical applications, which includes human or animal cells such as immune, endothelial, hepatic cells or various epithelial cell lines.

According to the US Pharmacopoeia and standards mentioned by the American society for testing and materials, the standards of British Institute, and the international for the organisation (ISO for lab comparability), primary cell culture assays used to evaluate the biocompatibility are: a) direct Table 1. 9: Cell viability tests and their advantages and disadvantages (1).

Assay Advantages Disadvantages

Trypan blue A simple and rapid method able to provide approximate results. prolonged culture times will show a reversal of the reduction process.

NRU (neutral red)

Very sensitive and readily quantifiable.

Once started it must be completed immediately

Protein interaction and adsorption on materials

As mentioned earlier, adsorbed proteins determine the fate of tissue-material interface, and since the amount of spontaneously adsorbed protein depends on the property of material surface chemistry, this can be used to screen the material at early stage development.

Furthermore, depending on the clinical application, a lower or higher protein adsorption on the material may be desirable. For example, it is advantageous for medical devices to have low levels of non-specific protein adsorption, while in case of bioengineering scaffolds, protein interaction with the biomaterial promotes tissue integration to enhance their regenerative capacity further. The issues mentioned above highlight the importance of studying non-specific protein adsorption to biomaterials towards evaluating biocompatibility. 

In vivo studies

After the biomaterial is screened through the series of in vitro biocompatibility test, if it is found to be non-toxic, it is recommended to evaluate its biocompatibility in animal models. The in vivo test allows the implanted material to be in contact with various cell types and to interact with proteins, enzymes and hormones. Although numerous animal models are available for testing the material, the selection of a suitable model is crucial depending on the type of the study.

For in vivo biocompatibility assessment, subcutaneous implantation tests are often used to assess the toxicity of the material components or the finished device. The In vivo assessment of tissuebiomaterial compatibility involves non-invasive and invasive measurements.

The non-invasive method can help to investigate the localised inflammatory response associated with neutrophils and macrophages on implanted material. Two chemiluminescent agents such as luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) and lucigenin (bis-N-methyl acridinium nitrate) are widely used for non-invasive imaging of acute and late (chronic) stages of inflammation. Luminol enables to visualize the neutrophil MPO activity, while lucigenin is used to assess macrophage activity at the chronic phase of inflammation (137).

The invasive techniques to assess the biocompatibility of implanted material involve microscopic analyses such as histology. Histology consists of different staining techniques to monitor the degradation, infiltration of inflammatory cells, collagen matrix, and angiogenesis, while in immunohistochemistry, specific labelling of protein with antibodies provides quantitative information on the type of cells expressed and the extent of inflammation.

It must be noted that a biomaterial which is compatible for one application may not be compatible with another application [START_REF] Morais | Biomaterials/Tissue Interactions: Possible Solutions to Overcome Foreign Body Response[END_REF][START_REF] Sadtler | Design, clinical translation and immunological response of biomaterials in regenerative medicine[END_REF]. General steps used to evaluate the material and the devices are described in Figure 1.26. 

HYPOTHESIS, OBJECTIVES AND EXPERIMENTAL DESIGN.

The thesis encompasses the aspects of extremely miniaturised glucose/O2 EBFC as an in vivo Therefore, reducing the number of calibrations is key to improving the usability of the CGM device and patient compliance.

continuous
Apart from that, other challenges must be addressed before the implantation of such devices.

Operation of EBFC at high power density is challenging as it requires a large number of enzymes efficiently immobilised to the anode or the cathode. It also requires mass transport of products and reactants to/from the electrodes that are not being limited by diffusion. Last, the size of the EBFC is small enough to be eventually implanted. The most crucial aspect in this context is to ensure the biocompatibility of such a device, thus preventing foreign body reaction. Finally, it requires a device that can monitor the in vivo enzyme functionality non invasively.

Considering the limitations mentioned above, the thesis involves outlined strategies with interdisciplinary collaborations for the systematic development of EBFC. The strategies such as the selection of a suitable electrode architecture (macroporous gold electrode), characterisation of single electrode studies and optimisation, selection of desired hydrogels to coat EBFC for enzyme protection, testing the combination of fuel cell devices for in vivo functionality and biocompatibility and finally wireless antenna to measure the enzyme functionality non invasively.

The power generated by EBFC will be measured by a wireless antenna consisting of a receiver outside of the body. The generated power is proportional to the glucose concentration and therefore, can be directly used as the analytical signal (sensor function). The change in transmission frequency is then related to the glucose concentration. Based on the strategies outlined, the objective of the thesis is as follows.

Obj. I. To evaluate newly synthesized different LMWHs for the foreign body response that they induce.

The hydrogels will be screened for different properties by subcutaneous implantation in mice: in vitro cytotoxicity, protein adsorption, in vivo degradation, FBR, and angiogenesis.

Obj. II. To optimise hydrogel coating on cathode electrode and in vitro and in vivo

measurement of enzyme functionality.

1. The study will be focused on optimizing one electrode, the cathode, where the sluggish kinetics of O2 reduction currently restricts its performance.

2. The selected hydrogel will be optimised for uniform coating and oxygen diffusion to protect the enzyme from a hostile environment.

3. The functionality of the enzyme wired electrode coated will be evaluated by in vitro and in vivo subcutaneous implantation in mice using electrochemical measurements.

Obj III. To optimise subcutaneous implantation of enzymatic biofuel cell and in vitro and in vivo measurement of enzyme functionality.

1. Optimization of subcutaneous implantation of biofuel cell in the rat.

2. Electrochemical measurements will evaluate EBFC functionality before and after subcutaneous implantation.

3. Also, with collaboration, wireless communication will be employed for non-invasive functionality measurement of implanted EBFC.

Thesis organization

This dissertation is divided into four parts. The studies were focused on performing the in vivo stability of the enzyme immobilised biofuel cell by subcutaneous implantation in mice. Besides, the hydrogel coatings were optimised for their thickness with the ability to allow for oxygen diffusion and their in vitro and in vivo stability. Thanks to Philippe Barthélémy's group for the synthesis and the physical characterisation of the molecules. 

Results

Article

Results

Article 2: Proangiogenic Supramolecular Gels through Biodegradation Sindhu, K.R. 1 , Bansode, N. 2 , Rémy, M. 1 , Morel, C. 1 , Bareille, R. 1 , Hagedorn, M. 3 , Hinz, B. 4 , Barthélémy, P. Finally, the coating of implantable medical devices such as intracortical microelectrodes for micro-electrocorticography [4], deep brain stimulation [5] or enzymatic biofuel cells [6] is needed to minimize the fibrous capsule formation that inhibits the electrode functionality. In addition to these requirements, any material that is injected or implanted in the body is facing the same fundamental challenges: it must be biocompatible, and the initial structure, as well as the degradation products, must exhibit low if any cytotoxicity. Most importantly, the inflammatory reaction that is elicited by the biomaterial must be controlled, firstly to prevent a too fast elimination/degradation of the biomaterial before successful tissue regeneration is reached, and secondly to avoid a strong and/or chronic local inflammatory environment.

The body has an innate self-defence mechanism to fight any implanted biomaterial perceived as 'foreign' -called the foreign body reaction (FBR). The different steps of the FBR are well known [7,8] adsorption of proteins from the blood, and extracellular medium is usually the first step in FBR and occurs instantaneously to reduce the surface energy by a thermodynamically driven process. Within a few hours, neutrophils are recruited, and the degranulation process releases proteolytic enzymes and reactive oxygen species. Chemoattractant cytokines are also released, that attract blood circulating monocytes. As a first step, monocytes differentiate to macrophages with a pro-inflammatory phenotype, designed as "M1-phenotype" [9,10]. Then, depending on the material, and on microenvironment cues, the phenotype of macrophages can evolve toward an immuno-modulatory and remodelling phenotype, that is part of the large spectrum of "M2 phenotypes" [9,11]. Therefore, after 7 to 10 days, biomaterials with good biocompatibility properties can be surrounded by macrophages displaying immuno-modulatory phenotypes. Fibroblasts recruited from the adjacent tissue are involved in the formation of new ECM. In case of a sustained inflammation around the biomaterial, macrophages will fuse to form multinucleated foreign body giant cells, and an extended activation of fibroblasts will drive the formation of a fibrous capsule that aims at isolating the foreign body. This fibrotic capsule impedes the diffusion of nutrients and metabolites, leading to the failure of the medical devices. To date, several attempts have been made to develop potential biomaterials that reduce the capsule formation, albeit with limited success.

Hydrogels are attractive for clinical applications and respond to most of the demands on successful biomaterials. By definition, hydrogels are hydrophilic, which facilitates the diffusion of oxygen and nutrients throughout their structure and, in some cases, allows cell colonization.

Hydrogels are easy to use, can be mostly injected, have tunable mechanical properties, and their local swelling and gelling allow for adaptation to the 3D structure of the local host environment.

Low molecular weight hydrogels (LMWHs) are one class of self-assembled physical gels, formed through reversible non-covalent interactions such as hydrogen bonding, π-π stacking, hydrophobic effect and ion pairing. Recently, synthetic hybrid molecules combining biomolecules such as nucleic acid and lipids have been investigated as hydrogelators [12]. For example, non-toxic nucleolipids (NLs, nucleoside and nucleotide lipids) and glyconucleolipids (GNLs) [13] are promising polymer-free materials for applications in health science and technology applications.

The supramolecular properties of NLs and GNLs allow sustained drug release [14], use in tissue engineering [15], and use as bioinspired materials [16]. In GNLs, amide, urethanes, and urea functions play a major role in both mechanical and biological properties of supramolecular hydrogels [17,18]. The urea linkage forms more stabilized self-assembly due to the involvement in two hydrogen bonds. This self-association of urea with two hydrogen bonds is much stronger than that of amides or urethanes, usually one hydrogen bond donors. Also, the urea motif presents an attractive isosteric replacement of the amide linkage with increased resistance to protease degradation. Incorporation of aromatic moieties in conjugation with hydrogen bond donor and hydrophobic group is highly effective to improve the hydrogen bonding and the hydrophobic interactions by taking part in π-π stacking in water essentially to form stable self-assembly.

Therefore, such GNLs are promising scaffolds for tissue engineering or medical device coating.

In both cases, the in vivo stability, cytotoxicity and body responses are major parameters that allow determining potential applications. We selected three glyconucleoside bolaamphiphile (GNBA) featuring the hydrophobic moiety functionalized with urea or amide and N-thymine glycosylated head groups conjugated via aromatic triazoline ring (Fig. 1). The applications of GNF first synthetized in 2010 [19] have been published in several articles [20][21][22][23]. We compared one GNF with three GNBA bearing similar structures (single chain amphiphile versus bolaamphiphiles) with different functional groups (urea, amide). Fibrosis and cell infiltration were analysed. The kinetics of in vitro degradation was studied; three hydrogels produced the same degradation product, as observed by mass spectrometry analysis. After chemical synthesis of this product, its angiogenic properties were analysed both in vitro with HUVECs and in vivo with the chick chorioallantoic membrane.

MATERIALS AND METHODS

Hydrogel preparation

The following molecules were used to prepare the hydrogels at a concentration of 1.5 % (w/v) in sterile phosphate buffered saline (PBS) at pH 7.4: GNF [19] and three GNBAs (GNBA-1, GNBA-2, and GNBA-3), corresponding to products 16, 18, and 12 in Ramin et al. [18].

Suspensions were heated at 65°C for GNF and 80°C for the three GNBAs. The GNF solution was incubated at 37°C for 30 min to form a gel, whereas the other molecules formed the gel within 5 min at room temperature.

In vitro degradation of hydrogels and analysis of degradation products

To assess in vitro degradation/disassembly over time, hydrogel disks (100 l) were incubated in 7 ml of PBS at 37°C for 21 days and weighted at different time points. All hydrogel samples were pre-weighed after gelation (initial weight). At different time points (1, 2, 3, 5, 7, 15, and 21 days), the samples were removed from PBS, weighed immediately after removing the excess of PBS by gently touching the surface of Kim wipes, and returned to the same solution of PBS. Degradation/disassembly quantification was performed by comparing the hydrogel weight loss over time (done in triplicates). The degradation products generated during the 21-day incubation of the samples was determined by analyzing the PBS solution in which they were incubated (see section 2.2). At day 21, the PBS was collected and analyzed for the degradation products of individual hydrogels by using mass spectroscopy.

In vitro protein adsorption on hydrogels

To investigate non-specific protein adsorption, the adsorption of bovine serum albumin (BSA, GE-healthcare ref K45-001) was evaluated. Hydrogels were cut into pieces with a diameter of 4.7 mm and health of 5.7 mm (volume of 100 l, the surface of 119 mm 2 ) followed by incubation in PBS overnight at 37°C to reach the swelling equilibrium. On the following day, the PBS was replaced by 400 μl PBS containing BSA (2 mg/ml, freshly prepared), followed by incubation in a 24 well plate at 37°C for 2 h. Samples were then rinsed thoroughly several times with PBS to remove unbound BSA proteins, followed by addition of 400 μl of sodium dodecyl sulfate solution 1 % (w/v) per well for 30 min at room temperature to strip proteins adsorbed on the hydrogel surface The striped BSA protein was quantified using a standard bicinchoninic acid protein assay (BCA, Pierce™ BCA Protein Assay Kit) as recommended by the manufacturer. The negative control was done in a similar way, excluding the incubation with BSA. Experiments were performed in triplicates.

Cytotoxicity assessment

Cytotoxicity of hydrogels was assessed according to the international standard ISO10993-5 (Biological evaluation of medical devices --Part 5: Tests for in vitro cytotoxicity) with some modifications. The L929 cell line (recommended by the standard) and a primary cell culture of adipose tissue-derived mesenchymal stromal cells (MSCs) were grown in alpha-MEM (Gibco, Ref A10490-01, France) without ascorbic acid, and containing 10 % (v/v) fetal calf serum (FCS, Lonza, France). Cells were then seeded at 10,000 cells/cm 2 in 24-well microtiter plates (Nunc, Denmark) and cultured for 72 h. At subconfluency (3 day culture), hydrogel pieces (diameter 4.7 mm, height 5.7 mm) were immersed in the culture medium using Falcon inserts (Ref: 353096, 24 well formats). The ratio of the sample surface area to the volume of the vehicle was 5 cm 2 /ml.

Wells containing only alpha-MEM + 10% FCS were used as negative controls, wells with cytotoxic agent 0.1% Triton X100 were used as a positive control. Culture plates were then kept in the incubator at 37°C for 24 h giving the "24(1)" cell culture; then, the inserts were transferred on other sub-confluent L929 and MSC cultures for a second and then a third incubation of 24 h, giving "24(2)" and "24 

Migration and proliferation of human umbilical vein endothelial cells (HUVEC).

The human umbilical cord was obtained from healthy new born with the consent form from the parents under the Etablissement Francais du Sang to isolate HUVECs as previously described [24]. HUVECs were used between passages 3 and 8 in Iscove`s modified Dulbecco`s medium (IMDM; Gibco, Thermo Fisher Scientific), containing 20 % fetal bovine serum (FBS; Lonza, Verviers, Belgium), 12 µg/ml endothelial cell growth factor supplement, and 90 µg/ml heparin (ECGS/H 0.4% (v/v); PromoCell, Heidelberg, Germany).

Scratch migration assays were performed in 6 well plates, coated with 0.2 % gelatin (Sigma-Aldrich, Saint Quentin Fallavier, France). Cells were seeded at 50,000 cells/cm (subconfluency) in 6 wells with the EBM2 media (Lonza, 00190860, medium allowing endothelial cells to proliferate only with a low efficient) containing 10 % FBS without growth factors for h. Wells containing a confluent monolayer of HUVECs were then washed with Hanks balanced salt solution (HBSS), and a straight-line scratch was made using a 100 µl pipette tip. The wells were gently washed with HBSS to remove detached cells and debris. 2 ml of positive control, test and negative control media were added to the wells (complete EGM-2MV medium as a positive control (Lonza, CC-3202, optimized for efficient endothelial cell proliferation), test sample containing the tested compound GN-1 at a concentration of 1 mM in EBM2-10% FBS and EBM2 medium containing 10% FBS as basal medium). The closure of scratch was monitored by timelapse videomicroscopy with a frame rate of 10/min for 18 h in Etaluma Lumascope 720. The Etaluma software was used to obtain the movies and to analyze the speed of wound closure quantitatively.

Proliferation analysis was performed at different concentrations of the active compound (2, 10, 20, 50, 100, 500, and 1000 M diluted in EBM2 medium + 10% FBS). HUVECs were seeded on 24-well plates at a low density of 10,000 cells/cm 2 . The cells were cultured using EBM2 medium containing 10% FBS without any growth factors for basal medium +/-active compound, while the positive control medium was the complete medium EGM-2MV. For the proliferation assay on day 1 and 7, the neutral red assay was performed as described for the cytotoxicity study.

In vivo experiments

Subcutaneous injection of hydrogels into mice. All animal studies were carried out in accredited animal facilities at the University of Bordeaux (accreditation number: A33-063-917)

and approved by the animal ethical committee of Bordeaux. The four different hydrogels were prepared as described above and collected in 1 ml syringes when the solution was in viscous form.

Ten-week-old OF-1 female mice (Charles Rivers, France) were then anaesthetized using 4.5% isoflurane gas and maintained throughout surgery at 2.5% isoflurane with a face mask and depilated before surgery. The hydrogels were injected subcutaneously using 21-gauge needle bilaterally on the dorsal side of the animals (1 hydrogel/side).

In 

Chick Chorioallantoic membrane (CAM) assay.

To quantify angiogenesis, we used the CAM of chick embryos (Gallus gallus) (E.A.R.L. Morizeau, Dangers, France) that were incubated at 37°C and 70 % humidity to initiate fertilization. On day 3 of development, 3-5 ml of egg white was withdrawn by punctuating the air chamber with the syringe, and a window was made by cutting the eggshell and sealed with Durapore® tape. On day 13, prepared plastic rings (made from Nunc Thermanox® coverslips, diameter 13 mm and thickness 0.2 mm) were placed on the intact CAM. 20 µl of the molecule (concentration 500 µg/ml in DMEM medium) or an equivalent volume of DMEM alone as control were deposited in the centre of the plastic rings. The treatment was repeated the following day, followed by photo documentation (day 14). On day 17, the eggs were fixed by the addition of 2 ml of 4 % paraformaldehyde (Antigenfix) for 30 min at room temperature. Imaging was performed with a stereomicroscope (Nikon SMZ800) using a digital camera (Nikon Coolpix 950). The images (1 per egg that showed almost all the surface inside the plastic ring) were scored for morphological changes of blood capillaries such as sprouting and tortuosity (0=normal, 1=overrepresented) by 5 observers using a blinded screening test.

Statistical analyses

Data are presented as mean ± s.d. Differences between groups were evaluated using Kruskall-Wallis (for at least three compared groups) and Mann-Whitney tests (for two compared groups) for non-parametric measures. To analyze hydrogel degradation over time, the Friedman test was used; the comparison of paired values was then done with the use of the Wilcoxon matched-pair test. The Fisher exact test was used for the analysis of angiogenesis on CAM. Twotailed p values less than 0.05 were considered significant.

RESULTS

Structure of molecules

To produce four different hydrogels, LMWHs were stabilized by synthetic bioconjugates, which possess a sugar, nucleoside and lipid moiety linked covalently with the triazole bridges.

Among the four hydrogels tested in this study, GNF was produced to contain a highly fluorinated and a carbohydrate moiety linked to the central thymidine, whereas the remaining three GNBAs were produced as bolaamphiphilic structures with different functional groups. GNBA-1 and GNBA-2 were functionalized with one ureido group but differed in one carbon atom whereas GNBA-3 contains one amide group (Fig. 1). 

In vitro degradation/disassembly of LMWHs

Hydrogel stability is a critical feature for clinical applications. To quantify degradation/disassembly, the weight loss of our four LMWHs was first tested in vitro after different periods of incubation in PBS. After 3 weeks at 37°C, the remaining weights were 65 ± 4 %, 63 ± 1 %, 51 ± 11 %, and 55 ± 2 %, for GNF, GNBA-1, GNBA-2, and GNBA-3, respectively. Friedman analysis of variance was performed (Fr=17.76, df 10,4, p<0.01), followed by Wilcoxon analysis to show that GNF degraded with slower kinetics compared with GNBA-2 (p = 0.007) and GNBA-3 (p = 0.007) (Fig. 2a). Thus, the LMWHs were divided into two categories: GNBA-2 and GNBA-3 with slightly faster degradation kinetics, compared to GNF and GNBA-1. due to weak hydrogen bonding between ureido groups and secondly, to less stable interactions between the triazole rings.

The fragmentation of three out of four molecules showed a similar pattern. Profound degradation was observed in GNF and GNBA-3, whereas GNBA-1 and 2 were less degraded or they disassembled. The urea linkage (GNBA-1 and -2) underwent more stabilised self-assembly due to two hydrogen bonds compared to one hydrogen bond in the amide linkage (GNF and GNBA-3). This self-association of urea is much stronger than that of amides or urethanes, usually one hydrogen bond donors. However, for GNBA-2, ethylene bridges weaken hydrogen bonding between the ureido groups and might be responsible for the less stable aromatic interactions with the tetrazolium ring. The ethylene group flanking the tetrazolium ring and the ureido group is responsible for the disassociation of the GNBA-2 before the fragmentation during the degradation studies. 

Evaluation of LMWH cytotoxicity

To verify that our LMWHs are not cytotoxic and thus suitable for clinical applications, MTT and neutral red assays were carried out using L929 cells (recommended by the international standard for such controls) and adipose mesenchymal stromal cells (MSCs, primary cells), to assess the viability and metabolic activity of cells in presence of GNF, GNBA-1, -2, and -3 (Fig. 3). The viability of L929 cells and MSCs, and the metabolism of L929, cultured with molecules released in contact of hydrogels showed that no cytotoxicity and no significant difference was observed in comparison to control medium (viability and metabolism above 70% as defined in the international standard) (Fig. 3a,b,c), In contrast, a low decrease of MSC metabolism was

To confirm that the degradation by-products are also biocompatible in vivo, we injected LMWHs subcutaneously in mice and investigated potential toxicity. Systemic toxicity was assessed by measuring biochemical serum parameters at day 3, day 7 and day 21 following hydrogel injection. The time points were selected based on the in vitro degradation behaviour of the hydrogels showing that, by day 3, 70-80 % of the hydrogels remained whereas after 21 days, between 35 % and 50 % of the hydrogels were degraded. Hydrogels and their degradation products did not produce significant variation in serum hepatic function markers alanine aminotransferase (ALT) and aspartate aminotransaminase (AST) or the cardiac toxicity marker lactate dehydrogenase (LDH) compared with serum levels in non-injected control mice (Fig. S2). This confirms that the degradation by-products of the hydrogels did not show any toxicity. 

LMWHs evade a strong FBR

Adsorption of proteins at the surface of biomaterials is the initial step in triggering an FBR.

To assess their protein binding capacity, LMWHs were first incubated in vitro for 2 h at 37°C in BSA solution, and the amount of adsorbed protein was subsequently measured (Fig. 4). GNBA-3

showed significantly higher protein adsorption (118 ± 21µg/cm 2 ) compared to GNF (60 ± 3µg/cm 2 , p = 0.05, 2-tailed). GNBA-1 (78±6µg/cm 2 ) and GNBA-2 (88±17µg/cm 2 ) had intermediate BSA adsorption levels; hydrogels incubated without BSA produced no substantial signal. were incubated for 2 hours at 37°C in 400 L PBS is containing either 2 mg/mL of bovine serum albumin (BSA) or not. After sodium dodecyl sulfate extraction, the proteins adsorbed to the hydrogels were quantified by BCA test.

Statistical analysis with Kruskal-Wallis followed by Mann-Whitney tests (2-tailed) was performed to compare the adsorption of BSA to the four hydrogels (mean ± s.d, n = 3, *p ≤ 0.05).

To characterize tissue morphology and FBR around LMWHs after subcutaneous injection and in situ gelification, the biomaterials and the surrounding skin were harvested after 7 days and 21 days to assess collagen accumulation, degradation pattern, cell infiltration, and angiogenesis in histological sections (Fig. 5). Masson trichrome-blue stained but sparse collagen fibrils were observed throughout the area of the implants, which disappeared after the degradation of hydrogel without forming scar tissue (Fig. 5). Based on the amount of gel remaining on day 21, we confirmed that GNBA-2 was degrading faster than GNF and GNBA-1, whereas GNBA-3 showed intermediate degradation kinetics (Fig. 5). Next, fluorescent DAPI staining of nuclei was performed to quantify cell infiltration (Fig.

S3

, supplementary materials). In the portions of remaining hydrogels, we observed a significantly higher cell infiltration in GNBA-3 (348±58 cells/0.5 mm 2 , p = 0.006) and GNBA-2 (399±28 cells/0.5 mm 2 , p = 0.006) compared to GNF (145±32 cells/0.5 mm 2 ); GNBA-1 exhibited an intermediate quantity of infiltrated cells (245±18 cells/0.5 mm 2 ). Next, macrophage recruitment and phenotype were investigated, using CD68 as a panmacrophage marker, CCR7 as a pro-inflammatory marker (M1) and CD206 as a marker of immunomodulation (M2) [9] (Fig. 6). CCR7 positive cells were densely populating all LMWHs, especially GNBA-3 and GNBA-2, in comparison to GNF and GNBA-1 (Fig. 6a, second lane).

CD206 positive cells were confined to the periphery of the hydrogels suggesting the remodelling of the tissue (Fig. 6a, third lane). To further investigate the formation of granulation tissue around hydrogels and to analyze the degree of fibrosis, tissue sections were stained against vimentin and α-SMA as markers of fibroblasts and myofibroblast, respectively. Only a few cells showed vimentin-positive staining in the periphery of the hydrogels (Fig. 6b, the hydrogels are shown by an asterisk and their limit by a dashed line). However, α-SMA staining was negative in the cells surrounding the hydrogels, whereas it efficiently stained the smooth muscle cells around the blood vessels (Desmin is indeed a specific marker of specifical marker of smooth muscle cells). Thus, LMWHs did not induce an FBR or formation of a fibrous capsule.

Analysis of proangiogenic properties of LMWHs

During tissue regeneration, development of neo-vessels is of major importance. To assess angiogenesis when hydrogels were mostly degraded/disassembled, we immunostained endothelial cells against CD31 21d post-injection of LMWHs. CD31 positive cells with luminal structure (Fig. 6c, arrows) were observed in close proximity of the hydrogels, and in the tissue that replaced the degrading hydrogels. CD31-positive endothelial cells were not found inside the hydrogels, showing that non-degraded hydrogels are not susceptive to blood vessel ingress. Fig. 6d depicts the quantification of blood vessels counted manually per 0.2 mm 2 at four different random regions in the tissue surrounding each hydrogel. With the fast degrading hydrogel GNBA-2, we observed 2.7-fold and 2.1-fold reduced numbers of blood vessels (bv) in the vicinity of this hydrogel (2.95 ± 0.27 bv/0.2 mm 2 ) than in the vicinity of fast degrading GNBA-3 (7.95 ± 0.74 bv/0. 2 mm 2 , p=0.009), and slow degrading GNF (6.10 ± 1.07 bv/0.2 mm 2 , p=0.009), respectively (Fig. 6d).

The slow degrading hydrogel GNBA-1 induced intermediate angiogenesis (4.30 ± 0.41 bv/0.2 mm 2 , p>0.05) (Fig. 6d). Figure 6. Foreign body response and angiogenesis. 21 days after implantation, the tissue was paraffin embedded, and sections were stained with different antibodies; *(asterisk) in the images denotes the position of hydrogels. a) Macrophage staining: CD68 (pan-macrophage marker, upper lane), the pro-inflammatory marker CCR7 (medium lane) and the immuno-modulatory marker CD206 (lower lane). M1 macrophages were found more inside the hydrogel, very few around the hydrogel and M2 were observed in the periphery of the hydrogels. b) Analysis of fibrosis: vimentin and α-SMA were detected as markers of fibroblasts and myofibroblasts, respectively.

Vimentin-positive cells were visible in the tissue, but not at the interface with hydrogels. α-SMA was observed only to the smooth muscle cells of vessels around endothelial cells and Desmin was co-labelled with α-SMA to confirm staining of endothelial cells. Scale bar is 25µm (n=4 in each group). c) Angiogenesis at hydrogel/tissue interface: CD31 staining showed blood vessels in the tissue surrounding the hydrogels; arrows indicate some CD31 positive cells. Scale bar of 500µm for upper panel and 100µm for magnified images at the lower panel. d) Quantitative analysis of blood vessels counted in the vicinity of the four hydrogels (at least five different fields were randomly examined in each section). Statistical significance was determined by Kruskal-Wallis and Mann Whitney (2-tailed analysis). All the data are presented as mean ± s.d. (n=5/group), **p ≤ 0.01.

Because GNF, GNBA-1, and GNBA-3 that released a common product during their degradation were associated with higher angiogenesis, rather than disassembly of GNBA-2 that induced less angiogenesis in vivo, we hypothesized that glyconucleoside (GN)-1, the main hydrolytic degradation product of GNF, GNBA-1, and GNBA-3 detected in mass spectroscopy (peak 3, Fig. 2b), has yet undiscovered angiogenic properties. To test this hypothesis, GN-1 was chemically synthesized (Fig. 7a and suppl S4). It was first tested in vitro with the common model of human umbilical vein endothelial cells (HUVECs). Both the proliferation and cell migration were analyzed. A basal medium (EGM2 containing 10% fetal calf serum) was chosen, as cells were able to survive in this medium but without proliferation. GN-1, added to HUVEC basal medium cultures in different concentrations did not induce cell proliferation after 1 d or 7 d (Fig. 7b). In contrast, a significant proliferation was measured by culturing HUVECs in endothelial cell growth medium used as a positive control (6.x more proliferation) (Fig. 7b).

Addition of GN-1 (1 mM) to scratched HUVEC monolayers in basal medium moderately increased the scratch wound healing efficiency without reaching significance (film in Fig. S4 in supplementary materials), in contrast to significantly enhanced HUVEC migration in EGM2-MV positive control medium (Fig. 7c, d andS4). Next, we used the CAM model to measure the angiogenic potential of GN-1 (0.5 mg/ml) with a first dose on an embryonic day 13 after the beginning of egg incubation and a second dose at day 14; DMEM was used as control. The angiogenic response was evaluated on day 17 based on vessel sprouting, and tortuosity (Fig. 7e).

CAMs could show either a normal vasculature (Fig. 7e, 1 st column), a pattern with massive sprouting (Fig. 7e, 2 nd column) and/or a pattern with many tortuous capillaries (Fig. 7e, 3 rd column). The quantification of eggs with or without sprouting, and/or tortuous vessels showed that more CAMs that were treated with the active compound GN-1 exhibited sprouting and tortuous vessels compared to the control CAMs (Fig. 7f, "sprouting yes" and "tortuous vessels yes", respectively). In line with these results, CAMs without sprouting or without tortuous vessels were more frequent in the control group (Fig. 7f, "sprouting no" and "tortuous vessels no", respectively). The differences between treated and non-treated CAMs were statistically significant: p = 0.0046 and p = 0.0195, for the sprouting and tortuous vessel effects, respectively (Fig. 7f 

DISCUSSION

Hydrogels are receiving more and more attention in the field of tissue engineering, drug delivery, and more generally for biomedical applications, as their tunable properties offer a large range of potential developments. Although extensive research has been made, yet only a few hydrogels are brought into the clinic, in the context of drug delivery, wound dressings, and contact lenses [25]. Medical applications largely depend on their degradation rate, on their tolerance by the host tissue and on the intimate interactions they will have with the cells at the site of implantation or injection. The possibility to form hydrogels from the self-assembly of small molecules provide additional properties compared to gels formed with polymeric materials, the LMWGs: as pointed by Draper and Adams [26], the final properties of LMWGs (viscosity, fibre organisation) are process-dependent, giving access to properties with the same molecules. In this study, we have analyzed some of the key properties of four hydrogels obtained by the selfassembly of GNF and GNBAs, to predict their potential medical applications. All four compounds share a glyco-nucleo-lipid moiety consisting of a thymidine block linked to a glucose molecule by a triazole heterocycle. They differ in two ways: GNF is single chain amphiphile, whereas the GNBAs feature bola-amphiphilic structures, consisting of two GNs symmetrically separated by a hydrocarbon chain. The GNBAs show different hydrocarbon chains or chemical functions (amide, urea). Interestingly, all four molecules stabilize hydrogels at low concentrations (<2% v/w) within less than one hour in aqueous media, and within less that 2 minutes when injected subcutaneously.

This property can be explained by the strain induced during circulation through the needle. This allows for an easy subcutaneous injection and formation of gels that are visible one week later (Fig. 5).

surface increases the adsorption of BSA, fibrinogen and FXII [29]. As hydrophilic materials, hydrogels are receiving a growing interest; polyethylene glycol (PEG) is recognized as the gold standard due to hydrogen bonds with water molecules that allow for hydration layer formation [30], but PEG was shown to induce a strong FBR that generates formation of a thick fibrous capsula [31,32]. In comparison with PEG that shows protein adsorption levels approximately 500 g/cm 2 when incubated in fetal bovine serum [33], the four hydrogels that we analysed showed non-specific BSA adsorptions, that were in the range of 60-120 g/cm 2 . The highest adsorption was observed with GNBA-3 that retained non-specifically BSA twice as GNF (Fig. 4); the two other hydrogels had intermediate adsorption efficacy. From this result, we could expect a better biocompatibility of GNF compared to GNBA-3.

It is thus of major interest to propose new compositions of hydrogels that could induce minimal fibrosis. Our study shows that the injected gels can be classified into two categories. GNF and GNBA-1, which exhibit relatively limited cell infiltration and GNBA-2 and GNBA-3, which show a a high infiltration by pro-inflammatory macrophages. These different biological responses are well-correlated with the in vitro protein adsorption capacity of these gels since GNF and GNBA-1 exhibit the lowest protein adsorption. Careful analysis of gel-tissue interactions also revealed that there is a good correlation between cell infiltration and degradation rate, as GNBA-2 and GNBA-3, which show a high cell infiltration, are those with the quickest degradation. These analyses suggest that gel degradation is essentially cell-mediated and that the spontaneous degradation observed in vitro probably accounts for a minimal part. Together, our analyses suggest that GNF and GNBA-1, which show slow degradation and mild inflammatory reaction, are well suited to tissue engineering applications, whereas GNBA-2 and GNBA-3, which degrade rapidly, are more adapted to drug delivery applications, in which drug released could be coupled to gel degradation/disassembly.

One interesting point is the macrophage phenotype in and around the remaining hydrogels.

During the last years, many studies with implanted biomaterials have been concentrating on the macrophage phenotype, as it was realised that macrophages are cells that participate in tissue regeneration [10] The M1/M2 paradigm (which is a very simplified view of the macrophage polarization heterogeneity) is well accepted: M1 to M2 phenotype switch is considered as a prominent factor of material outcome success, including the development of a blood vessel network. Indeed, in vitro procedures of macrophage activation have shown that differentiated proinflammatory M1 macrophages express high levels of VEGF what favours endothelial cell sprouting, whereas immunomodulatory macrophages M2a express high levels of PDGF-BB (in vitro activation with IL4 + IL13) that recruits pericytes to stabilize the neovessels and M2c macrophages (activated with IL10) express increased levels of MMP9 that allows for the vessel remodelling [34]. Compared to other biomaterials like poly(lactic acid) [35] or chitosan [36] that are invaded by macrophages displaying both M1 and M2 markers, the phenotypes that were observed in our hydrogels were highly contrasted: macrophages that had invaded the materials almost exclusively expressed CCR7, a cell receptor considered as a marker essentially expressed by M1 macrophages. At the same time (three weeks after implantation), macrophages present in the surrounding tissue mostly expressed CD206, a receptor associated with an alternative activation phenotype. In agreement with the concept that the presence of M2 macrophages is associated with a better in vivo biointegration [37], we observed here that biointegration was optimal, as no sign of any fibrous capsule formation was evidenced (Fig. 6b). During material biodegradation and tissue remodelling, the development of a vascular network is of major importance. In this context, we found that three out of four hydrogels gave the same degradation by-product in vitro (a glyconucleoside, i.e. glucose covalently bound to thymidine, Fig. 7a) and that these three hydrogels induced a better vascularization three weeks after sub-cutaneous implantation (Fig. 6c,d). We hypothesized that this glyconucleoside might have angiogenic properties. Its chemical synthesis confirmed in vitro that this compound was able to improve endothelial cell migration in a scratch assay (Fig. 7d). In a culture experiment with HUVECs grown in a basal medium, we confirmed that no cytotoxicity was observed but that this compound did not favor cell proliferation.

The problem of the relative contributions of proliferation and migration is very important for the understanding of angiogenesis regulation and some studies identified agents that can specifically target migration. Along this lane, serpin-derived peptides have shown anti-angiogenic effects by sustaining the phosphorylation of the focal adhesion kinase, thus diminishing specifically cell migration [38]. Moreover, in a recent paper by Norton and Popel, they used a 3D model of angiogenesis well characterized into which tip cell migration, endothelial cell proliferation and sprouting were simulated [39]. They were able to predict that the proliferation rate has a greater effect on the spread and extent of the vascular growth in comparison to the migration rate. Based on our in vitro assays, we can take advantage of the fact that our molecule is more active for migration to combine it with a scaffold designed for tissue engineering. Thus, it can promote colonization by surrounding tissue to help bio integration without excessive proliferation, or it can be incorporated advantageously into bioprinting methods to help the structuration of a vascular network [40,41]. The tortuosity of neovessels that was evidenced with the in vivo CAM model treated with the active compound (Fig. 7e) is evocative of an active angiogenic process. Indeed, such tortuosity has been observed for a long time in the presence of VEGF and is shown to be also associated with local hypoxia [42,43] . In our experiments, among 23 CAM control assays (only the vehicle was added), only 3 CAM vascular networks showed some tortuosity that may be associated with local hypoxia induced by the plastic ring used to limit the area receiving the medium. In contrast, the addition of the active compound induced the formation of these tortuous vessels in half of the group (9/19) (Fig. 7f). Chong et al. [44] demonstrated in a mouse model of ear wound healing, that tortuous microvessels were detected already 3 days after wound and peaked at 17 days post-wound, and that the alteration of blood flow promoted sprouting in these regions, thus generating efficient angiogenesis in the area surrounding the wound.

The structure similarity of the degradation product with nucleoside may suggest that the compound exerts its action as an agonist of P2Y receptors. Several studies have shown that AMP, Adenosine and ATP stimulate angiogenesis via receptors on endothelial cells and that this effect mainly involves the stimulation of cell migration. Although further studies are required to investigate the mechanisms responsible for favored vascularization, our data demonstrate the angiogenic properties of three of our four hydrogels.

In conclusion, the present article presents four hydrogels formed with self-assembling of low molecular weight molecules, that degrade with different kinetics when sub-cutaneous implanted, and that does not induce the formation of any fibrous capsule; three among these four hydrogels promote angiogenesis by the release of a degradation by-product with angiogenic

Optimisation of hydrogel coating of the cathode electrode Introduction

Glucose-based EBFC is generally limited by the current density generated at the cathode. The cathode is the electrode where the oxygen is reduced to water. The primary goal of EBFC is to produce enough current from the available analytes and oxygen when implanted in the body. The oxygen-reducing cathode is often limited by the concentration of oxygen in the body (partial pressure: 3-5 kPa). Besides this, the local hypoxic environment formed upon implantation of EBFC in the body limits the mass transfer of oxygen to the cathode surface. Therefore the first objective was focused on optimising the cathode function. The experiments were focused on improving the functional efficiency of the cathode by maximising the stability of enzymes. The hydrogel coating was optimised onto the electrode to protect enzymes from leaching and the external environment.

The different hydrogel thickness was optimised with its uniform coating and oxygen diffusion ability.

Materials

All chemicals and biochemicals were purchased from Sigma-Aldrich unless otherwise stated:

sulfuric acid 98% analytical grade, hydrogen peroxide, sodium chloride, sodium phosphate.

Bilirubin oxidase was isolated and purified from two different sources, Magnaportae orzae and Bacillus pumilus at CRPP lab (25,27,140). All the buffers were prepared in ultrapure water unless otherwise stated.

A potentiostat and the dip coating instrument were used in the experiments (CH-Instruments, model CHI 842B, Austin, TX, USA). The electrochemical measurements were performed using the CH Instrument multichannel potentiostat in a three-electrode cell and a dip coating instrument (Homemade) that allowed for a reproducible hydrogel coating of the electrodes by controlling the speed of dipping.

Methods.

Preparation of electrodes

The bare gold electrodes (diameter 250µm) were cleaned in piranha solution (75% v/v H2SO4 (98% wt.)/25% v/v H2O2 (30% wt.) for 10 min. The cleaned electrode was thoroughly rinsed with ultrapure water (to remove the sulfuric acid and hydrogen peroxide) and air-dried.

Cathode enzyme preparation method

The cleaned electrodes were placed on precleaned glass slides. The co-immobilization method, containing the enzyme and redox polymer, was prepared. 20µl of a mixture containing redox polymer (62.57 Wt.%), BOD enzyme (30 Wt.%) and crosslinker (7.43 Wt.%) was immobilised by drop cast method on each electrode. The electrodes were dried overnight at 4°C in the vacuum chamber. 

Preparation of GNF hydrogel (Glycosyl

Coating of the electrode with GNF or MR181

The prepared GNF or MR181 were coated to the electrode by dip coating instrument. The cleaned bare electrodes were dipped for 2min in the viscous solution (before forming hydrogel) of 1.5% GNF or MR181 in PBS at 38 °C. The dipping speed was 2.5 cm/min while the removing speed was 1.7cm/min. The coated electrode was dried for 5min at room temperature.

The similar procedure of dipping was repeated to have different thicknesses of hydrogel around the electrode. 3 and 10 dip coatings were done in 1.5% GNF in PBS, while only 2 dip coatings were carried out for MR181 hydrogel. Once the coating was dried, the electrodes were stored (within a day) in the PBS until the confocal and electrochemical studies.

Electrochemical measurements

The electrochemical measurements were performed using a potentiostat in a three-electrode cell.

Phosphate buffer saline (PBS, 50mM phosphate and 150mM sodium chloride) of pH 7.4 at 37 °C was used as an electrolyte and gold as a working electrode, platinum as a counter electrode, and Ag/AgCl (silver/silver chloride) as a reference electrode. The enzyme catalytic activity was performed by cyclic voltammetry, with continuous oxygen bubbling. The Os concentration deposited on the surface of the electrode was measured in the absence of oxygen (bubbling with argon), where the Os undergo oxidation and reduction. Chronoamperometry was performed by keeping the potential constant (current vs time) to measure the stability of the enzyme. The electrochemical measurement was performed at a cyclic rate of 5mV/s.

Measurement of Oxygen diffusion and enzyme activity by simple cyclic voltammogram

The thermowell containing PBS was saturated with oxygen (continuous bubbling), and the temperature was maintained at 37°C. Oxygen reduction on the electrode surface without the enzymes takes place by a 2-step mechanism, reduction of O2 to H2O2 and then to H2O, whereas in the case of BOD enzyme, the oxygen is directly reduced to water. The capacity of oxygen reduction on the surface of the electrode surface coated with hydrogel and without coating was tested.

Subcutaneous implantation of electrodes

The animal studies were carried out in accredited animal facilities at the University of Bordeaux (accreditation number: A33-063-917) and were approved by the animal ethical committee of Bordeaux. 10-week-old OF-1 female mice (Charles Rivers, France) were used for this study. Mice were anaesthetized using 4.5% isoflurane gas via an induction chamber and maintained throughout surgery at 2.5% isoflurane with a face-mask. The animals were depilated using depilation cream and disinfected with Chlorhexidine 0.05% w/v in methylated spirit 70%. The initial electroenzymatic O2 reduction was measured for the BOD modified cathode by in vitro electrochemical measurement before implantation. Further, electrodes were implanted on the dorsal side of the mice (one electrode on each side, inserted length 3.5 cm). After 24hrs of implantation, animals were sacrificed, and the electrodes were harvested to measure the enzyme activity by electrochemical measurements.

Results and discussion.

Optimisation of coating of electrodes by GNF

The BOD modified electrodes were coated by dip coating with 1.5% GNF containing rhodamine 6G. The electrodes were dipped during the viscous form of the gel at 38℃. Confocal microscopy was performed to check the uniformity and thickness of the gel on the surface of the electrode. As depicted in Figure 3.1 with the 2-dip coating strategy, the GNF was not covering all over the electrode surface, while in the three-dip coating, a uniform layer was obtained and was evidenced by the fluorescence of rhodamine (Figure 3.1). The thickness of the layer was measured by focusing at the edges of the electrodes and was found to be 3-4µm thickness for 3 dip coating.

Hence the process of three dip coating was optimised to coat the electrodes for in vitro and in vivo enzyme activity. The coating thickness can be increased to 10 dips up to a thickness of around 10 µm. In the case of MR181 hydrogel, the coating around the electrode was not uniform in 2 dips

(not shown). The fast gelation property of hydrogel (formation of the hydrogel in 40secs) limited the coating of electrodes. 

In vitro stability of BOD enzyme from B. pumilus in PBS at 37℃

The initial stability of the enzyme was performed by in vitro studies by incubating the enzymemodified bare and GNF (3 dips) coated electrodes in PBS at 37℃. At different time intervals, on day 0,1,2,5,7,8, and 10, electroenzymatic O2 reduction was recorded electrochemically. As can be seen in Figure 3.5, the current density was declined rapidly for the bare electrode after 24 hrs, while for GNF coated electrode, the reduction in current density was slower. On day 8 no more enzyme catalytic current was observed for the bare electrode, while the GNF coated electrode showed a small current of 8µA till on day 10. These results indicated that the enzyme was stable and the presence of GNF protected the enzyme from the rapid decline in the catalytic current. 

Functionality measurement of BOD (B.pumilus) modified electrode in mice by cyclic voltammetry

Furthermore, the thickness of the GNF coating was increased to 10-dip coating to observe better protection during subcutaneous implantation in vivo. The functionality of BOD (B. pumilus), a modified electrode with and without GNF coating, was evaluated by electrochemical measurements before and after 24h of subcutaneous implantation. As seen in Figure 3.6, the initial current for GNF coating (10 dips) was reduced to 50% to the bare electrode without GNF. The decrease in the current might be due to the loss of Os during the coating process, or GNF coating impeded the O2 transport with increased thickness. The current density after 24h of subcutaneous implantation was declined to more than 90% of the initial current. By further investigation, it was revealed that Os polymer was modified upon implantation. The Os polymer which is responsible for efficient electron shuttle was modified, resulting in the loss of current. The modification of Os polymer can be due to the protein adsorption or inflammatory cells. 

Optimisation of EBFC implantation and functionality

Introduction.

The primary mechanism for the failure of the implantable device is foreign body response.

Implantation of any device can lead to tissue damage, tissue strain, shearing, and tearing of extracellular matrix damages. This can trigger acute inflammation, which can lead to chronic implantation around electrodes. The initial injury formed during implantation can affect the enzyme function, which is labile to the hostile environment. As mentioned by Diane J. Burgess (147), the insertion of probe or needle and then of the implanted electrode results in a mechanical trauma. The initial injury can trigger the development of acute inflammation. Hence, the study was focused on the impact of an insertion probe and electrode on the tissue for the initial level of the inflammatory response, which was analysed by histology.

To determine the functionality of EBFC, macroporous electrodes were subcutaneously implanted in the rat (modified with enzymes glucose oxidase GoX (anode) and bilirubin oxidase BOD (cathode). The in vitro enzyme functionality was measured using a wireless antenna and in vivo by wireless antenna and multimeter. The wireless antenna measures the potential difference of the implanted electrodes (Open circuit voltage: OCV). Information obtained here will help to develop adequate strategies for implantation/modification of electrode and understanding the in vivo performance of EBFC.

With the collaboration from Simon Hemour's and Christine Dejous' lab (IMS Bordeaux), we used an antenna to monitor wirelessly the enzyme activity. The goal is to monitor the enzyme activity continuously to understand the long-term performance and interaction of EBFC with living tissue.

Effect of insertion probe for foreign body response

The animal studies were carried out in accredited animal facilities at the University of Bordeaux (accreditation number: A33-063-917) and were approved by the French animal ethical committee (APAFIS#16443-2018072016398155 v4). Lewis female rats (6 weeks) were used. The rat was anaesthetized with 4% isoflurane and maintenance of anaesthesia by the mask with 2 to 1.5 % isoflurane. Small incisions were made on the points marked. The groove probe was inserted subcutaneously through the incision, 0.9% NaCl was used as a lubricant while implanting the electrode. At day 3, animals were sacrificed. The subcutaneous tissue was harvested and fixed by using 4% paraformaldehyde (Antigenfix, ref 2017X11385) for 7days at 4°C. The fixed samples were dehydrated, embedded in paraffin and sectioned by a microtome (5µm thickness). 

Functionality measurement of EBFC by subcutaneous implantation

One day before the implantation of the biofuel cell, the commercial jacket (Harvard apparatus, ref 62-0057) was wrapped to the rat for habituation. The day of implantation, the rat was anaesthetized, and the electrode was inserted, guided through the groove. The electrodes modified with GoX and BOD were implanted on either side of the vertebral column. The Potential difference was measured between the electrodes using a multimeter, before connecting to the antenna. The commercial jacket was used to place the antenna on the back of the rat. The electrodes were connected to the antenna and then protected by the piece of scotch. The enzyme functionality was measured continuously by the wireless antenna for the first 5 hrs after implantation, and a multimeter was used to measure the enzyme activity at each day for 3 days. 

Impact of insertion probe for the first steps of foreign body response

The probe was inserted subcutaneously in the rat and removed. Three days later, the tissue was collected at the vicinity of the inserted probe and compared with healthy normal tissue. As shown in 

Optimisation of jacket

Different types of jackets were optimised to immobilise the antenna on rat back. The main problem was the lack of jacket retainment, due to which the measurement with the antenna was hindered.

In the initial assays, the jackets which were immobilised were dislodging within minutes, from the rat during its recovery from anaesthesia. After various designs, two models were able to retain for one day. The silicone jacket (developed in the laboratory of Dr Simon Hémour, University of Bordeaux) was taking more time to wrap than the commercial jacket (Harvard Apparatus). Hence, we decided to use the commercial jacket, which was not showing any signs of skin abrasion and moreover was easy to immobilise. The jackets were wrapped one day before the surgery for habituation. The connection chip is in the distal position.

Functionality measurement of EBFC by subcutaneous implantation

The performance of EBFC in vivo during subcutaneous implantation in the rat is shown in Figure 4.6. For the first 5h, the operation of implanted EBFC was monitored by a wireless antenna placed on the back of the rat. Then, each day, OCV was measured using a multimeter for 3 days. During the first 5h of implantation, the OCV decreased from 600 mV to 500 mV, and the measurement made with a multimeter showed the decline from 600 mV to 200 mV on day 3. The decrease in OCV can be due to the initial inflammatory response, which might affect the enzyme catalysis and stability or due to the enzyme deactivation. Moreover, in these preliminary assays (n = 2 rats), EBFC was not protected with any type of hydrogel or membrane. The direct exposure of EBFC to the complex medium inside the body might result in the decline of OCV. Also, due to the flexibility of electrodes, implanted electrodes had undergone total deformation (twisted) and formed haemorrhage (not shown here) at day 3, which might also be the reason for reduced OCV. 

Conclusion

As mentioned earlier, the short lifetime of implanted EBFC is often due to the in vivo physiological conditions. Much efforts have been made to improve the lifetime of EBFC. The essential step is to monitor the in vivo performance of EBFC continuously to provide a system that allows deeper understanding of the long-term performance and the interaction of EBFC with living tissue. In this context, we have attempted to monitor the EBFC in vivo functionality wirelessly for a short duration, where the OCV was declined from 600 mV to 500 mV in 5h.

Only a few studies addressed the impact of insertion needle size on biocompatibility and their effect of biofouling on the stability of EBFC. The size of the insertion needle, which is employed to guide the EBFC implantation can contribute to the acute inflammation and the enzyme instability. Our histological analysis on initial trauma on the impact of probe insertion alone did not show any signs of inflammation, indicating that the method of implantation employed to implant the electrode will not contribute to a strong initial inflammation. Analysis of tissue at the vicinity of implanted electrodes showed intense haemorrhage, which might be to due to the mechanical stress of the electrode. We also observed the deformation the electrodes due to their flexibility. Our ongoing studies aim to investigate further in detail these aspects. However, in the present results, the decline in the OCV might be due to the enzyme instability. The lack of protection around the EBFC might have affected the enzyme stability. This latter possibility would suggest using the hydrogel for protecting the enzyme from a hostile environment. Despite that, we also observed the haemorrhage and deformation of the electrode after 72h of implantation. From the results, it indicates that it is very much essential to improve the design of electrode and enzyme stability to enhance the EBFC functionality.

Discussion

The development of implantable EBFCs that can provide reliable, real-time, clinically relevant results remains elusive. The major advances have been made in the development of miniaturized electrochemical sensors that have adequate sensitivity, selectivity and stability operated in vitro.

However, implantation of such devices in the in vivo environment creates a physiological response that greatly influences the long-term stability of the devices, associated with biocompatibility problems. As mentioned in the introduction, progress in this area mandates the development of appropriate biocompatible coating material that can mitigate the activation of protein adsorption and inhibition of the inflammatory response upon subcutaneous implantation. In these aspects, a wide range of active and passive biomaterial coatings have been investigated in recent years to enhance in vivo biocompatibility and stability of the implantable devices. However, until now, no known materials or coatings can completely prevent capsule formation [START_REF] Zhang | Zwitterionic hydrogels implanted in mice resist the foreign-body reaction[END_REF]. Among the most commonly employed hydrogels as a coating material, PEG (148) and zwitterionic hydrogels are considered as low fouling materials [START_REF] Zhang | Zwitterionic hydrogels implanted in mice resist the foreign-body reaction[END_REF]. However, even these materials are ultimately encapsulated when used on implants (149). Besides this, the formation of the hydrogel is tedious, and it involves crosslinker that might cause toxicity.

As an alternative to these classically used polymers, we have demonstrated the LMWHs, which are self-assembled, with fast gelation kinetics and thixotropy, enable to coat the EFBC in a facile manner. LMWGs are receiving a lot of attention due to their self-assembling property, driven by non-covalent interactions through Π-Π and hydrogen bonding. Their functional group impacts on their mechanical, and supramolecular formation. Urea-based hydrogels MR181 and MR97 feature faster gelation kinetics and high elastic modulus (11-12 kPa) compared to the amide group GNF (142) and MR73 (1 and 5 kPa) indicating that hydrogen bonding (urea contains two hydrogen bonds, amide contains one single bond) plays a significant role in supramolecular assembly (143).

As we know, the function of implantable devices is impeded by foreign body reaction (FBR) initiated by non-specific protein adsorption, the first event that occurs instantaneously upon implantation (1,150). Inflammatory cells recognise these materials as a foreign body through protein adsorption, initiating a cascade of events that leads to FBR. Thus, the initial event affects the fate of implantable devices, i.e., the formation of fibrosis or constructive remodelling, depending on surface topography, mechanical properties, and chemical composition of the material [START_REF] Londono | Factors Which Affect the Host Response to Biomaterials. Host Response to Biomaterials: The Impact of Host Response on Biomaterial Selection[END_REF]. FBR, which might result in fibrosis, isolates the material from surrounding tissue, thereby blocking mass transport and communication between the body and the implant [START_REF] Pakshir | The big five in fibrosis: Macrophages, myofibroblasts, matrix, mechanics, and miscommunication[END_REF].

The in vitro and in vivo biocompatibility evaluation of LMWH elicited low protein adsorption, reduced fibrosis and inflammation for 21 days of implantation. However, the hydrogels were abundantly infiltered with macrophages, especially M1 phenotype, which may interfere with the device functionality. From these results, the hydrogels (GNF and MR181) showing less protein adsorption, slow degradation, and less macrophage infiltration were selected to coat the EBFC.

Protection of enzyme from denaturation and preventing leaching from the electrode surface are essential to make EBFC for practical use (8). The selection of hydrogel to protect the enzyme from a hostile environment is crucial, as extreme low permeability barrier membrane imposes a dominant diffusion resistance to analytes which can lead to the decline in enzyme functionality [START_REF] Ichi-Ribault | Remote wireless control of an enzymatic biofuel cell implanted in a rabbit for 2 months[END_REF]. In our case, the selected hydrogels GNF and MR181 were analysed for their oxygen diffusion capacity to the bare electrode surface. GNF coating slightly interfered with the O2 diffusion, while an increase in the coating thickness is significantly reducing the oxygen permeability. In contrast, MR181 hydrogel coating blocked the O2 diffusion to the electrode surface. The in vivo and in vitro evaluation of the GNF coated electrodes failed to exhibit optimal enzyme protection except reducing the rapid decline in the initial current density against the non coated bare electrode.

In order to improve the power out, macroporus gold electrodes were adopted over the bare gold electrodes. This increase in the surface area helps in wiring the sufficient number of enzymes to the electrode. By assembling the anode and the O2 diffusion BOD cathode, the fuel cell performance was evaluated by subcutaneous implantation in the rat. The open circuit potential (OCV) obtained in vivo are similar to the values demonstrated in vitro for similar electrodes measured by using wireless antenna (600mv). As mentioned by Ichi-Ribault et al. 2018 [START_REF] Ichi-Ribault | Remote wireless control of an enzymatic biofuel cell implanted in a rabbit for 2 months[END_REF], the EBFC which was covered with chitosan and Dacron mesh required 18 days to reach OCV steady state after implantation in the rabbit. At the 18 th day of implantation, the OCV was increased to 500mv. After 34 days, the OCV reduced considerably and reached 180 mv on the 60 th day of implantation. In our preliminay assays, the EBFCs were not covered with any hydrogel or membrane, and direct exposure of the device to the hostile environment declined the OCV from 600 mV to 200 mV for 3 days of subcutaneous implantation. Despite that, the histological analysis of tissue at the vicinity of implanted electrodes showed intense haemorrhage, which can be to due to the mechanical stress of the electrode. We also observed the deformation and break of the electrodes due to their flexibility. All these issues together explain the reasons for the decline in the OCV of EBFC.

Conclusion and Future perspective

This project aimed to produce a biocompatible EBFC that can monitor the glucose and generate power from glucose found naturally in interstitial fluids in the human body with a view to potential implantation. State of the art implantable EBFCs do not work reliably and have a short life after implantation. It is believed that the performance of the implantable EBFC can greatly influence the use of biocompatible hydrogel outermost coatings. Therefore, to improve the overall function of EBFC, four different hydrogel molecules were synthesized and characterized for the use of implantable EBFC.

Based on the results, further studies are focused on improving the design of electrodes and the selection of the desired hydrogel to improve the EBFC efficiency. To improve the efficiency of implantable EBFC, it is essential to use the hydrogels in combination with other well-established hydrogels such as PEG and zwitterionic hydrogels to improve their mechanical properties and biological properties. Based on the limitation observed in the present work, there is, however, much more work to do to develop a prototype device that can generate sufficient power and is safe for implantation.

Hydrogel selection.

Although the hydrogels selected to coat the EBFC showed potential biological properties, their mechanical properties remain too low to protect the device upon implantation. Also, the abundant macrophage infiltration (M1 phenotype) and oxygen diffusion limitation will probably be problematic to the EBFC function. Hence, as a long-term goal, the hydrogels can be compared alone and in combination with the hydrogels which are well established in other clinical applications such as PEG and zwitterionic hydrogels; other hydrogels could also be analysed in collaboration with the chemists. To further suppress the initial biofouling process, antiinflammatory drugs such as dexamethasone can be incorporated into the hydrogels to do the targeted drug delivery.

EBFC Design and wireless measurement

The present results collected so far from the EBFC point to some limitation in the architecture of electrodes. Hence, in the very near future, we are focusing on the modification of electrode design.

And the wireless antenna will be used to monitor the enzyme functionality continuously.

Research questions

➢ Are the four newly synthesised hydrogels biocompatible?

-All the hydrogels are biocompatible without inducing fibrosis and detrimental inflammation in the surrounding tissues.

-We found that three out of four hydrogels gave the same degradation by-product in vitro (a glyconucleoside, i.e. glucose covalently bound to thymidine,) and that these three hydrogels induced a better vascularization three weeks after sub-cutaneous implantation. It will be interesting to analyse in more details the mechanisms of angiogenic properties, to allow chemists to propose new molecules forming LMWHs with proangiogenic properties; the aspect of macrophage recruitment is also an important parameter to consider.

➢ Do the selected hydrogels meet the desired properties for coating the EBFC?
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 1 Figure 1: Feedback loop-based individualized EBFC.
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 11 Figure 1. 1: Examples of batteries based-implantable devices (3).
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 12 Figure 1. 2: Various forms of energy in the human body (3)
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 13 Figure 1.3: Scheme of an EBFC utilising immobilised enzymes at the anode and cathode. The glucose oxidase immobilised at the anode oxidises glucose, the electrons flow to the cathode containing bilirubin oxidase where O2 is reduced to water.
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 14 Figure 1.4: Structure of the MCO active site with arrows showing the flow of substrate, electrons (𝑒 -), and O2. Copyright 2012 Royal Society of Chemistry (25)
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 15 Figure 1. 5: Crystal structure of Bilirubin oxidase (PDB ID:2XLL) (26)
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 16 Figure 1.6: Schematic representation of the electron transfer mechanism of glucose oxidase (GOx) showing the direct and mediated electron shuttle system at the anode surface.
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 17 Figure 1. 7: Schematic image of the electron transfer mechanism of bilirubin oxidase (BOD) showing the direct and mediated electron shuttle system at the cathode surface (25)
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 18 Figure 1.8: Schematics of enzyme immobilisation techniques a) physical adsorption, b) entrapment, c) covalent coupling.

Figure 1 . 9 :

 19 Figure 1.9: Electrode-electrolyte interface acting as a capacitor with a charge on the metal (a) positive and (b) negative[START_REF] Bard | Electrochemical methods & Fundamentals and Applications Allen[END_REF] 
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 10133 Figure1.10: schematic representation of electron transfer in the faradaic current.
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 1 Figure 1.11: A cyclic voltammogram scan.
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 1 Figure 1.12: A standard chrono-amperometry scan.
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 113 Figure 1.13: Progress in the implantation of EBFC in various organisms (51).
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 1 Figure 1.15 and will now be explained in detail.
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 115 Figure 1.15: Cascade of events that occur during innate host immune response after biomaterial implantation. (a) Protein adsorption onto the material and activation of complement system (b) neutrophil recruitment and its release of cytokines and chemoattractants, which degrades the material (c) migration and infiltration of macrophages depending on the type of material, M1 to M2 macrophage polarisation to tissue remodelling and vascularization (d) formation of granulation tissue (e) fusion of macrophages to
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 1 Figure 1.16: A schematic view of the Vroman effect on the surface: when a weak-affinity protein adsorbs first, and then a strong-affinity protein arrives at the surface later, protein displacement occurs. The reverse sequence does not occur (68).
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 117 Figure 1. 17: Overview of the interactions between neutrophils and biomaterials and their consequences.

Figure 1

 1 

Figure 1 . 18 : 1 . 19 .

 118119 Figure 1.18: Schematic representation of monocyte migration to biomaterial/tissue interface-a fusion of macrophages to foreign body giant cell.
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 119 Figure 1.19: Summary of different macrophage phenotypes showing various release factors with their specific functions (78).
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 120 Figure 1.20: Scheme of macrophage response to biomaterials depending on the size of the implanted materials. Macrophages engulf small particles via phagocytosis (<10 µm in diameter). For the particle size

(Figure 1 .

 1 21). Materials with high surface areas such as macro and nanopores device show a high ratio of macrophages and foreign body giant cells compared to smooth surface implants. As explained previously, protein adsorption instigates foreign body response, and hydrophobic material shows a high affinity for various proteins. The adhered proteins undergo a conformational change to expose multiple binding sites and to orchestrate the inflammatory response.
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 121 Figure 1.21: The host response to the degradable and non-biodegradable material (85).
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 122 Figure 1. 22: Scheme explaining the hypothesis that non-specific protein adsorption causes a foreign body response. The conformation changes and orientation of proteins during non-specific protein adsorption. The foreign body response may be overcome by preventing protein adsorption or by modifying the biomaterial to release bioactive agents such as anti-inflammatory/ angiogenic drugs/ Vascular Endothelial Growth Factor (VEGF) (82).
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 2 hydroxyethyl methacrylate) (P-HEMA) is the first synthetic hydrogel synthesised by DuPont in 1936[START_REF] Ullah | Classification, processing and application of hydrogels: A review[END_REF]. Later Wichterle and Lim in 1960 explored the importance of P-HEMA as a potential candidate for contact lens application[START_REF] Wichterle | Hydrophilic Gels for Biological Use[END_REF]. This innovation fostered the researcher to eventually develop smart hydrogels, where the properties change with the stimuli such as temperature, pH, ionic strength, electric field or light. Yannas et al. employed natural polymer collagen as a hydrogel for the artificial wound dressing ((96).
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 123 Figure 1.23: Timeline of advancements in biomaterials and hydrogels (Sadtler et al.,2016) (97)

Figure 1 . 24 :

 124 Figure 1. 24: Classification of hydrogels (Mahinroosta et al., 2018)(100)
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 1 Figure 1.25: Thermo-responsive hydrogels: (a) UCST hydrogels undergo a sol-gel transition as the temperature decreases and (b) LCST hydrogels undergo a sol-gel transition as the temperature rises (106).

  contact, b) extraction method. It is essential to standardise the methods on a) the number of cells, b) duration of exposure, c) the cell type, d) test sample size and e) surface area of the test sample (135,136). As per the standards, L929 mouse fibroblast cell line is extensively used to assess biomaterial testing, since they are reported to give good correlation with animal-based tests in addition to their physiological role in wound healing process around implanted materials.Simple in vitro cytotoxicity is often used to check biocompatibility of the material. A combination of different assays such as inflammation, mutagenesis, immunogenicity, and proteomics can provide complementary information on the biological reaction of the biomaterial. Cytotoxicity assays provide a qualitative and quantitative estimation of possible toxicity associated with biomaterials and their components. The measurement of cytotoxicity is based on microscopic examination of cells, and viability tests based on a wide variety of cellular functions (Table1.9).The most commonly used tests such as cell counting (Neubauer chamber), vital dyes (Trypan blue and Neutral red uptakes (NRU)), and biochemical based assays (MTT, MTS, XTT) for screening cell viability, proliferation and metabolic activity (1).

  -response curve on small cell numbers. Simple and high reproducibility Cell non-specific. There is no discrimination between cytostatic and cytotoxic effects. Requires solubilization step. Disposal of organic solvent. MTS3-(4,5-dimethylthiazol-2yl)-5-(3carboxymethoxyphenyl)-2solvent is required for solubilization. More sensitive than using MTT. Short reaction time. No need to wash or harvest cells for the assay. Measures net metabolic activity of cells. Cell-specific and media specific. which one must know how much of the enzyme can be regarded or disregarded as a usable protein AlamarBlue® Elimination of the washing/fixing and extraction Not a direct cell counting technique. High cell number and steps. Incorporation of a fluorometric and colourimetric growth indicator.

  Adsorbed proteins are quantified by using either simple ultraviolet-visible spectroscopy or conventional colourimetric methods such as BCA, Bradford's or Lowry based assays, and Enzyme-linked immunosorbent assay (ELISA). Other characterisation techniques involve surface plasmon resonance (SPR), Quartz Crystal Microbalance with Dissipation (QCM-D), Ellipsometry and atomic force microscopy (AFM) is used mainly to monitor the dynamics and kinetics of adsorbed proteins (134).

Figure 1 . 26 :

 126 Figure 1. 26: Brief overview of the steps involved in the translation of newly developed biomaterials from bench to bedside (134).

  glucose monitoring (CGM) and power source. The current technology for monitoring glucose levels has been well established since the 1980′s. The knowledge of glucose levels that are measured can allow a patient to select an appropriate dose of insulin to regulate his/her glucose levels. Several trends are emerging to monitor the glucose levels, among which, CGM can permit significantly more fine-tuned adjustments in insulin dosing. Recent advancement in implantable sensors, on the other hand, can be used to incorporate insulin pumps, which allow for instant insulin administration.In this context, the use of enzymatic biofuel cells has spurred the interest of researchers with their dual functionality. EBFC monitors the glucose continuously and additionally, the energy generated can be used to power the integrated insulin pumps for the autonomous delivery of an appropriate dose of insulin. Although implantable glucose monitoring systems offer regular glucose level, few CGM devices have been reported to show inaccuracies of up to 21% (138). The inaccuracies are often attributed to sensor drift, caused by changes in the catalytic performance of the enzyme and inflammatory reaction. Hence these devices require periodical recalibration via the finger-pricking method. Despite the commercial glucometers, such as the Freestyle-Navigator by Abbott, and Dexcom providing real-time measurements with every 1-5 min, the longest working model without calibration is approximately two weeks(139). Consequently, there is high consumer demand for a CGM which can quantify glucose concentrations without frequent calibration.

Article 1 (

 1 co-author), Article 2 (first author), and two other experimental sections on the optimization procedure. The article 1 explores the synthesis of urea-based-bolaamphiphile hydrogels and their main physicochemical and mechanical characteristics. The studies were performed under the collaboration of Chembiopharm lab (Prof.Philippe Barthélémy). It describes the comparison of the structure of three different hydrogels which differ in one functional group for potential applications. The article 2 reports the biocompatibility studies of the hydrogels mentioned in article 1.The hydrogels were screened for the desired properties to select for coating the EBFC. The characterisation of hydrogels includes the ability to limit protein adsorption, slow degradation, minimal cell infiltration, fibrosis, and potential angiogenic properties. Part of the work described on hydrogel fibrosis has been carried out while visiting Dr Boris Hinz group, at the Department of Tissue Repair and Regenerative Medicine (University of Toronto, Canada). Based on the results, the desired hydrogel was selected for further studies to improve the EBFC functionality. Results 3 summarize experiments done for enzyme selection and hydrogel coating onto the EBFC in collaboration with CRPP and NsysA (Dr Nicolas Mano and Prof. Alexander Kuhn).

1 :

 1 Low molecular weight hydrogels derived from urea-based bola amphiphiles as new injectable biomaterials Michael A. Ramin, Laurent Latxague, Kotagudda Ranganath Sindhu, Olivier Chassande, Philippe Barthélémy Accepted Date: 17 August 2017: Biomaterials My contribution to the article: Biological characterisation of low molecular weight hydrogels by subcutaneous implantation in mice to assess their degradation and inflammation by noninvasive optical imaging and by histology.

  2 , Chassande, O.1 & Boiziau, C. 1 Manuscript: in preparation. Patent under review: Part of the work mentioned in the article on the proangiogenic potential of active compound released during degradation is applied for the patent application. My contribution to the article: Biological characterisation of low molecular weight hydrogels was performed by subcutaneous implantation in mice to assess their degradation, inflammation and their angiogenesis. Thanks to Philippe Barthélémy's group for the synthesis and the characterisation of the molecules by MALDI mass spectroscopy and NMR analysis, to Martin Hagedorn for his help with the CAM (chorioallantoic membrane) experiments and to Boris Hinz and his group for his welcome in his lab.
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 3 " cell cultures. At the end of each 24 h incubation, cell viability was assessed by the Neutral Red assay and cell metabolic activity by using an MTT assay. MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide, Sigma-Aldrich, ref M2128) (1 mg/ml stock in alpha-MEM without FCS without phenol red) was added in 125 µl per well. After 3 h of incubation at 37°C in 5% CO2, the supernatant was removed and formed formazan crystals were dissolved by adding 100 µl of dimethyl sulfoxide (DMSO, Ref D5879-1L, Sigma-Aldrich, France). To assess cell viability, neutral red (Ref N4638, Sigma-Aldrich, France) was resuspended at 1.25% (w/v) in alpha-MEM without FCS, and 100 µl of the prepared solution was added per well. After 3 h of incubation at 37°C, the supernatant was replaced by adding 100 µl of the mixture (50:50) containing 50% ethanol/ 1% acetic acid in water to lyse the cells. In both cases, the intensity of colour was quantified by measuring the absorbance at 540 nm using a spectrophotometer (Perkin Elmer ®, 2030 Multilabel Reader VictorTMX3). The mean values of absorbance measurements obtained from colourimetric tests and their corresponding standard deviation (± s.d.) were calculated from n=6. The results are expressed as a percentage of the control (alpha-MEM + 10% FCS).

  vivo toxicity assays. Hepatocellular injury that might result from toxicity of implanted hydrogels was quantified by serum biochemical evaluation for alanine aminotransferase (ALT, Activity Assay Kit, Sigma-Aldrich, ref MAK052), aspartate aminotransaminase (AST, Activity Assay Kit, Sigma-Aldrich, ref MAK055), and lactate dehydrogenase (LDH, Assay Kit, Abcam, ab102526). Just before surgery and 3, 7, and 21 days after hydrogel implantation, blood was collected from retro-orbital sinus, allowed to clot, and spun down to collect serum. Serum was used for analysis, as recommended by the kit manufacturers.Histology, staining and immunohistochemistry. Animals were sacrificed by cervical dislocation 1 and 3 weeks after hydrogel implantation. The hydrogels were harvested with the subcutaneous tissue and fixed in 4% paraformaldehyde (Antigenfix, Diapath, France) overnight at 4°C, followed by dehydration, embedding in paraffin, and sectioning by a microtome (5 µm thickness). The sections were either stained with Masson's trichome or used for immunolabelling after antigen retrieval was performed by sodium citrate buffer 95°C for 30 min. Blood vessels in and around the hydrogels 21 days after implantation were identified by immunolabelling with rabbit anti-CD31 antibody (Abcam, ref ab28364 dilution:1/100) followed by incubation with HRPconjugated anti-rabbit secondary antibody (Vector MP-7401, dilution:1/2). The inflammatory response to the biomaterials 21 days post-implantation was studied with the following primary antibodies: rabbit anti-CD68 (Abcam, ref ab1252012, 1/200), rabbit anti-CD206 (Abcam, ref ab64693, 1/500), and rabbit anti-CCR7 (Abcam, ref ab32527, dilution:1/100) followed by detection with Alexa568-conjugated goat anti-rabbit antibody. The fibrosis reaction around the hydrogels was detected by staining mesenchymal cells for vimentin (Cell Signal, ref 5741, 1/100), activated fibroblasts for the myofibroblasts marker α-smooth muscle actin (α-SMA) (α-SM-1, mouse IgG2a, a kind gift from Giulio Gabbiani, University of Geneva, Switzerland, dilution 1/50), and fibronectin (Santa Cruz, sc59826, 1/300). As secondary antibodies, we used goat anti-rabbit conjugated to TRITC (tetramethylrhodamin, Sigma Aldrich, T5268, dilution 1/100), goat antimouse IgG2a 647(Invitrogen, ref A21241, dilution 1/100), goat antimouse IgG1 FITC (Sigma Aldrich, dilution 1/200). All the images were acquired using a nanozoomer (Hamamatsu, Nanozoomer 2.0 HT).
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 1 Figure 1. Chemical structures of GNF and GNBAs. GNF (a) and GNBA-3 (c) contain an amide group, whereas GNBA-1 and GNBA-2 (b) contain a urea group (highlighted in gray).
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 223 Figure 2. Analysis of in vitro degradation. a) Hydrogels (100 L) were incubated at 37°C in PBS. a) The percentage of weight loss was calculated at different time points. All the data are presented as mean ± s.d. (n=4). b) The degradation products released in PBS after a 21-day incubation at 37°C were analysed by MALDI-TOF mass spectrometry. The positions of hypothetical hydrolysis are shown by arrows. The calculated and observed mass of the products is shown on the right. The mass spectra are available in supplementary material S1.

Figure S1 .

 S1 Figure S1. MALDI-TOF Mass spectra. Spectra of molecules at day 21 after incubation in PBS at 37℃ for degradation. a) GNF; b) GNBA-1; c) GNBA-2; d) GNBA-3.

Figure S2 .

 S2 Figure S2. Analysis of In vivo toxicity by determination of biochemical serum markers. Alanine transaminase ALT (a), aspartate transaminase AST (b), and lactate dehydrogenase LDH (c) were determined and compared to the control animals, at three different time points after subcutaneous injection (3, 7, and 21 days). Data are presented as mean ± s.d (n = 3/group). No statistical difference with the control mice was observed (Kruskal-Wallis test).

Figure 4 .

 4 Figure 4. Analysis of BSA adsorption on the four hydrogels. Hydrogels (100 L with a surface area of 1.3 cm 2 )

Figure 5 .

 5 Figure 5. Masson's trichrome staining of hydrogels, and surrounding tissues dissected after 7 d (a-d), and 21 d (e-h). Representative images are showing the degradation and cell infiltration (n = 6/group). * in the image denotes the position of the hydrogel. The images of Masson's trichrome staining after 7 days and 21 days after hydrogel injection are shown with magnified images at the lower panel. Blue staining indicates collagen and purple represents nuclei. The hydrogels are also stained in blue. Scale bars of 500µm for the upper panels and the magnified images are represented in lower panels with a scale bar 100µm.

Figure S3 .

 S3 Figure S3. Analysis of cell infiltration by nucleus staining. a) The cell infiltration of cells in the remaining hydrogels 21 d after implantation was evidenced by DAPI staining (blue staining of nuclei). The hydrogels are denoted by * in the image, the boundary of hydrogels is marked with white dotted lines. Scale bar of 1 mm for upper panel and 250 µm for magnified images at the lower panel. b) Quantitative analysis of cell infiltration in the four hydrogels. The quantification of cell infiltration intensity was performed in at least five different fields with an area of 0.5 mm 2 using automated MIPAR software analysis. Statistical significance was determined by Kruskall-Wallis and Mann-Whitney tests (2-tailed). All the data are presented as mean ± s.d. (n=5/group), **p ≤ 0.01.

,

  Fisher's exact test). Hz, 1H, H-1), 5.29-5.19 (m, 2H, NCH2triazole), 4.43-4.39 (m, 1H, H-4'), 3.94-3.68 (m, 6H, H3', H2, H3, H4, H5, H6'), 3.46-3.60 (m, 3H, H6', H6), 2.34-2.15 (m, 2H, H-2'), 1.93 (s, 3H, CH3 thymine), 13 C NMR (CDCl3, 75 MHz) δ 163.54, 150.74 (C=O thymine),143.26 (Cq triazole), 135.36 (C-6 thymine), 122.85 (CH triazole), 109.36 (C-5 thymine), 88.19, 87.45(C-4', C-1'), 85.76 (C-1), 79.69 (C-5), 76.98, 72.53, 70.67 (C-3', C-3, C-2), 69.44 (C-4), 61.33, 60.96 (C-6, C-5'), 39.90 (C-2'), 35.66 (triazole CH2N thymine), 11.79 (CH3 thymine); HRMS (m/z): Calculated [M+Na] + (C19H27N5O10Na) 508.1656, found 508.1650. b-e) NMR characterization of the products. F) High resolution mass spectrometry of compound 4

  -nucleosyl-fluorinated compound) andMR181As described in the published and submitted articles, GNF hydrogel was prepared by weighing 15mg of GNF powder in a microtube, and 200µl of rhodamine 6G (20µM in PBS from stock solution 100µM) and 800µl of PBS (PH of 7.2) was added to the preparation (141,142). The solution was heated at 65°C until the powder dissolved completely (about 20 min) (142). The solution was sonicated to remove the air bubbles and let at room temperature. It was used before complete gelation.The MR181 hydrogel (1.5%) was prepared as per the published article (143). 15 mg of the power was weighed in a microtube, and 800ml of PBS (PH of 7.2) and 200µl of rhodamine 6G (20µM in PBS from stock solution 100µM) were added to the preparation. The solution was heated at 80°C until the powder dissolved completely (about 20 min) (143). The solution was kept at room temperature and used before complete gelation.

Figure 3 . 1 : 3 . 3 . 2 3 . 2 ,

 3133232 Figure 3.1: Confocal images of two and three dip coating of electrodes with GNF at 38℃ with an interval

Figure 3 . 3 :

 33 Figure 3.3: CV curves in argon (20mM phosphate,140mM NaCl) phosphate buffer saline , pH=7,2 Scan

Figure 3 . 4 :

 34 Figure 3.4: CV curves for eletroenzymatic reduction of oxygen obtained in O 2 saturated (20mM phosphate,140mM NaCl) phosphate buffer saline, pH=7.2, scan rate 5mv/s. (a) catalytic activity before implantation, (b) In vitro catalytic current showing more than 90% of the current loss after 24hrs of implantation,(c) comparison graph of before and after implantation.

Figure 3 . 5 :

 35 Figure 3.5: CV curves for electroenzymatic reduction of oxygen obtained in O2 saturated (20mM

Figure 3 . 6 :Results 4 .

 364 Figure 3.6: CV curves for reduction of oxygen obtained in O 2 saturated (20mM phosphate,140mM NaCl)

Figure 4 . 1 :

 41 Figure 4.1: Subcutaneous implantation of the probe

Figure 4 . 2 :

 42 Figure 4.2: Illustration of implant assembly, insertion and wire electrode release.

Figure 4 . 4 ,

 44 tissue stained with Masson's trichrome did not show any signs of initial inflammation. These results indicate that the probe used to guide the electrode implantation does not provoke initial injury.

Figure 4 . 4 :

 44 Figure 4.4: Masson's trichrome staining of tissue. The upper panels show lower magnification, scale bar 500 µm, and the lower panel with the magnified image of the highlighted place, scale bar 100 µm. n = 6.

Figure 4 . 5 :

 45 Figure 4.5: Two different jackets wrapped to the rat. On the right panels, the antenna is fixed to the jacket.

Figure 4 . 6 :

 46 Figure 4.6: (a) subcutaneous implantation of enzyme modified macroporous electrodes in the rat, (b) In vivo continuous measurement of EBFC functionality using the wireless antenna (c) enzyme activity measured at different time points using a multimeter. n = 2 rats.
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Table 1 .

 1 1: The power requirement of different IMDs in comparison with the main characteristics of modern batteries (3).

Table 1 .

 1 

	Enzyme	Cofactor	Electron Transfer Mechanism	Substrate
	Glucose oxidase	FAD	MET	Glucose
	Glucose dehydrogenase	NAD	MET	Glucose
	Glucose dehydrogenase	PQQ	ET	Glucose
	Glucose dehydrogenase	FAD	DET	Glucose
	Lactate oxidase (LOx)	FAD	MET	Lactate
	Lactate dehydrogenase	NAD	MET	Lactate
	Cellobiose dehydrogenase	-	DET	Glucose
	Alcohol dehydrogenase	NAD	MET	Alcohol

2: Summary of the most common enzymes at bianode.

(36) 

Table 1 . 3

 13 

	Immobilisation method	Stability permanence	Complexity	Time	Electron transfer
	Van der Waals adsorption	Very low	Low	~24h	DET/MET
	Ionic bonding	low	Low	~24h	DET/MET
	Affinity binding	Variable (sensitive to pH)	Variable (on surface area)	~24h	DET/MET
	Electrostatic attraction	Variable (sensitive to pH and charge)	Low	< 1h	DET/MET
	Covalent coupling	Irreversible	High	h to days	DET/MET
	Gel encapsulation	Irreversible (mediator leaching possible)	High	72h to weeks	MET
	Sandwich entrapment	Irreversible	Variable	< 1h	DET/MET
		Irreversible			
	Microencapsulation	(improved pH	High	~24h	DET/MET
		resistance)			

: Comparison of different immobilisation techniques.

(40,42,43) 

Table 1

 1 

	. 4: Summary of various implantation sites with operational lifetime (53,55,56,62,63).
	Animals /Location	Operational lifetime
	Rat retroperitoneal space	11 days
	Rat/brain	9 days
	Clam/dorso-posterior part	< 1 week
	Snail/ between the body wall and internal organs	2 weeks
	Rat/jugular vein	24h

Figure 1. 14: EBFC implanted at different sites in living animals.

Table 1 .

 1 5: summary of most commonly used materials for biomedical applications[START_REF] Morais | Biomaterials/Tissue Interactions: Possible Solutions to Overcome Foreign Body Response[END_REF].

	Component	Properties	Some applications
		Phospholipid-based biomimicry	
	Phospholipid, Phospholipid-	Device surface mimics cell's	
	containing or Phospholipid-	membrane; fragile and difficult to	Coating
	like materials	deposit	
	Phospholipid-modified		
	polymers	High water content	Coating
	(proteins + PHEMA)		
		Natural derivates	
	Albumin	Immobilisation of glucose oxidase (in combination with glutaraldehyde)	Glucose biosensor functionality
		After hydroxylation can decrease	
	Cellulose	complement activation, not long-term	Coating
		stability	
	Collagen	Extracellular matrix component	Porous sponge scaffolds
		Synthetic polymers	
	PE	Strength, lubricity	Orthopaedic implants and catheters
	PP	Chemicals inertness and rigidity	Drug delivery, meshes, and sutures
	Pluronic's surfactants (PEO-PPO-PEO)	Decrease biofouling and sensor passivation	Coating
		Decrease biofouling, uncured Nafion®	
	Perfluorosulfonic acid (Nafion®)	(not treated with FeCl3) leads to the term stability high inflammatory response, not long-	Coating
			Coating
	Hydrogels: PHEMA, PEO, PEG, PVA	Negligible Protein adsorption Surfactant and gel-forming properties	The emulsifier in the drug encapsulation process and matrix for sustained drug
			delivery
	PLA and PLGA	Negligible Protein adsorption	Coating
	PE poly(ethylene), PP poly(propylene), PEO poly (ethylene oxide), PPO polypropylene oxide,
	PHEMA poly (hydroxyethyl methacrylate), PLA poly (lactic acid), PLGA poly (lactic co-glycolic
		acid), PVA poly(vinyl-alcohol)	

Table 1 .

 1 6: Natural and synthetic monomers for hydrogel preparation (100)

	Natural Polymers	Synthetic Monomers
	Alginate	Hydroxyethyl methacrylate (HEMA)
	Fibrin	N-(2-Hydroxy propyl) methacrylate (HPMA)
	Collagen	Poly-Vinyl-2-pyrrolidone (PVP)
	Gelatin	N-isopropylacrylamide (NIPAMM)
	Hyaluronic acid	Acrylic acid (AA)
	Dextran	Methacrylic acid (MAA)
		Polyethylene glycolacrylate/methacrylate (IPEGA/PEGMA)
		Polyethylene glycol diacrylate/dimethacrylate (PEGDA/PEGDMA)

Table 1 .

 1 7: Summary of materials, crosslinking and their applications(110,111,(120)(121)(122)(123)(124)(125)(112)(113)(114)(115)(116)(117)(118)(119) 

	Materials	Characteristics	Crosslinking methods	TE applications

Table 1 .

 1 8: Physical properties of hydrogels and their applications in tissue engineering.

	(116,119,122,124,131-133)		
	Physical properties	Materials	Approaches	Application
				Strain-to-failure increased 200%
			Chitin nanofibers,	after chitin nanofiber assembly;
		GelMA	Nanoparticles blending	stiffness of collagen-based hydrogel
	Mechanical strength			increased 10-fold after addition of functionalized nanoparticles High strength PAMS/PDMAAm gel
		PAMPS/PDMA Am	Double network	could induce spontaneous hyaline cartilage regeneration in an
				osteochondral defect
		Four-arm maleimide-functionalized PEG	By using different PEG concentration	The proliferation, self-renewal and vascular differentiation of stem cells were enhanced in lower stiffness hydrogel
	Stiffness			
		GelMA	Using the same macromer concentration with different methacryloyl substitution	High stiffness environment was beneficial for maintaining of chondrogenic gene expression.
				Valvular interstitial cells had
		GelMA	Collagenase degradable photo crosslinked gelatin hydrogel	more spreading morphology in collagenase treated GelMA hydrogel than untreated
				hydrogel.
		HA		
		functionalized with both maleimide and methacrylate	Thiol-ene crosslinking via MMP degradable crosslinker and Photocrosslinking	Differentiation of MSC was directed by Degradation-mediated cellular traction
	Degradation			
			Modification of ends of PEG with	
			oligo (lactic acid) and acryloyl,	The high degradation enhanced
		PEG-derivative	hydrolysis of the ester bonds	osteogenesis of MSCs.
			altered the degradation	
			Hydrogel crosslinked by PEG	MSC spreading was
		PEG-derivative	derivative containing nitrobenzyl ether moieties could be degradable	enhanced after photodegradation.
			by photo exposure	

La première partie de la thèse est centrée sur l'évaluation de différents hydrogels injectables de faible poids moléculaire, en analysant à la fois la gélification in vitro et in vivo, la cinétique de dégradation, la réaction à corps étranger et l'angiogenèse. Les hydrogels étudiés présentent une dégradation lente et une intégration tissulaire optimale. Une angiogenèse accrue a été observée en raison de la libération d'une molécule pro-angiogénique pendant la dégradation de l'hydrogel.Dans la seconde partie de la thèse, l'un des hydrogels étudiés a été utilisé pour recouvrir l'électrode en or : le choix de l'enzyme a été basé sur des études de stabilité in vitro. En parallèle, le processus de revêtement a été optimisé, à la fois pour son uniformité et son épaisseur. Même si un revêtement plus épais présente l'avantage de protéger l'électrode contre la réaction à corps étranger, il est nécessaire de limiter l'épaisseur afin de maintenir une diffusion efficace des analytes et de l'oxygène.Les expériences en cours décrites dans la dernière partie de la thèse sont axées sur l'optimisation de l'implantation chez le rat et la mesure de l'activité des biopiles. De plus, les électrodes ont été connectées à une antenne pour établir une communication sans fil ; en effet, cela permettrait une mesure non invasive de l'activité enzymatique.En conclusion, ces travaux ont permis d'identifier un hydrogel pouvant être utilisé pour revêtir les électrodes de biopiles. Le sous-produit libéré lors de la biodégradation favorise l'angiogenèse au voisinage du matériau. Grâce à ce revêtement, on peut donc s'attendre à un échange accru d'analytes et d'oxygène, préalable indispensable à l'activité enzymatique.Mots clés : hydrogels, biopiles enzymatiques, fonctionnalité, biocompatibilité, réaction à corps étranger.
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properties. We suggest that GNF and GNBA-1 are promising candidates for applications in tissue engineering, whereas GNBA-3 could be efficiently used for drug release applications.

INTRODUCTION.1

Results 4 report the preliminary data on in vivo implantation of EBFC and the first assays of measurement using a wireless antenna. This work has been carried out in collaboration with IMS (Dr Simon Hemour and Pr Corinne Dejous).

Research questions

➢ Are the four newly synthesized hydrogels biocompatible? ➢ Do the selected hydrogels meet the desired properties for coating the EBFC? ➢ Was the hydrogel coating improving the EBFC functionality and stability? ➢ How was the subcutaneous implantation of EBFC optimised?

➢ How was the enzyme functionality measured? Conflict of Interest. The authors declare that they have no conflict of interest.

Ethical Approval. All applicable international, national, and institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution or practice at which the studies were conducted (animal experimentation permission APAFIS#4375-2016030408537165).

ABSTRACT

Hydrogels for regenerative medicine are often designed to allow cellular infiltration, degradation, and neovascularization. Low molecular weight hydrogels (LMWHs), formed by selfassembly via non-covalent interactions, are gaining significant interest in this context due to their soft nature, ease of use and injectability. To investigate the suitability of LMWHs as body implant materials that could stimulate tissue regeneration, four new LMWHs based on molecules containing biomolecules like nucleic acid and lipid were analyzed in vivo: we investigated the foreign body response upon subcutaneous implantation into mice. Despite being infiltrated with observed with the four hydrogels during the first 24 hours: metabolism was between 60 and 70% as shown by the MTT assays (Fig. 3b). 

Suppl. S4. Synthesis and characterization of the compound GN-1.

a) The compound 1 and 2 were synthesized by literature procedures [18]. Reagents and conditions:

(a) 1-azido-2, 3, 4, 6-tetra-O-acetyl-β-D-glucopyranoside, CuSO4.5H2O, sodium ascorbate, t BuOH/water (1:1), 75°C; 83% (b) NaOMe 1M, MeOH (96%). Synthesis and characterization of compounds 3-4.

N-3-[1-((β-D-Glucopyranosidetetraacetate)-1H-1, 2, 3-triazol-4-yl) methyl] thymidine (3).

Copper sulfate (0.547 g, 2.19 mmol) and sodium ascorbate (0.87 g, 4.38 mmol) were successively added to the suspension of compound 1 (6.14 g, 21.91 mmol) and 1-deoxy-1-azido-2, 3, 4, 6-tetra-O-acetyl glucopyranose 2 1 (8.18 g, 21.91 mmol) in 130 mL of t BuOH/H2O (1:1). The mixture was stirred at 75 • C overnight. Next day, after cooling to room temperature, the solvents were removed under reduced pressure and extracted with DCM and washed with water. Dried over Na2SO4 and concentrated and purified by eluting ethyl acetate and methanol (100 to 5:95) to obtain the desired compound 3 as white foam 12 g (83%). 

N-3-[1-((β-D-Glucopyranoside)-1H-1, 2, 3-triazol-4-yl) methyl] thymidine (4).

To the stirred solution of compound 3 (0.7 g, 1.07 mmol) in anhydrous methanol (10 mL) was treated with freshly prepared 1N sodium methoxide solution at room temperature. After 1h stirring, Amberlite IRC-50 ion exchange resin was added to the reaction mixture and stirred for 30 min and filtered. After filtration, the solvent was removed under reduced pressure. The solid residue was applied to a column of silica gel, and the product eluted with DCM:MeOH (100 to 8:2) to afford the title compound 4 as a white amorphous solid 0.5 g (96%). Noteworthy, all hydrogels are fully injectable, a property which is very useful for several applications, and which is not fulfilled by many types of hydrogels. Previous studies have shown that the self-assembly of GNBAs creates unique hydrogel supramolecular assemblies featuring fast gelation kinetics, high elastic moduli, thixotropic, and thermal reversibility properties. Such viscoelastic properties establish all four gels in the category of intermediate hard gels, much above the weak collagen gels, but below the commonly used PEG-based hydrogels.

None of the gels exhibited any toxicity in cell culture tests, and none of the gels showed any systemic toxicity when injected subcutaneously in mice. As three of these gels have shown to be degraded by cleavage of specific chemical bonds in aqueous solution, it is likely that these products are released in the tissues, and presumably in the blood of injected mice. Nevertheless, our data suggest that these degradation products are not toxic. Collectively, these data point these gels as safe products for in vivo applications.

Many currently used hydrogels elicit strong foreign body reaction resulting in the isolation of the gel from the tissues, which may alter tissue regeneration processes or prevent efficient drug release into the bloodstream. Evaluation of the tissue response elicited by implantation or injection of the gel is a prerequisite before any application. The foreign body reaction is first initiated by adsorption of proteins on the implanted material. It is well known that the lowest the non-specific protein adsorption is, the lowest the subsequent neutrophil and macrophage recruitment will occur, hence promoting low inflammatory reaction [7,27]. It was shown that the denaturation of fibrinogen due to adsorption to a material surface exposes hidden epitopes that recruit macrophages [28]. Minimizing non-specific protein adsorption is, therefore, an important challenge that can be overcome by hydrophilic materials. Indeed, the decrease of wettability of a Results

3.Optimisation of hydrogel coating of the cathode electrode

My contribution: Performed enzyme immobilisation techniques on to the electrode. Optimisation of hydrogel coatings with different thickness to monitor their oxygen diffusion ability. Also, the measurement of enzyme functionality and stability by subcutaneous implantation in mice.

Thanks to Nicolas Mano and his group for the isolation, purification and characterisation of enzymes and polymers used for the immobilisation techniques and to Alexander Kuhn and his group for providing the gold electrodes. the electrode coated with MR181 blocked the O2 diffusion. Hence GNF was selected to coat the electrodes for further experiments to protect the enzyme and to improve the biological activity. 

Quantification of the Os redox polymer coated on the electrode surface

The concentration of Os polymer in the modified electrodes (Os polymer (62.57 Wt%), BOD enzyme (30 Wt%) and crosslinker (7.43 Wt%)) was quantified in the absence of oxygen. 

As seen in

Methods

Electrode modification

BOD electrode preparation: The electrodes were dipped in glass capillary containing BOD enzyme overnight at 4°C to allow penetration. (BOD mutant stock: 52.84 mg/mL (final enzyme concentration 6 mg/mL with buffer NaPi 50 mM pH=6 for 1 electrode).

GoX electrode preparation: Immobilization was performed on a glass slide by a drop cast method.

The mixture of enzymes/polymer/hydrogel was prepared with the 4 µL GOx of the enzyme (stock: 38.92 mg/mL) 7.35 µL of polymer and 4.77 µL of the crosslinker. The prepared mixture was drop cast onto the electrode placed on the glass slide and kept overnight at 4°C to allow complete drying and penetration.

In vitro measurement of enzyme functionality wirelessly

The functionality of the biofuel cell was measured by dipping the electrodes in Phosphate buffer saline (PBS, 50mM phosphate and 150mM sodium chloride) of pH 7.4 at 37 °C and 40mM glucose. The potential difference between the electrodes was measured continuously using a wireless antenna.

Results

In vitro measurement of enzyme functionality by the wireless antenna

The performance of EBFC operating in vitro in Phosphate buffer saline at 37 ℃ containing 40mM glucose is shown in 

Discussion and Conclusion

Although the four hydrogels show desired biological properties such as low protein adsorption, reduced fibrosis and inflammation, their abundant infiltration by macrophages (M1 phenotype) may limit the enzyme functionality upon coating the EBFC.

➢ Was the hydrogel coating improving the EBFC functionality and stability?

To improve the long-term biocompatibility of EBFC in vivo, the hydrogel coating must be thick enough to be durable. On the other hand, if the coating is too thick, the enzymatic function will be hindered due to the limitation of oxygen diffusion. Preliminary in vitro and in vivo evaluation of GNF coating slightly protected the initial rapid decline of the current. In fact, in the end, it fails to show the optimal stable enzyme protection upon coating against non coated electrode. However, the studies are yet to be done on in vivo hostile environment protection and their coating stability on macroporous electrodes.

➢ How was the subcutaneous implantation of EBFC optimised?

Rats were chosen for the implantation of EBFC. Groove probe was adopted to guide the electrode implantation with minimal initial injury. The insertion of the probe and then the implanted electrode result in a mechanical trauma, which can then contribute to the acute inflammation and the enzyme instability. Our histological analysis on the impact of probe insertion alone did not show any signs of inflammation, indicating that the method of implantation employed to implant the electrode should not enhance the inflammatory reaction.

➢ How was the enzyme functionality measured?

The capability to wirelessly monitor and control an implanted EBFC provides deeper understanding of the long-term performance. We attempted to monitor the EBFC in vivo functionality wirelessly for a short duration, where the OCV was declined from 600 mV to 500 mV in 5h. Studies are in progress for long term measurements.

➢ Communications and publications

Oral Communications

Low molecular weight hydrogel injectable scaffolds help tuning the foreign body reaction 2018: 2nd Symposium of the Occitanie Network on Monocytes-Macrophages -Toulouse, France.

Low molecular weight hydrogels as injectable scaffolds for tuning the foreign body reaction 2018: BxCRm 3rd workshop on regenerative medicine. Bordeaux, France.

Poster Communications

Low molecular weight hydrogels as injectable scaffolds for tuning the foreign body reaction 2018:5th European Congress of Immunology (Eci 2018) Amsterdam, Netherlands.

In-vitro and in-vivo assessment of the biocompatibility of drug delivery device components 2017:1st international conference on tissue repair, regeneration and Fibrosis. Rhodes, Greece.

Biocompatible and bio functional porous electrodes for miniaturized enzymatic biofuel cells.

2017:

Trans biomed young scientist day. Bordeaux, France.

Publications

Low molecular weight hydrogels derived from urea based-bola amphiphiles as new injectable biomaterials. 

Two articles in preparation:

Proangiogenic Supramolecular Gels through Biodegradation Sindhu, K.R. 1 , Bansode, N. 2 , Rémy, M. 1 , Morel, C. 1 , Bareille, R. 1 , Hagedorn, M. 3 , Hinz, B. 4