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Chapter 9 Diamond Biosensors

. After being used for its mechanical and thermal properties, diamond was considered for chemical sensing. In fact the chemical stability and the close-to-metallic conductivity of diamond make it a powerful tool for electrochemical detection in various environment. Furthermore, the diamond is an ideal substrate for surface functionalization thanks to the wide and very known carbon based chemistry. Such a feature combined to the outstanding electrochemical properties of the diamond electrodes have enable the production of very efficient biosensors and biochips. Diamond is also an interesting sensor for medical imaging. Its carbon nature, well tolerated by living tissues, are actually very useful for its use as a biosensor capable of working in contact with bio-environments as well as real neuronal interfaces. Both those topics will be dis-cussed in details in the following pages. In a first part an overview on electrochemical based biosensors and their performance is described. Then in a second half of the chapter, novel applications where diamond is directly used as an electrode for neural tissue interfacing is presented in details.

Diamond Properties and Novel Sensors

The oustanding physico-chemical properties of diamond can be exploited for the development of bioelectronical devices devoted to sensing or analysis. Diamond is an ideal substrate material for surface modification and sensitive layer achievement. Actually, many highly stable functionalization way inspired from carbon chemistry can be performed on diamond. Besides, the exceptional electrochemical properties of heavily boron doped diamond (BDD) set it up as a perfect electrode material for bioanalytical applications or design neuroprosthetics implants. Utilization of usual electrodes is prohibited in corrosive, acidic or basic media. The chemical inertness of diamond allows its utilization in every type of media. Furthermore, it shows an "anti-fouling" behaviour, this singularity ensure to diamond electrodes a good stability with no degradation of the electrochemical signal over time due to surface passive layer build-up [18]. Due to its sp3 hybridization, diamondlike coatings have a natural inclination to be mostly biocompatible [19] towards living tissues [20][21][22][23][24][25][26]. Thus, the development of soft diamond's MEAs gives rise to serious expectation for neural implant dedicated stimulation and/or monitoring [27].

On the other hand, the properties of hydrogenated diamond surface conductivity can be harnessed to develop SGFET (Solution Gate Field Effect Transistor). The mechanical properties are used for the development of MEMs. Networks of µ-lever whose functional ranges are equivalent to those of QCM (Quartz Crystal Microbalance) are devoted to detection in liquid media when surface acoustic wave sensors (SAW) are used for gas detection. Finally, many devices for the diagnosis and/or detection of molecules or target objects have been developed on the diamond. The latter can be a simple support associated to external detection methodology or a specific transduction tool. The various techniques for detecting and transducing reported in the literature for diamond-based devices are listed below with certain detection limit:

• Biochips devices mostly used fluorescence microscopy technique as revelation process. This technique allows the extrinsic and semi-quantitative detection of a few 10-15 mol l-1 targeted species in solution. It shows a robust detection methodology used as reference measures in biomolecular recognition (DNA hybridization, antigen-antibody coupling…) [28].

• Electrochemical techniques based on the oustanding properties of heavily boron doped diamond. Due to the low background current and the wide electrochemical window of diamond in an aqueous medium, detection limits of the order of 10-12 mol l-1 can be achieved [29]. In addition, electrochemistry allows the quantitative analysis of the detected redox species that is adsorbed/immobilized onto the diamond surface or present in solution.

• The field effect transistors (SGFET) developed onto diamond has a sensitive range in the same order of magnitude as the cyclic voltammetry technique. However its operating principle is based on the surface conductivity which does not allow a direct reading of the amount of species in solution without prior establishment, in defined measurement conditions (interaction time, temperature…), of a calibration curve. An important advantage of this methodology is the ability to detect species without any redox activity [30].

• At last, a set of MEMs/NEMs devices based on different physic-chemical properties of diamond. One finds diamond micro-cantilevers bring real opportunities in terms of transduction. The mechanical properties of diamond can allow their use in dynamic mode, resonant cantilevers, and in electrolytic environments. As for the SGFET the detection is mainly based on surface effects, detection limits closed to the electrochemical one can be expected while allowing monitoring of biological recognition phenomena in real time [31]. The outstanding properties of the diamond surface have led to Photonic Crystals development on polycrystalline diamond. Finally, surface acoustic wave sensors are the only type of diamond devices devoted to gas sensing. The huge sound speed propagation of diamond (72,000 km/h) is the main physical asset. Putting aside spectroscopic techniques, the main limit of every gas sensor is their lack of selectivity. Taking in account that functionalization onto usual quartz SAW is quite prohibited; the attractive surface chemistry of diamond is a major advantage toward selective detection.

Electrochemical Detection

One of the major advantages of diamond for detection in complex media is its "anti-fouling" property. This latter enables to carry out many successive measurements without significant loss of sensitivity. Moreover electrochemical specific method devoted to surface regeneration has been developed [32], it ensures full 'defouling' and recovery of diamond electrode properties. For instance, BDD samples has been put in contact with media with high fouling potential as blood, wine, mud or crude during several months leading to a significant increase of capacitive current.

The electrochemical regeneration process leads to a complete recovery of the electrochemical samples sensitivity.

Inorganic Compounds

Thanks to the large electrochemical window and low background current of in aqueous solutions, diamond electrodes can be used to detect very small amount of metals, lanthanides and inorganic species. Particularly nitrates, nitrites, nitrogen oxides and azides ions [33][34][35][36] or the sulfate ions [37] as well as silver and tin [38], cadmium, copper, lead and zinc [29] and mercury [39] can be detected in very low concentrations with diamond electrodes. In some cases [40], microelectrodes are used to further improve diamond electrodes detection limits.

Organic Compounds

Several teams reported low detection limit of unconventional organic substances thanks to diamond electrodes. For instance, the detection of pesticides [41], phenol derivatives [42], chlorine compounds [34], nitrogen bases [43], purines [44], polyamines [45] and TNT [46] were successfully carried out through voltammetry or pulses techniques. Compounds of biological interest like nicotine [47], neurotransmitter [48], hydrochlorothiazide [49] and in vivo dopamine [50] were also directly detected. Another approach deals with electrical impedance spectroscopy, Hamers et al. have detected specifically the E. coli K12 [51] on MEA. This not exhaustive list of examples illustrates perfectly the electroanalytical potential of diamond electrodes for direct electrochemical detection. Many other electrode material were used to detect these compounds but none of them can operate for long time because of the fouling process. Actually most of molecules mentioned above are likely to polymerize or react directly with the substrate because of their aromatic structure. The possibility to be regenerated quickly makes diamond a very efficient and reliable electrode for long term sensing [42].

Wastewater Treatment

One of the main water purification methods consists in the oxidation of organic substances through highly reactive radicals. There are different chemical pathways to generate such radicals in solution, the most famous being the Fenton process [52]. Diamond proved to be an efficient alternative method to such chemical processes. As previously discussed, diamond electrode can operate at very high anodic potentials thanks to its large potential window [53]. It is thus possible to generate highly reactive OH radical to degrade organic substances in the vicinity of the electrode. Then, electrochemical treatments of water polluted with biocides [54,55], organic acids and EDTA [56],

herbicides [57] was successfully achieved on diamond electrode. Such electrochemical treatments were also considered for the degradation of inorganic compounds such as cyanide [58], sulfates [37] or nitrate [50]. Moreover, Furuta et al. [60] demonstrated legionellosis deactivation by electrochemical treatment on diamond. Rodrigo et al. [61] have also proceed to the entire deactivation of municipal wastewater infected by E. Coli, they shown that no desired or hazardous buy-product appeared during the treatment. Thus, the treated water can be reused [62]. Such nice results led to the implementation of commercial diamond electrodes in the treatment process of drinking water and swimming pool. However some limitations need to be considered. First, the radicals are so reactive that a dismutation process quickly appears and generates hydrogen peroxide. Second, the amount of organic species that can be degraded by the electrode is limited by the diffusion process. Specific devices must be added (fluidic, stir) to concentrate the organic species at the surface of the electrode. Finally, in order to degrade organic waste the targeted compounds have to be soluble in water.

Biochips

Biosensors and biochips are advanced analytical devices made of one or several biological probes (DNA, enzymes, immunoglobulins superfamily, antibodies, proteins, peptides…) immobilized on a support/functional material. Variety of bio-receptor has been grafted onto diamond due to its versatile surface chemistry allowing classical carbon chemistry reaction and coupling. Moreover, diamond acts as an active transducer and its physico-chemical properties are used in order to turn the recognizing signal into an electrical one. The following paragraphs will draw up a list of different biochips and biosensors that were achieved on diamond.

The expansion of research themes in biotechnologies, medical diagnosis, food processing and environmental quality control has led to significant biochips development. The advantage of biochip remains in multiparametrics studies based on molecular recognizing onto a single substrate. The devices readout can be carry out through electrochemical, micro-gravimetric, micromechanic or optic methods, fluorescence microscopy stand as the common detection technique. The information multiplexing on a single substrate needs micro-devices as well as the possibility to graft molecules on a very small targeted surface. However, very few functionalization techniques allowed the localization and the parallelization of sensitive active species. Usual technique involves several steps and often requires lithography process. Therefore, the biochip achievement is tricky and long and cannot be easily scale up to industry without simplification of the sensitive layer achievement. Nevertheless, a new functionalization way based on the direct and spontaneous grafting of amines onto hydrogenated diamond [63] appears as the preferred technique for the direct grafting of biological species.

DNA Biochips

Yang et al. [64] were the first to achieve a DNA biochip on diamond in 2002. Two different nucleotides strand were immobilized in a local way through millimetric spot. This biochip needed 3 distinct functionalization steps for each ODN strand. The first step is the immobilization of a spacer arm containing an alkene group through photochemical functionalization of alkenes onto hydrogenated diamond. The diamond is dipped into the grafting compound solution and there are both exposed to UV light at 233 nm during 12 h under nitrogen atmosphere, two other steps are needed in order to immobilize the final probe strand of DNA. The grafting characterization was carried out through fluorescence microscopy. The revelation process consisted in the hybridization of the probes strand and their complementary strand previously tagged with a fluorophore. This biochip showed a good selectivity as well as a good stability. On the other hand its multistep type and the long exposure time needed restrict the multiplexing and so the biological information bring onto the diamond substrate.

Zhang et al. [65] achieved a biochip thanks to the diamond surface amination through UV exposure under ammoniac. Before proceeding to the DNA coupling, several lithography steps following by octafluorpentane plasma lead to a pattern of fluorinated area acting as a mask during the final step. This latter consists in a chemical coupling between the amines of the diamond surface, as micrometric stops, and the modified probes strand. As for the previous result, the grafting revelation has been carried out through the hybridization of the labelled complementary strand and characterized by fluorescence microscopy.

Electrochemical functionalization processes appeared as serious alternatives to the previous techniques to decrease the grafting time of the primary function. This method is fast and allows the localization of the grafting. Nebel et al. [66] developed a micro-structuration technique of diamond leading to micrometric size of interconnected HBDD conductive areas surrounded by intrinsic diamond. Unlike Micro-Electrode Arrays, the conductive areas are interconnected and have size around 15 µm. The grafting of diazonium through electrochemical reduction was carried out. Then, several successive steps of chemical coupling are necessary in order to immobilize in a collective way on all the electrodes the same ODN strand. Nebel's team also reported a direct detection of DNA with an electrochemical method. The detection is based on the use of ferrocyanide as a nernstien probe in solution. It compared the intensity of DPV responses before and after the DNA probe grafting and after hybridation of the target strand to confirm or not the presence of complementary strand in the media. The detection limit is 10 pM. This technique is significantly faster than the fluorescence microscopy. However no multiparametric studies can be carried out because all the electrodes are interconnected. One can note that the microstructuration and the dissociation of the electrodes could decrease the detection limit. The massive appearance of inkjet devices allows deposition of few micrometer size droplets onto a substrate. Henceforth, using this MEAs and inkjet techniques, one can consider multiparametric DNA detection through electrochemistry techniques. Here, the spot size is around 100 nm. The specificity of the recognizing has been shown through the concomitant immobilization of a HA peptide and a FLAG one.

Hamers et al. [68] immobilized the E. Coli K12 through alkenes grafting by photochemistry followed by a set of chemical step allowing the coupling of the antibody through one of its available amine moiety. The functionalization was characterized by FTIR and the analyse of the spectrum allows them to conclude that the secondary structure of the protein has been preserved during the grafting. Using a similar functionalization process, Hamers et al. [69] achieved an antibody biochip dedicated to selective capture of the pathogenic bacterium E. Coli O157:H7 using the grafting of the E. Coli (O157:H7) antibody on UNCD surface. They find out that efficiency of the E. Coli bacterium capture on UNCD biochip is the same as those find on immunoassay standard material (Glass). On the other hand the stability of the grafted antibody on UNCD over time is significantly extended compare to usual materials. Indeed, the sturdiness of functionalized layers on diamond is stronger than silica or gold ones. Moreover they show that diamond doesn't affect the antibody activity over time, giving to the biochip several days of lifetime [69].

Biosensors

Biosensors combine a physico-chemical transducer and biological specie; they are analytical tool dedicated to specific analyte detection. The transducer will quantify the interaction between the analyte and the active biological specie to provide an optical, piezoelectrical, mechanical or electrochemical signal.

Enzymatic Biosensors

We will focus on amperometric biosensors through the example of the well-known glucose oxidase.

The enzyme immobilization can be carried out by different ways: directly through a spacer arm or it can be encapsulated in cationic polyelectrolytes films, like PDDA, due to the isoelectric point of the Gox. In most of the case, the mere presence of the analyte will not be sufficient to enhance the enzyme activity and will require the addition of a co-substrate. Several quantifications techniques of the enzyme activity and so the concentration of analyte, here the glucose, in solution becomes available. Each of this means lead to a different generation of biosensor. One can define three generations:

• The first generation of biosensors is based on the direct detection at the electrode of one of the products of the enzymatic reaction. In the case of the Glucose detection through the Gox, it is the hydrogen peroxide. However, the use of this type of biosensors in complex media is limited. The oxidation of the hydrogen peroxide requires the application of a potential far from the open circuit potential. It occurs around + 0,65 V vs ECS on a platinium electrode. Yet in complex biological media, the blood as an instance, numerous products exhibit similar or even lower oxidation potential (uric acid, ascorbic acid, glutathione…) that can interfere through the appearance of a nonspecific current separated from the enzymatic catalyse.

• The second generation of biosensors allows the detection of the enzyme substrate thanks to a redox mediator in solution or immobilized closed to the sensitive layer. It acts as an electron carrier; it may connect the prosthetic centre of the enzyme with the electrode or exchange electrons with the product of the enzymatic reaction. A large range of mediator can be found, the ferrocene is widely used with oxidases enzymes. The use of a redox mediator allows a decrease of the oxidation potential applied. One can note that in the last two cases, the electronic transfer between the electrode and the enzyme takes place at least through one transitional electro-active specie.

• The third generation of biosensor is based on the direct electronic transfer between the prosthetic centre of the enzyme and the electrode. This generation has a major advantage; it doesn't need the natural co-factor of the enzyme, which can be submitted to severe variation of concentration in vivo. The second advantage lies in the direct connection of the enzyme, it allows sensor utilization without redox mediator. This latter could interfere and even damage the target in complex biological media. At least, the redox potential of numerous enzymes is closed to 0 V. Thanks to this negligible potential, one can avoid any interference problem encounter in every complex media. The only limitation of this generation of biosensor depends on the prosthetic centre position towards the electrode. Indeed, in the case of enzyme with a substantial size, the prosthetic group could be deeply buried into the protein complex. This redox centre is sometimes so far from the protein surface that the direct connection remains impossible.

Dealing with the Gox, its Flavin Adenine Dinucleotide (FAD) prosthetic centre is so deep into the protein that a direct electric connection with the electrode is prohibited. Carlisle et al. [70] have been the first to immobilize the Gox onto diamond. They used the electrochemical reduction of the diazonium salts as a primary grafted layer. Thus they have achieved a first generation of amperometric biosensor detecting the product of the enzymatic degradation, namely the hydrogen peroxide. As for every amperometric biosensor, the biosensor characterization was carried out through chronoamperometry method. Like every enzymatic reaction, the evolution of the current density according to the analyte concentration follows a Mickaelis-Menten kinetics:

v  Vmax S / Kd +S.

One can see that when Kd >> S then v  Vmax S, the generation rate of the product is proportional to the substrate concentration. It matches the dynamic range of the biosensor.

When

Kd << S then v  Vmax , the saturation regime is reached. From the chronoamperogram previously obtained, the calibration curve can be plot. The glucose biosensor of the Carlisle's team shows a linear range between 0.5 and 5 mM, the sensitivity is about 1.3 µA/mM/cm 2 and the detection limit is 100 µM. The low reactivity of BDD electrode toward hydrogen peroxide has to be point out. The application of high oxidation potential is needed, here + 1.1 V vs Ag/AgCl, it will necessarily involve interferences with the media but can also cause irreversible damages to the sensitive layer.

Villalba et al. [71] have achieved a glucose biosensor through the immobilization of the Gox in a PSS (Poly(4-StyrenSulfonic acid) film onto a Nitrogen Doped Nanocrystaline diamond substrate NDD. The detection and calibration have been carried out according to the same strategy previously detailed. In that case the chronoamperometry has been realized around + 0.6 V vs Ag/AgCl. The dynamic range of the biosensor is 1 µM-8 mM, that is compatible with the detection of hyperglycemia in patient suffering from diabetes. The detection limit is about 50 nM and the sensitivity is around 30 nA/mM/cm 2 . Contrary to Carlisle and associates' work, the anodic current measure doesn't come from an enzyme monolayer but from a thick film in which multilayers enzyme equivalent is encapsulated. It explains the significant decrease of the detection limit and so the increase of the linear range. Nevertheless the current density is proportional to the concentration of the degradation product (hydrogen peroxide) at the electrode surface. In this case the Gox is not only located closed to the surface. Therefore the provision of hydrogen peroxide at the electrode is limited by the diffusion into the polymer layer. Moreover the isotropic nature of the diffusion implies a loss of an amount of product into the solution. These contributions involved a significant loss of the sensor sensitivity.

One can note that the anodic potential used by Villalba et al. is lower than the one used by Carlisle. Nevertheless, it remains too high for certain applications. Olivia et al. [72] have partially removed this limitation adding some platinium nanoparticles at the diamond electrode surface. The platinium catalyzes the hydrogen peroxide oxidation and the glucose can be detected around an anodic potential of + 0.4 V. This lower potential provides a better selectivity to the sensor.

Garrido et al. are the only one to have achieved a third generation biosensor dedicated to hydrogen peroxide detection on diamond electrode. In one case [73], they immobilized a catalase through a spacer arm grafted by the photochemistry of alkenes. The direct electrochemical coupling between the prosthetic centre and the electrode has been characterized by cyclic voltammetry. The redox couples observed are related to the oxidation states Fe3+/Fe2+ characteristic of the hemic prosthetic groups of the enzyme. The sensor operating is based on the hydrogen peroxide decomposition through the catalase, this step produces oxygen closed to the electrode. Oxygen is electrochemically reduced at the electrode through the detection of a cathodic current. The reduction potential needed is -0.4 V and the detection limit is 300 nM. The dynamic range of this biosensor is between 1 and 150 mM and its sensitivity is around 70 µA mm -1 M -1 .

In a second article, the same authors immobilized the Horse Radish Peroxidase (HRP) [74]. The prosthetic centre of this enzyme also contains a hemic group closed enough to the enzyme surface to be directly connected to the electrode. The biosensor was achieved according to the same process than the previously detailed. The characterization of the HRP immobilization was characterized out by cyclic voltammetry, a characteristic redox couple appears around + 0.15 V vs Ag/AgCl. In this case hydrogen peroxide is directly decomposed by the peroxidase and the diamond electrode acts as a co-substrate. The cathodic potential used for the chrono-amperometry measurement is + 0.05 V vs Ag/AgCl. The dynamic range of the biosensor is between 0.1 and 45 mM, the sensitivity is around 2 µA/mM/cm 2 . One can note that the cathodic potential applied for the detection is really low and particularly suitable for investigation in complex media. A similar biosensor has been achieved by the same team. The HRP have been immobilized through a different primary layer. The diamond has been oxidized first and a silanization used to graft the spacer arm. The dynamic range has been significantly reduced. It points out how critical is the diamond surface state as well as the functionalization technique in the electrochemical properties of the sensors.

Field Effect Transistors

Field effect transistors (FET) are transistor using an electric field in order to control the channel conductivity of a semiconductor material. Usually, the semiconductor channel is located between the two electrodes (source and drain) and covered with a thin insulating layer. The characteristic of the FET is given by IDS according to VDS curve (IDS = f(VDS)). In parallel, the Gate-source tension VGS will modulate the conductivity. Therefore, a modification of VGS will change the IDS = f(VDS) characteristic. One finds a significant variety of FET, the well-known is the MOSFET (Metal Organic FET). The technology, initially developed on silicon has been adapted on diamond.

The first Metal-Semiconductor (MSFET) on diamond appeared in 1996 [75] and the first Metal-Insulator-Semiconductor FET (MISFET) in 1998 [76]. The most interesting FET type on diamond is the Solution-Gate FET (SGFET). This latter has based on the singular surface property of the hydrogenated diamond. The negative electron affinity of the H-terminated diamond [77] induces redox reactions between diamond surface and adsorbates. It involves a shift of the valence band edge above the electrons Fermi level in diamond providing electron acceptor levels [78]. Thus a charge transfer between diamond and the adsorbates is enabled [79] and a subsurface holes accumulation appears [80]. One can note that concomitantly, the conduction band is placed above the vacuum level and electrons can be directly emitted into vacuum with negligible barriers [81]. In SGFET, the electrolyte is directly in contact with the hydrogenated diamond surface. A reference electrode is placed in the solution and acts as the gate. This new transistor type has been realized in 2001 by Kawarada et al. [82]. Partial oxidation of intrinsic hydrogenated diamond allowed the achievement of pH sensors through surface conductivity modulation. Partial hydroxylation of diamond surface gives rise to protonation (-OH2+) and deprotonation (-O-) of hydroxyl moiety involving a linear modification of the channel surface conductivity toward the pH.

These pH sensors can be used as enzymatic biosensors, Enzymes Modified FET (EMFET). Kawarada's team achieved the first EMFET in 2004 [83]. In a first step they proceed to a partial surface amination then the Gox or the urease is immobilized through the amines surface moieties.

Prior to the enzymes functionalization the remaining hydrogenated surface groups have been oxidized in order to introduce surface sensitivity towards the local pH variations. Then, glucose or urea is introduced in the solution and decomposed by the enzyme. These reactions involve local hydroniums or ammoniums ions by-product generation, concomitantly a modification of the surface functions appears (-OH2+, -O-, -NH3+). These successive modifications will lead to local depletion of the subsurface charge that modifies the channel conductivity of the FET and the drain-source current decrease in a linear way. Linear range of the glucose and the urea sensors has been established for substrate concentration between 0.1 and 10 mM and 1 µM and 10 mM respectively. The sensitivity of these two biosensors is respectively 10 and 30 mV/decade. Garrido et al. [30] have realized EMFET dedicated to acetylcholine and penicillin thanks to acetylcholine esterase immobilized through different ways and different surface terminations. They have drawn up a full table giving the different sensitivity of the devices according to the functionalization way and the experimental factors. One finds different DNA sensors based on SGFET devices [84]. To be selective, a DNA strand acting as probe is previously immobilized on a partially oxidized surface.

After the hybridization of the probe with the complementary strand, the charge variation and in a lesser extend the local pH modification caused by the phosphate groups of the DNA close to the surface substantially modify the sub-surface carriers density and so the channel conductivity. In this device, the crucial point is the distance between the DNA probes and the diamond surface. It has to be smaller than the Debye length to avoid counter-ions or electrolytes screening effect. The sensors achieved in these conditions show interesting detection thresholds in the order of magnitude of the picomolar and also allowed DNA mismatches real time measurement [85]. Based on the similar principle, Kawarada et al. [86] achieved a biosensor dedicated to HIV-1 tat protein. A RNA aptamer with a highly specific recognizing potential toward HIV-1 tat protein was functionalized on a partially aminated surface. Then the RNA aptamer derived second strand is added in the media. In the presence of the targeted protein a duplex structure will appear. A part of the RNA sequence will specifically bind the protein and another part will be hybridized with the RNA strand probe. In the end the protein will be stuck between the two strands. The HIV-1 tat protein is significantly positively charge at neutral pH. When immobilized at the surface it involves a mechanic similar to the inversion layer capacitance in MOSFET. This capacitive layer density is around 1-5 µF cm -2 when the detection threshold is below 1 nM.

Diamond SGFET has a noteworthy sensitivity and numerous perspectives in term of potential applications in biochemical and biological fields. Nevertheless their design involves several steps of lithography and the detection mechanism, based on surface charge effect, excludes the detection in complex and/or highly acid or basic media.

Microelectromechanical Systems (MEMs)

Due to its remarkable mechanical properties, and namely a high Young's modulus ( 1 TPa), diamond appears as a suitable material for MEMS and NEMS fabrication with high interests for (bio)-sensing applications [87]. In this part, attention will be paid mostly on resonant cantilevers and in a lesser extent on Photonic crystal and Surface Acoustic Waves (SAW). After having demonstrated that NanoCrystalline Diamond (NCD) can exhibit Young's modulus value close to that single crystal diamond, Bongrain et al. [88] have fabricated diamond resonant cantilever using localized nano-seeding as selective nucleation method. The novelty of this approach is that it enables large area processing for large wafer scale fabrication with no particular clean room requirements. Dynamic mode has been chosen since in this regime the cantilever exhibits the highest sensitivity due to the combined effects of both mass loading and surface elasticity variations. This combined with the high Young's modulus makes diamond MEMS more attractive than their silicon counterpart for the same applications. The frequency modes of such a resonant diamond cantilevers measuring from 0.4 to 2 mm in length were extended from 70 to 4 kHz. This enabled the possibility to use such resonant cantilevers in liquid media, i.e. where other cantilevers cannot be used due to the too strong attenuation observed due to damping.

From this observation Bongrain et al. [31] have investigated the possibility to detect the smallest species detection in a liquid medium, i.e. the sole protonation of an acid radical. The system was realized from the immobilization of a aminocaproic acid on the cantilever. By tuning the pH above and below the pKa of this acid (4.5), it came possible to probe frequency shifts above 100 Hz. Usually dedicated to mass effect loading measurements only, it appeared that the physical effect leading to frequency changes could not be associated with the proton mass but with the change in charge of the COO-to COOH termination. According to its mechanical characteristics, these kinds of devices could be suitable for the detection of biological compounds from its extreme sensitivity to charge variations. For example, DNA detection has been carried out through the direct grafting of a DNA probe on the cantilever [89]. To improve sensor sensitivity, the probe has to be immobilized as it could from the surface in order to maximize charge effects at the cantilever surface. Hybridization has been characterized through fluorescence microscopy when denaturation has been shown through a frequency shift of 75 Hz. More recently Manai et al. [90] also realized a biosensor based on microcantilever and dedicated to 2-isobutyl-3-methoxypyrazine (IBMP) and 2,4-Dinitrotoluene (DNT), an analog compound for explosive TNT, specific detection. The biosensor is achieved through Olfactive Binding Protein (OBP) immobilization onto such cantilevers. OBPs are small sturdy soluble proteins found in olfactory systems that are capable of binding several types of odorant molecules. The DNT has been detected in the µM concentration range. Used as a probe for specific recognizing in this study, natural function of OBP is the non-specific binding of small odorant molecules. Thus, this kind of devices is going to be used for non-specific biosensors achievement. Different types of OBP can be immobilized on a microcantilever array in order to detect and identify explosives or drugs for instance.

A parallel domain of innovative diamond based sensors is that of photonic crystals (PhC). From a technology transferred from silicon, photonic crystals consist of 1, 2 or 3D periodic nanostructuration of dielectric materials allowing light guiding in the device. Photonic crystals are highly sensitive to local changes in their environment, such as the refractive index, which affects the resonance wavelength and the quality factor of the resonator and thus confer a sensing capacity to it. Blin et al. [91] have recently achieved 2D photonic crystals cavities fabricated in diamond and showed that a simple modification of the diamond surface termination could be clearly evidenced. A last type of diamond MEMS sensor taking advantage of diamond surface functionalization was reported by Scorsone et al. [92,93] where they simply use nanodiamond (diamond nanoparticles with size below 10 nm), that are deposited on top of a Surface Acoustic Wave (SAW) sensor. This technology is now mature but relies less on the real property of diamond as a sensor than it does as a functionalization support. We would not consider here as an active diamond biosensor and would advise the reader to refer to these articles [94,95] for deeper investigation.

Conclusion

The large electrochemical window and low background currents of diamond electrodes in water allow the detection of compounds at levels that conventional electrodes cannot reach. Inorganics, organics, metals and lanthanides can be detected at low concentration. The association of the natural anti-fouling property of diamond and its unique regeneration process allows the detection of compound that reacts with the electrode during the detection. Moreover, due to its chemical inertia diamond tolerate the extended exposure to aggressive media. The surface chemistry of diamond enables to fabricate highly stable and effective (bio)-functionalized devices. The development of fast, simple and low cost functionalization techniques [96] or also iridium oxide [114,115] were thus progressively developed to meet these requirements.

Nevertheless, when such microelectrode systems have come to real in-vitro or in-vitro experimental prototyping, several issues have progressively been identified to which biologists require material scientists to provide them with solutions. One of the main challenges for electrical neural interfacing is to develop highly stable and bio-inert electrodes for long term in-vivo studies. In fact the detection of a foreign body triggers an inflammatory reaction. This immune response leads to the formation of a protective cell layer that prevents the communication between the neural network and the electrodes [116][117][118].

Although the electrode materials mentioned above allowed keeping high SNR and high charge injection, they appear not to be sufficiently stable and reliable for chronic implantation [119-122].

Many approaches are under investigations to overcome these issues. For example, one consists of surface functionalization of the electrode or of the whole device, with drugs or proteins that prevent the inflammatory reactions. They are well summarized by S Chen and M. G. Allen [123]. Others consist in finding new materials, totally bio-inert that do not trigger any inflammatory reaction.

For this particular need, carbon and carbonaceous materials are remarkably good candidate to meet these demands. Their carbon nature is similar that of the body. SiC has been introduced in the previous chapters as a very interesting material. Carbon nanotubes were also thought to be very promising. Many studies were investigated demonstrating outstanding neural growth or very high signal to noise ratio with CNT coated electrodes [105,110,111,124]. However the CNT application for electrical neural interfacing were precluded because of cytotoxicity issues due to their high aspect ratio geometry [125].

Diamond is certainly another good candidate. It is known to be chemically inert; it cannot be oxidized nor reduced by any materials or solutions. These unique properties led many teams to assess and prove the compatibility of diamond for the study of the living. More recently we proved that retinal ganglion cells could grow on diamond without adding any protein coating. This is one of the rare materials for which it is possible. Above all it is the only conductive material available today that presents such an important property. Firstly used as biosensors because of their outstanding electrochemical properties (see previous section), diamond microelectrodes are now considered for direct recording or stimulation of the neurons. The aim of this section is to give an overview of the current diamond technologies developed for neural interfacing with a limit to electrical and electrochemical sensing with a strong emphasis on the electrical part. Further, new potentialities as provided by the exceptional features of the NV-centre for neural recording is not considered here but the reader is invited to have a look to this promising novel approach [126]. Below, in a first part the basic concept of neural communication are introduced to define properly the required properties of a material electrode. Then the diamond technologies are described and followed by some example of their applications. Finally some of the most advanced diamond electrodes are described.

Communicating with Neurons

The process at the origin of a physical, chemical or biological interaction must be rather apprehended in order to optimise a functional material that could sense this phenomenon. Hence, the communications inside the neuronal networks and its environment should be understood to determine the required properties of an electrode material that could be used for neural interfacing.

The mechanism of the stimulation and electrical recording between the neuronal tissue and an electrode has been studied for long but the exact processes are still under investigations [127,128].

The communication within neural systems is conveyed by two ways. The first one is the release of neurotransmitters. This chemical path is exclusively present between different neurons. The second way of communication is an electrical signal so-called action potential that propagates along a single neuron or from one neuron to another. The propagation of the electrical signal is due to a wave of depolarisation of the neuron membrane resulting from local ionic concentration changes.

According to the Goldman-Hodgkin-Katz equation [129, 130], increasing or decreasing the local ionic concentration at the neuron surface respectively increases or decreases the local potential and depolarizes the neuron membrane. Therefore, an action potential can be triggered if this depolarisation is sufficiently high. Likewise, an action potential induces a local change in the ionic concentration and thus a local variation of the potential at the surface of the electrode that can be sensed by the electrode. The ability to attract ions at the surface of the electrode can be evaluated by studying the capacitance at the electrode surface, so-called the electrical double layer capacitance [131, 132]. The higher the double layer capacitance, the higherthe variation of ionic concentration at the electrode surface. The double layer ca-pacitance can be determined by deducing the capacitive current obtained by cyclic voltammetry for several scan rates. The slope of the curve of the capacitive current versus the scan rate gives the values of the double layer capacitance.
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where Δi is the difference between the anodic and cathodic currents at a potential where no faradic current is recorded and ν is the scan rate. The double layer capacitance can also be deduced from electrochemical impedance spectroscopy (see the impedance section).

Basic Electrochemical Characterizations for Neural Interfacing

We define here the appropriate electrochemical characterizations of an electrode to get the most relevant electrochemical properties for neural interfacing.

Cyclic Voltammetry

Cyclic voltammetry consists of recording the current yielded during a cyclic scan of the electric potential of the electrode. It is a useful characterization technique to determine the potential window of an electrode in a biological electrolyte and to get its double layer capacitance and the charge injection limit [133]. The charge injection limit is the maximum amount of charge that can be localized at the electrode surface without reaching the redox potential of the electrolyte. The charge injection limit can be in a first approximation determined by integrating the capacitive current on the whole potential window. Such a method is not completely accurate since it depends directly on the scan rate of the cyclic voltammetry. The frequency range is far below that of the actual pulses used for stimulation

Pulsed Techniques

Pulsed techniques such as fast chronoamperometry or fast chronopotentiometry consist of applying a current pulse or a voltage pulse of a few microseconds on the working electrode. It is this way possible to mimic action potential using biphasic pulses. These techniques are more accurate to determine the charge injection limit [133]. 

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) consists of evaluating the ratio between the electrode potential and the current delivered by the electrode at different frequencies. It is a powerful tool to determine the equivalent circuit of the electrode to a medium interface. The possible charge exchange between a solution and an electrode can be either a direct electron exchange (faradic transfer) or a change of ion concentration at the electrode surface via a capacitive coupling. The most simple electrode-interface equivalent circuit is thus composed of a resistance (charge transfer resistance R ct ) in parallel with a capacitance (double layer capacitance C dl ) in series with a resistance (electrolyte resistance R s ) as described in Fig. 9.1. It is called the Randles circuit.

Most commonly, EIS is performed at a redox potential to evaluate the charge transfer resistance and the capacitive double layer for a given redox species. In the case of a neural interface, the EIS is made in a physiological-like electrolyte like PBS at the equilibrium potential of the electrodes versus the reference electrode. EIS performed in an electrolyte containing redox species can also be considered provided the experiment is performed far from the redox potential of the reactive species. The charge transfer is very high in the case of EIS in PBS since no electron can be exchanged between the electrode and the solution. Thus, the electrode impedance is mainly driven by the surface capacitance.

The interfacial impedance has a strong influence on the thermal noise given by the equation [135]:

𝑉 = 4 𝑘 𝑇 𝑅 (𝑍) 𝐵
where k B is the Boltzmann constant, T is the temperature, Re(Z) is the real part the impedance and B the bandwidth of the electrode. The signal to noise ratio of an electrode for the recording of a neural signal should be as high as possible to get an accurate measurement. The interfacial impedance is also linked to the consumption power given by P= ZI 2 .

The interfacial impedance of a microelectrode is far higher than that of a macroelectrode. This is due to the fact that the interfacial impedance increases when the electrode surface is reduced. We saw in the previous section that the interface impedance of an electrode can be basically modelled by a resistive element in parallel with a capacitor. The dependency relations that link the capacitance with the resistive element to the electrode surface are the following one:

𝐶 = 𝜀 𝜀 𝑆 𝑒 𝑎𝑛𝑑 𝑅 = 𝜌 𝑙 𝑆
Where S is the surface of the electrode, e the thickness of the double layer, l the thickness of the electrode, ε 0 the vacuum permittivity, ε r the equivalent permittivity of the double layer and ρ the resistivity of the electrode material. Therefore the double layer capacitance impedance and the charge transfer resistance are increased by a factor 106 compared to a 1 cm 2 electrode when the surface decreases down to a few tens of microns. This high impedance is one of the main drawbacks of the microelectrode for both stimulating and recording. High impedance, and consequently low SNR, can turn an electrode useless for neural recording. Likewise if the impedance is too large, the lifetime of the battery is reduced [136]. This is a common issue when implanted devices are always trying to reduce energy budgets. The issue linked to high impedance for neural recording can be partially solved by using a recording set up where the entry impedance is adapted to the interfacial impedance of the electrode [137].

General Requirements for Microelectrodes Materials and Devices for Neural Interfacing

Electrode Material Requirement

Electrodes to be used for neural interfacing must comply with several requirements that can be associated with material properties. They can be divided in two categories: (i) basic properties, i.e. those required for an electrode material to be used in contact of living tissues for in-vitro and acute in-vivo studies and (ii) more advanced properties required for long term reliable neural prostheses. Both requirements apply for both stimulation and recording electrodes systems.

Electrodes require to exhibit (i) no cytotoxicity, as a primary features, or also referred to as high biocompatibility. Nor should interfacing devices result in cytotoxicity or into the modification of the biological medium by inducing any chemical reaction and particularly during stimulation. (ii) Large charge injection limit: the material should exhibit a sufficient charge injection limit to trigger action potentials in the neural network. (iii) Low impedance: the impedance of the electrode should be low enough to yield high signal to noise ratio and allow low energy budget.

Further, material specifications must also provide (iv) high chemical and mechanical stability: the electrode material should be able to resist to the assaults of the body tissues in order not to be degraded. For instance metallic electrodes can be degraded by corrosion over time, particularly when the electrode is used for stimulation. Further more, the material should not be easily removed away from the device to ensure long reliability and avoid toxicity issues of dispersed material. In parallel, (v) biointeria effects are a supplementary condition: the ideal electrode material should be invisible from the immune system. The detection of the material as a foreign body by the immune system triggers inflammatory reaction. In the case of neural interfacing, this would result in the coating of the implant by a thick layer of glial cells to insulate it from the neural network. This induces, at best a decrease of stimulation or recording efficiency, up to a complete loss of communication between the excitable cells and the electrodes with the consequence of rendering the implanted device useless. (vi) At last, since neuron interfacing is often aiming at probing degraded tissues, it is a real benefit if the stimulating material remains compatible with imaging techniques such as magnetic resonance imaging (MRI): MRI is one of the most efficient imaging technique for in vivo imaging of cell activity. The ideal electrode is thus transparent to magnetic fields in order not to alter in-vivo observations of the tissues in the near vicinity of the electrodes. This is a real challenge but it would also enable the study of the impact of in-vivo stimulation in the case of functional MRI.

Device

Similarly to that of the electrode material, the design of a neural interfacing device itself has to be optimized. While devices for in vitro studies are not very demanding in term of material engineering, those for in vivo studies require the development of very advanced technologies.

To start with, for in-vitro electrophysiology studies, the geometries of both the device and the electrode should be optimised in order to localise the electrodes as close contact as possible to the living tissues. This distance between the electrodes and the cells exhibits very significant impact on the SNR as well as on the possibility to trigger action potentials. Then, when implantation in the body becomes a condition, in vivo studies require further require the device to be flexible. This property offers the possibility for the device to be conformable to the implantation environment and then to put the electrode as near as possible to the living tissues. A flexible device is consequently less invasive and thus less aggressive toward the neural network it interacts with. Also, and as mentioned before, the ideal device should exhibit the least absorption to magnetic fields. If so, the material and the geometry of the device should not act as an antenna. The main current drawbacks of implanted devices as regard to MRI studies is the metallic wires that connect the battery to the device. They actually could interact with the magnetic field and induce local heating because of Foucault currents.

Diamond Biocompatibility

Biocompatibility is certainly the most important and difficult property to achieve from a material. Many materials have been reported as "non-cytotoxic", however long-term use of electrodes or devices is often not possible because of degradation and rejection over the time. This is a particular issue for active and non-active implanted devices. Orthopaedic as well as neural, cardiac and other interfacing implants should not only be not-cytotoxic but also should be like transparent for the body to avoid any inflammatory reaction and rejection.

The intrinsic chemical inertia of diamond was initially supposed to be a good indication of its biocompatibility. In fact, diamond cannot be degraded which is favourable for cell viability. The compatibility of any diamond forms, in term of cytotoxicity effect, has now been assessed for long with many kinds of cells. Several studies have investigated the influence of the diamond roughness, the diamond surface termination and protein coatings. All those properties were reported to have an impact on the cell growth. Also, since diamond electrode must be conductive, thus doped with e.g. Boron acceptor impurities, the influence of the boron presence in BDD was also considered to assess the biocompatibility of such diamond electrodes. Cell cultures were performed on diamond nanoparticles as well as in-vivo investigation of the ND cytotoxicity. They showed a high biocompatibility and they are very promising for cancer treatments [138-140].

Specht et al. proved that is possible to pattern neural growth (murine cortical neuron) on oxygen terminated single crystalline diamond by drawing a Laminine pattern with the micro-contact printing method [22]. The cells forms a network on the lines defined by the pattern. Moreover Ariano et al.

showed the possibility of growing excitable cyliari ganglions on oxygen and hydrogen terminated single crystal diamond provided the substrates are coated with Poly-D-lisine or Laminine [21]. May et al. investigated the growth of rat cortical neurons on hydrogen and oxygen terminated boron doped nanocrystalline diamond (BNCD) [141]. Their study reveals no impact of the boron on the neural growth and a good biocompatibility of the two surface terminations with a better surviving rate for oxygen termination. The use of protein coating was compulsory for cells culture in all the studies above. However other papers showed that growth of cells could be performed even without any protein coating on NCD. Actually, Amaral et al. cultured MG63 and Humane Bone Marrow on as grown NCD for in vitro testing of bone regeneration [23]. The cells growth was promoted by NCD in comparison with the polymer control. This a good indication for use of NCD coating for orhopeadic implant coating. Bendali et al. recently reported outstanding properties of NCD for retinal ganglion cells (RGC) culture [142]. First a mixture of RGC and ganglion cells were culture on oxygen and hydrogen terminated on bare and PLL coated NCD. The glass control presented a higher surviving rate of RGC on the coated glass substrate than on the coated NCD but no difference can be seen when the substrates are not coated. However the glial surviving was better on coated substrates whereas the RGC survival rate was increased on non coated NCD. This indicates that NCD promotes RGC growth while preventing the development of glial cells. This would be helpful to prevent the encapsulation of diamond retinal implants.

Diamond Devices

The first application of diamond for electrochemical and biosensing consisted in coating materials to take advantage of the diamond biocompatibility and of its electrochemical properties [50,[143][144][145].

During the last decade, diamond and mainly nanocrystalline diamond cleanroom processing benefited from the same progress as that of silicon. Actually, most of the photolithographic processes can be applied on diamond as well as many plasma etching. It is thus possible to design diamond patterns. This advanced manufacturing opened the way for the development of diamond micro and nanosensors for a wide range of application. Rigid diamond microelectrode arrays showed the properties of the diamond combined to that of microelectrodes. They were first used for electrochemical sensing [146-151] and were more recently suggested and tested for neural interfacing [152][153][154][155][156][157]. Moreover, despite the high growth temperature of diamond some teams managed to transfer BNCD electrodes on polymer substrates in order to create flexible devices [158, 159].

Diamond Coating on Metallic Needles

The first diamond technology for in-vitro and in vivo interfacing was accomplished by coating metallic needle with BNCD. It consisted in seeding a metallic needle with diamond nanoparticles and to have them grown and coalesced to form a thin hermetic and biocompatible film at the surface of the needle. Figure 9.2 gives an SEM image of such a needle fabricated by Arumugam et al. [50]. This technology is very straightforward and proved to provide, even recently again [50], good electrode performances for neurotransmitter sensing. It can also offer a multiple site sensing or stimulation. However high spatial resolution cannot easily be achieved with this technique. [154] from a collaboration between CEA-LIST and ESIEE-Paris is given to illustrate the micro-fabrication process of such devices. First diamond nanoparticles are fixed over a 4 in quartz wafer using a protocol described elsewhere [160]. Then an aluminium hard mask consisting of a disc of 100 µm in diameter was selectively deposited, over the areas where the BDD micro-electrodes have to be grown. Photolithography enabled to partially pattern the Al mask thus used to protect areas where diamond nanoparticles were protected from being etched in a reactive ion etching (RIE) process in oxygen. The Al hard mask was finally removed and the diamond electrode was grown. The dimensions of the resulting diamond disc electrodes were typically of 300 nm in thickness and 100 µm in diameter. Then an assembly of Ti (50 nm)/Pt (150 nm) metal tracks was deposited over the substrate with a metal ring going around the edge of the diamond disc in order to take electrical contact from the diamond electrode. Then a silicon nitride (Si 3 N 4 ) passivation layer was deposited by CVD over the substrate.

Finally an opening can be made over the diamond electrodes by using local etching of the Si 3 N 4 layer by RIE with SF 6 gas. Typical dimensions range between 10-100 µm (Figs. 9.3 and 9.4).

All Diamond Arrays

The objective of this type of microelectrode array is to get an all carbon sensor. The active and insulating parts are made with boron doped and intrinsic diamond respectively. A process developed at the Neel Institute is provided as an example [155]. First a first layer of insulating diamond is grown on an insulating substrate. A BNCD layer is deposited on top. This layer is etched to reveal the electrodes, the tracks and the connection pads. Then the electrode and the connection pad are covered with a SiO 2 -Cr sacrificial layer in order to protect them during the growth of the insulating diamond layer used for the passivation of the array. The selective growth of the passivation array prevents from any thickness inhomogeneity issues coming from the first two diamond layers or coming from the etching. The use of BNCD as conductive tracks is not straightforward since its conductivity is not as good as metals. Nevertheless they exhibited a series resistance of 4 kΩ. This value is far below the impedance of any electrode-neuron interface and would not introduce much more noise. A similar technology was developed by Chan et al. [152]. The only difference is the passivation process. Contrary to the previous technology, the whole conductive parts are first coated with an insulating diamond layer, then the contact pads and the electrodes are revealed by a dry etching. Moreover, the device is released from the silicon substrate at the end of the process. This technology also proved a very nice flexibility of the all diamond device (Fig. 9.5). Thanks to is carbon structure, it is possible to draw patterns on the diamond surface using laser lithography (direct writing). This technique was particularly used by Ganesan et al. [157] to build a planar all diamond microelectrode array. It consists of burning locally the diamond. This is a powerful tool to quickly and very efficiently draw a pattern during the optimisation phase of a design since it gives more freedom than that using rigid masks. Thanks to this microfabrication process, it possible to adapt quickly the device design to the tissues requirements (Fig. 9.6). Hence to meet this demand 3D diamond wells where developed [156]. The 3-D fabrication process is very challenging especially during the photolithography steps because of the high topography due to the surface mould. Therefore, the transferred patterns to a polymer (such as the electrode opening size) as well as metal layers patterning can be affected. For all 3-D processes, a thick photoresist is used to overcome these truncated cone structures without tearing at the topography edges. The process is then the same as described before.

BNCD MEA Electrochemical Performances

The electrochemical properties of the diamond microelectrode arrays were evaluated on diamondcoated needle and on microelectrode array. We only focus here on the electrochemical properties of the diamond electrodes in electrolytes without any reactive species.

Double Layer Charge Capacitance

The double layer capacitance of the microelectrode for neural interfacing has to be evaluated first in physiological like medium or in salt medium containing no redox species. All the reported articles showed diamond microelectrode exhibiting potential windows between 2.2 and 3.2 V in salt medium [143][144][145][146][147][148][149][150][151][152][153][154][155][156][157]. This indicates that no electrochemical reaction is initiated in a wide potential range if there is no redox species in the electrolyte. This confirms that the diamond electrode can operate safely at higher potential than any other material. 

Diamond and MRI

Given the increasing contribution of MRI for brain investigations, any microelectrode that is aimed at being implanted in the brain should not generate any image artefacts. This implies that no part of the device should have a magnetic susceptibility above that of water. In such a context, the compatibility of the heavily boron doped diamond with MRI studies was investigated. Actually carbon is a material presenting a magnetic susceptibility near to that of water. To assess the MRI compatibility, boron doped diamond films deposited on silicon substrates (3 × 3 mm 2 ) were implanted at the cortical surface of three rats [155]. The implants do not affect the MR signal and were extremely difficult to localize on all MR images, both at 2 and 6 months after implantation. At 2 months, a subcutaneous inflammatory reaction due to the surgery is visible on the structural images, but disappeared after 6 months. No major alteration of brain tissue due to the implant can be observed. B0 maps reveal an absence of significant field distortions due to the implant, since any B0 variations in the vicinity of the implants are much smaller than those observed at the base of the brain due to deoxy-hemoglobin in the internal jugular veins. This clearly indicates that-boron doped diamond does not induce MRI artefacts.

of Boron Doped Diamond Microelectrodes for Neural Interfacing

The diamond devices were already used to sense or to stimulate the neural activity. In this section we give some example of application. A short example of the use of diamond as an electrochemical sensor for neurotransmitter detection is added in order to show the large application area of diamond in the neural interfacing.

In vivo and in vivo Neurotransmitter Detection

The ability to follow the dopamine release in the brain is a tremendous topic because dopamine is a key neurotransmitter involved in processes ranging from reward response to epylepsia. The biologists are thus looking for implantable and stable electrodes that can sense dopamine in vivo. Carbon fibers are currently the mostly used electrodes to meet the demand but cannot be used for long chronic studies. Diamond electrodes are very interesting for in vivo detection of neurotransmitters thanks to its low background current and its wide potential window. Its high biocompatibility and low fouling offers the possibility to measure in vivo during several weeks. Yoshimi et al.

[165] thus managed to record in vivo the dopamine release for several weeks in the monkey and mouse striatum with diamond coated tungsten needle using fast scan cyclic voltammetry and amperometry technique. They were able to carry out a whole study on the phasic reward mechanism thanks to their diamond electrodes. Recently, the concept of retinal prostheses was validated in clinical trials showing that such prostheses can enable blind patients to read short words, identify contrasted objects or follow lanes on the ground. These retinal prostheses aiming at restoring vision in patients having lost their photoreceptors are either placed in the subretinal space or on the epiretinal side in direct contact with either the outer or the inner limiting membrane both produced by glial Muller cells. In the first configuration, the subretinal implant will stimulate retinal bipolar cells, neurones normally postsynaptic to photoreceptors [167] whereas epiretinal implants are targeting retinal ganglion cells, spiking neurones sending visual information to the brain via their axon through the optic nerve. Although these implants have already restored some visual functions in patients, an increase in electrode resolution is required to further improve the restored visual performances to achieve face recognition, text reading or independent locomotion. Different 3D designs were already proposed to reach this objective using either pillars or wells on the implants.

Advanced Diamond Electrodes for Neurophysiology

As grown nanocrystalline diamond is a very promising material for neural interfacing thanks to its outstanding stability, biocompatibility properties and its MRI transparency. It is also a fantastic material for biosensing. This feature could be very interesting in the case of neurotransmitters sensing. However direct recording and stimulation are very difficult with diamond microelectrodes because of their high impedance and low double layer capacitance. A way to get rid of both those drawbacks is to increase the double layer capacitance. This could be achieved by changing the intrinsic material properties as proposed by Ganesan et al. [157] or by enlarging the active surface area for a given diameter by structuring the electrode surface. We discuss here this last option.

Straightforward Structuration

Many diamond structurations were developed to increase the diamond surface. In this context, nanowires were etched in the BNCD thanks to a metallic nanoparticle mask [168,169]. The process consists in annealing a thin metallic layer deposited on the BNCD surface to obtained metallic nanoparticles the act as a mask during a plasma etching. The resulting wires have the same average diameter than the metallic nanoparticles. Smirnov et al. reported an increase of the active surface area by a factor 10. However such small diameter nanowires are too resistive because of their small section. This is an issue when it comes to impedance measurement. Larger pillars are nevertheless interesting and allow decreasing the impedance by a factor four. Considering that grown diamond impedance to be around 1 MΩ at 1 kHz, using such large pillars would reduce this value down to 200 kΩ. This would help enhancing the electrochemical performances.

Instead of using diamond wires, several teams suggested the use of diamond pores to avoid any problem linked to access resistance [170,171]. They thus show that a local etching of the diamond surface is possible using metallic nanoparticles. The process starts exactly like the one used for the etching of diamond wires, with the annealing of a metallic layer. The diameter of the metallic nanoparticles defines the diameter of the pore. Then the sample is annealed at high temperature under a reductive atmosphere (generally a H2 atmosphere) to etch the carbon through the metallic particles. This structure has not been tested yet for electrochemistry.Using 3D Scaffolds for BNCD Growth We reported on the use of vertically carbon nanotubes as scaffolds the growth of BNCD [173]. Carbon nanotubes (CNTs) actually offer a large surface area and a high electrical conductivity to collect large currents, resulting in low interface impedances and large double layer capacitances. However they suffer from a lack of stability because of delamination and of small potential window. These issues may be overcome by strongly bonding the CNTs to the diamond substrate and coating them with diamond. By combining the CNT properties to the large potential window, high biocompatibility and stability of the BNCD obtained an all carbon material exhibiting almost all the requirement for neural interfaces. The process consists in seeding the carbon nanotubes with a high density of diamond nanoparticles. This was accomplished thanks to a two-step electrostatic grafting process. Then the diamond nanoparticles are grown and coalesced thanks to a 450 °C plasma. The resulting material show a potential window of 2.7 V and double layer capacitance can be tuned by the length the carbon nanotubes, so as the interfacial impedance. For instance 3 µm long CNT coated with 30 nm BNCD allow decreasing the impedance by 100 fold and increasing the active surface area by 118 compare to BNCD electrode. Such amazing properties were also reported by May et al. [174].

Conclusion

Diamond is a unique material since it fulfils all the requirements for neural interfacing. Its biocompatibility was proven for many cells culture ranging from human bone marrow to rat neural cortex. More interesting, it is one of the rare conductive materials on which retinal ganglion cells can grow without using extracellular matrices proteins. It was also proven that glial cells cultures are reluctant to grow on diamond. These two results are very promising for the development of retinal prosthesis. However chronic study on diamond electrodes are still required to assess the complete absence of glial scares. In this context we are currently performing chronic in vivo impedance measurement with subretinal implants.

It is now possible to pattern diamond like silicon. This opens up the field of the implementation of high-density integrated diamond microelectrodes for high spatial resolution. Moreover, despite its rather high growth temperature, BNCD microelectrodes can be transferred on polymer flexible substrates to create very conformable and less invasive devices. Some new growth routes are under investigation to lower the diamond growth temperature for a direct growth a polymer substrate.

Diamond coated needles and diamond MEA already gave very nice results for in vivo dopamine and serotonine detection. They exhibited a long lifetime without fouling and very high sensitivity. Moreover some papers have already reported the direct recording and stimulation of action potential thanks to diamond microelectrodes.

The double layer capacitance and the charge injection limit of BNCD microelectrode are surprisingly high compare to that of macroelectrodes. This is very interesting for neural stimulation. Unfortunately, the current diamond microelectrodes seem to present a rather high impedance leading to high signal to noise ratio. In order to overcome these issues, new structured electrodes are developed to increase the surface area of the electrode. These technologies already showed a real improvement for both impedance and double layer capacitance. Within the next few months the current studies addressing in vitro and in vivo performances will soon state if such diamond electrode arrays are really as promising as expected.

  It shows the possibility to realize very sensitive (bio)sensors dedicated to specific and/or nonspecific detection of gas species as well as (bio)chemicals in solution. In current works, various gases vapours have been detected on diamond PhC exhibiting different surfaces states and different surface functionalization [In press]. Sensors responses are greatly modulated according to the surface termination. In parallel, biotin has been functionalized on diamond PhC and on-line avidin detection has been carried out with a good sensitivity and selectivity [In press].
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 2 10.1.1 Diamond Foam Using NanopsheresMore recently the use of 3D scaffolds for the growth of BNCD has been introduced. Kato et al. reported the coating compact silica 500 nm diameter spheres with BNCD[172]. They can tune the enlargement of the active surface area with number sphere layers. The surface was increased by 40 folds when 14 layers of sphere were used as a template for the BNCD growth.
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  Brain computer interfacing has been under massive development since the mid 1980s. Starting with the development of external recording of the brain activity, it is now possible to stimulate as well as to record a broad range of neuronal tissues with high signal to noise (SNR) and from wide brain regions to single neurons[START_REF] Mb | Brain-wide neuronal dynamics during motor adaptation in zebrafish[END_REF][START_REF] Homma | Widefield and two-photon imaging of brain activity with voltage-and calcium-sensitive dyes[END_REF][START_REF] Le Chasseur | A microprobe for parallel optical and electrical recordings from single neurons in vivo[END_REF][100][101]. This led to many breakthroughs especially for alleviating pathologies affecting functional and sensitive nerve degeneration issues. Three families can be notably cited. (i) The deep brain stimulation technique developed by Pr Benabid that is now used to alleviate the tremor induced by e.g. the Parkinson disease and that has been successfully performed on more than 40,000 patients in the world [102-104]. (ii) The possibility to control a robotic arm with mental thoughts as reported byKeefer [105], where a brain computer interface translates neural activity of the brain into signals controlling a machine. And (iii) the recent significant advances reported on spinal cord regeneration and based on both drugs and electrical stimulation to enable leg motion on a paraplegic rat [106, 107]. These outstanding results were made possible partially thanks to use of micron size biocompatible electrodes, inspired from the technologies developed for silicon microchips. They opened the way to high spatial resolution and efficient communication with neural networks. The reduction of the size of the interfacial electrodes required for thin film deposition and stability that led to new materials and technical challenges. In brief, it is tremendously difficult to identify the type of microelectrode interfaces that enables to keep a high

	9.2 Diamond for Neural Interfacing
	9.2.1 Devices for Electrical Neural Interfacing.

could offer interesting alternative to established assays like ELISA technique. Associate to the singular surface conductivity of hydrogenated diamond extremely sensitive FETs devices have also been achieved. Such material is an outstanding opportunity for applications in (bio)sensors, detectors, implants, water treatment and medical diagnostic in the years ahead. signal to noise ratio as well as a good charge injection. Many advanced electrode materials such as porous platinium [108, 109], carbon nanotubes (CNTs)

[110, 111]

, more recently PEDOT

[112, 113] 

  9.2.6.3.1 Flexible Diamond ElectrodesThe diamond electrodes are grown on a sacrificial layer. Then electrodes are embedded in a flexible insulating polymer. The polymer should be chosen carefully: it should not soak in water and should not degrade.Bergonzo et al. [158] suggested polyimide, which has been used for long as a polymer for flexible neural implants.Hess et al. suggested PNB [159]. The polymer was etched to access the electrode and connect them individually thanks to metallic track deposited by sputtering. The whole device was then embedded in another polyimide layer and release from the substrate thanks to a dry etching (Fig.9.7).The past decade has seen an explosion of research efforts into retinal prostheses aiming at restoring sight to patients blinded by retinitis pigmentosa or age-related macular degeneration. In addition to classical approaches, novel technologies are being explored, often in the context of newly founded commercial enterprises. Also, for the devices that will be offering a real breakthrough to blind people, theoretical studies have demonstrated that the ability to reach stimulation structures of 600 pixels would be of great benefit as it should be sufficient for patients to read[162]. A study driven by the Vision Institute in Paris further rendered the specifications more challenging, as Djilas et al. demonstrated a very high interest in fabricating 3D wells where a small group of retinal [163].

	9.2.6.3.2 3D Flexible Diamond Electrodes

  Kiran et al. also reported some good statistics on a 64, 14 µm diameter microelectrode array in LiClO4, a medium pretty similar to PBS. However most of the electrodes exhibit a relatively low capacitive current. ActuallyKiran et al. reported capacitive current as low as 94 pA at a scan voltage of 200 mV s -1 , giving a double layer capacitance of 150 µF cm -2 [154]. On electrode with 60 µm diameter, Hebert et al. found a double layer capacitance of 70 µF cm -2 [155]. Chan et al. also report double layer capacitance values of 83 µF cm -2 (deduced from impedance spectroscopy)[152]. Those values are 10-50 times above that of 4 µF•cm -2 usually obtained on diamond macro-electrodes[164]. These high values might be explained by a large amount of grain boundaries at the diamond surface, the relative roughness of as grown BNCD or to the high boron concentration inside the diamond film[164]. However even if those values are surprisingly high they are still far from the few mF cm -2 obtained for porous platinum, iridium oxide, Carbon nanotubes or PEDOT that are currently considered to be integrated in commercial devices. Those low background values compare to other electrodes are nevertheless interesting for in vivo neurotransmitter detection (see application of BDD diamond microelectrode).Even if it possible to extract the double layer capacitance and an approximation of the charge injection limit of an electrode thanks to its potential window in a physiological medium, almost no paper gives both values. Finally only Hess et al.[159] used pulsed techniques to get the charge injection limit.Although a lot of papers reported on the EIS on BNCD probed with a redox couple for electrochemical sensing, few studies investigated the electrochemical impedance in PBS or salt medium. The impedance spectra on as grown BNCD MEA show high impedance modulus values when compared with the most efficient materials. Actually the reported values at 1 kHz are between 3 MΩ on 20 µm electrode in KCl electrode and 400 kΩ on a 60 µm electrode in PBS. We also obtained using diamond values of 1 MΩ on 24 µm electrodes in PBS. Such impedance modulus values mainly due to the relatively low double layer capacitance were observed using cyclic voltammetry. Only Chan et al. have reported an average impedance of 50 kΩ for a 30 µm electrode in NaCl. These high impedances modulus are dramatic drawbacks for the viability of the microsized BNCD electrode for electrical neural interface application. That is why many other diamond technologies are under progress to overcome these issues. In the meantime,Gosso et al. and Pasquarelli et al. [137] showed that despite the rather low double layer capacitance and high impedance of diamond, it is possible to design electronics that allow sensing cardiac cells action potential.

	9.2.7.2	Impedance Spectroscopy on BNCD

  Direct Stimulation and Recording in vitro and in vivo 9.2.9.2.1 Recording and Stimulation in vitro on Organotypic CulturesHalpern et al. showed the possibility to measure and to simulate the buccal motor neurons of the Alypsia California in vitro. They used a 30 µm BNCD electrode deposited at the top of a tungsten wire insulated with quartz[143]. Recording Cardiac Cells Culture Microelectrode arrays can be used in order to record the invoke activity of cell signals. For example, arrays of 64 pixel diamond microelectrodes have successfully been used by Maybeck et al., for the recording of the cardiomyocyte-like cell line HL-1[166]. The study demonstrated that BNCD electrodes were able to detect cardiac cell action potentials as well as gold electrodes, while electrodes performed up to a factor of fourfold better than planar metal electrodes of the same diameter. BNCD electrodes survived the mechanical stresses of contractile cells without the defects commonly observed in other nanostructured materials after cell culture (loss of platinum black, removal of CNTs, tipping of pillars, D. Brüggemann unpublished results). This enabled to conclude that the diamond layer remained on the surface during cell contraction by the lack of thinning-induced defects after multiple cultures and the contractile tension generated in mature HL-1 cells (cells did not pull themselves off the surface), thus demonstrating that the diamond MEA's physical robustness makes it a durable and easy to handle device for repeated or long-term use, with promising interests for recording electrical signals from biological samples in addition to their established role in electrochemistry. 9.2.9.2.2 Recording the Cortex As discussed previously, many breakthroughs in brain computer interface occurred during the last decade thanks to the development of outstanding microelectrode arrays. Nevertheless, highly stable materials, transparent for the body are still needed to get the ultimate material for neural interface. Chan et al. reported the first of all diamond devices implanted in the cortex[152]. They show that it is possible to perform acute in vivo recordings of action potential in the auditory cortex of the guinea pig. Even if the SNR was rather low (SNR = 2), this experiment is very promising for future investigation of all diamond devices. Actually once the SNR issue is overcome, such all diamond flexible devices might fulfill all the requirements for chronic implants.

	9.2.9.2
	9.2.9.2.3 Retina Stimulation

Similarly Arumugam et al. 

showed that it is possible to sense in real-time in vivo dopamine release with diamond needles. They also get in vitro detection limit of 27 nM which is very near to that of carbon fiber sensors (11 nM)

[165]

.