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Neuron-gated silicon nanowire field effect transistors to follow single spike propagation within neuronal network
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ABSTRACT. Silicon nanowire field effect transistors SiNW-FETs provide a local probe for sensing neuronal activity at the subcellular scale, thanks to their nanometer size and ultrahigh sensitivity. The combination with micro-patterning or microfluidic techniques to build model neurons networks above SiNW arrays could allow monitoring spike propagation and tailor specific stimulations, being useful to investigate network communications at multiple scales, such as plasticity or computing processes. This versatile device could be useful in many research areas, including diagnosis, prosthesis, and health security. Using top-down silicon nanowiresbased array, we show here the ability to record electrical signals from matured neurons with topdown silicon nanowires, such as local field potential and unitary spike within ex-vivo preparations and hippocampal neurons grown on chip respectively. Furthermore, we demonstrate the ability to guide neurites above the sensors array during 3 weeks of cultures and follow propagation of spikes along cells. Silicon nanowire field effect transistors are obtained by topdown approach with CMOS compatible technology, showing the possibility to implement them at manufacturing level. These results confirm further the potentiality of the approach to follow spike propagation over large distances and at precise location along neuronal cells, by providing a multiscale addressing at the nano and mesoscales.

INTRODUCTION.

During the last decades, the possibility to establish a bidirectional communication link with electrically excitable cells, such as neurons, becomes very attractive for both fundamental and medical purposes. Many conceptual and technological advances were achieved, including in the field of neuroelectronic, which remains a unique way to obtain quantitative measurements of neuronal electrical activity and tailor specific stimulations. Besides recording the activity of many neurons individually, electrical devices are indeed able to stimulate or inhibit neural spikes at single cell level within large networks, which makes them suitable tools to interrogate neural networks within the brain, [START_REF] Seymour | State-of-the-art MEMS and microsystem tools for brain research[END_REF] slices or cell cultures. [START_REF] Bakkum | Tracking axonal action potential propagation on a high-density microelectrode array across hundreds of sites[END_REF] With nearly 40 years of development in that field, numerous materials and designs have been implemented on many substrates including transparent or flexible planar and 3D electrodes, [START_REF] Müller | High-resolution CMOS MEA platform to study neurons at subcellular, cellular, and network levels[END_REF][START_REF] Jun | Fully integrated silicon probes for high-density recording of neural activity[END_REF][START_REF] Park | Graphene-based carbon-layered electrode array technology for neural imaging and optogenetic applications[END_REF][START_REF] Park | One-step optogenetics with multifunctional flexible polymer fibers[END_REF] but still the current conventional microelectrodes (MEs) face limitations to reach the ultimate sensitivity and to probe sub-cellular event such as ion channel, dendrite or synaptic activity that occurs at the nano and micro-scales. [START_REF] Spira | Multi-electrode array technologies for neuroscience and cardiology[END_REF] Their sensitivity and noise being proportional to the surface area, the MEs cannot be reduced below the cell size, being usually around 20 -50 µm diameter wide for extracellular recording. Thus, MEs remain blind to the huge amount of information (weak signals) hidden within the dendrites, synapses, or ion channels. These key building blocks sustain all the brain processing and are involved in many neurodegenerative diseases, which motivates the development of nanoscale sensors, such as silicon nanowire field effect transistors (FETs). [START_REF] Vassanelli | Transistor records of excitable neurons from rat brain[END_REF][START_REF] Fromherz | Semiconductor chips with ion channels, nerve cells and brain[END_REF][START_REF] Poghossian | Field-effect devices for detecting cellular signals[END_REF][START_REF] Lambacher | Identifying firing mammalian neurons in networks with high-resolution multi-transistor array (MTA)[END_REF] Since the performance of FETs depends merely on their width-to-length ratio, the spatial resolution of the recording can be increased to the sub-micron range. In particular, the width of silicon nanowires could be reduced down to 6 to 10 nm, leading to an immense improvement of sensing properties for a variety of applications including real-time pH detection, chemical and bio-sensing. [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF] Additionally, the surface of SiNWs can be functionalized with catcher molecules such as antibodies, [START_REF] Hakim | Thin Film Polycrystalline Silicon Nanowire Biosensors[END_REF] cancer markers, [START_REF] Zheng | Multiplexed electrical detection of cancer markers with nanowire sensor arrays[END_REF] single-stranded DNA molecules [START_REF] Adam | Highly sensitive silicon nanowire biosensor with novel liquid gate control for detection of specific single-stranded DNA molecules[END_REF][START_REF] Hahm | Direct Ultrasensitive Electrical Detection of DNA and DNA Sequence Variations Using Nanowire Nanosensors[END_REF] and hybridization [START_REF] Gao | Silicon Nanowire Arrays for Label-Free Detection of DNA[END_REF] or virus [START_REF] Nuzaihan | Electrical detection of dengue virus (DENV) DNA oligomer using silicon nanowire biosensor with novel molecular gate control[END_REF] to enable a specific detection of analytes for medical applications. [START_REF] Patolsky | Nanowire-Based Biosensors[END_REF][START_REF] Shehada | Ultrasensitive Silicon Nanowire for Real-World Gas Sensing: Noninvasive Diagnosis of Cancer from Breath Volatolome[END_REF] Fromherz et al. was one of the first groups to record electrical signals from cells with silicon transistors, firstly on leach neurons in 1991, [START_REF] Fromherz | A neuron-silicon junction: a Retzius cell of the leech on an insulated-gate field-effect transistor[END_REF] then on cultured cell lines such as cardiomyocyte [START_REF] Offenhäusser | Cell-transistor hybrid systems and their potential applications[END_REF] or HL-1 cells [START_REF] Eschermann | Action potentials of HL-1 cells recorded with silicon nanowire transistors[END_REF][START_REF] Meyburg | Single cell recordings with pairs of complementary transistors[END_REF] and finally on isolated mammalian neurons. [START_REF] Voelker | Signal Transmission from Individual Mammalian Nerve Cell to Field-Effect Transistor[END_REF] At the same time, Lieber's group demonstrated the possibility to use ultrasensitive bottom-up silicon nanowire to record spikes from young cortical neurons (2-5 days old) deposited onto the nanosensors with PDMS stamp. [START_REF] Patolsky | Detection, Stimulation, and Inhibition of Neuronal Signals with High-Density Nanowire Transistor Arrays[END_REF] These pioneer experiments have paved the road for further implementation of SiNW-FET at the manufacturing scale, to provide prototypes for various bio-applications, including cancer diagnostic, or detection of DNA, virus, bacteria and biotoxin, explosive gas, protein, nuclei acid for health and security. [START_REF] Tran | CMOS-Compatible Silicon Nanowire Field-Effect Transistor Biosensor: Technology Development toward Commercialization[END_REF] In comparison with the emerging graphene technology that provides several bio-suitable properties such an excellent neuronal affinity in-vitro [START_REF] Veliev | Impact of crystalline quality on neuronal affinity of pristine graphene[END_REF] and in-vivo [START_REF] Bourrier | Monolayer Graphene Coating of Intracortical Probes for Long-Lasting Neural Activity Monitoring[END_REF] , high sensitivity and optical transparency [START_REF] Veliev | Recording Spikes Activity in Cultured Hippocampal Neurons Using Flexible or Transparent Graphene Transistors[END_REF] for instance, the silicon technology keeps two main advantages: the spatial resolution (~10 nm vs 10 µm for SiNW-and G-FET respectively) and the CMOS compatibility that enables large-scale implementation (at manufacturing level) with a mature technology.

Nanoscale sensing has been reported with G-FET, [START_REF] Veliev | Sensing ion channel in neuron networks with graphene field effect transistors[END_REF] but controlling sensing sites location is technologically challenging. Thus, at the present time, silicon nanowire FETs array provides a unique way to monitor neuronal activity at the nano and mesoscales in a reliable manner.

Here, we have fabricated defined arrays of (30-100 nm wide) silicon nanowire FET using topdown approach compatible with CMOS technology, and applied them to monitor electrical activity of several neuron assemblies: first within ex-vivo preparation (acute brain slice) and secondly within hippocampal neurons cultured directly on the sample and maintained during several weeks. These devices enabled real-time monitoring of local field potential within the brain slices, as well as single spike from the matured neurons cultured on chip. We show the ability to guide the growth of neurites above the nanosensors, that allows a precise control of the neurons-nanowire positioning (even after 21 days in culture) and to follow the propagation of spike along single cell. Our results confirm the ability to detect locally electrical signals generated by the activity of neuron assemblies, as well as from individual neuron grown on chip, with top-down fabricated silicon nanowires. These results further demonstrate the potential of this scalable technology that could be implemented at manufacturing level (300mm Silicon-on-Insulator, SOI) and being useful to probe neuronal architectures at the meso and nanoscales.

MATERIALS AND METHODS.

Fabrication of silicon nanowire FET arrays. Starting from high quality SOI substrates (SOITEC, France), single crystalline top Si-layer were selectively doped with boron atoms to form low doped (p-type, or pristine) nanowires with highly conductive (p++) drain-source contact areas. First, the undoped SOI substrate is oxidized to thin down the Si top layer to the desired thickness (30 -50 nm), which is then doped by plasma assisted (Boron) ion implantation technique. Next the ohmic contacts are defined by optical lithography using positive resist, followed by evaporation of metals (Ti/Pt/Au) and the resist lift-off. Using e-beam lithography, nanowires with different dimension and geometry can be realized on the same chip (figure 1a,S1). The width of the NWs hereby varies from 30 nm to 1 μm and the length from 6 to 10 μm.

Typically 90-80 NWs per chip are exposed and etched using reactive ion plasma etching (figure 1b-c). The contact resistance is reduced by a factor 100, after a rapid thermal annealing at (1h, 500°C) within inert (Ar/H 2 ) atmosphere. The annealing forms a conductive titanium silicide alloy, which lowers the Schottky barrier height between Ti and Si. [START_REF] Beyers | Titanium disilicide formation on heavily doped silicon substrates[END_REF] Finally, a thin gate high-k dielectric material is deposited using atomic layer deposition (ALD) above the nanowires (5-10 nm HfO 2 ), and the metallic leads are passivated with thick isolating layer (parylene-C or silica) to avoid any leakage current in liquid gate operation. The thick oxide is removed above the nanowires to expose them to the cells with photolithography and reactive ion plasma etching (figure 1d-e). These samples have been used for all ex-vivo and in-vitro applications, and electrical characterizations.

Silicon nanowire arrays have also been fabricated in CMOS technology platform on 300 mm SOI wafers. Similar process flow was used, except that the thin gate oxide (SiO 2 ) is thermally grown above the nanowire. This few-nanometers-thick passivation layer is protected by a SiN coating when removing the thicker silica oxide (300 nm) above the nanowire that isolates the metallic pads (figure 1c inset). The SiN layer is finally removed for sensing operation (figure 1d). These samples are a proof of concept of the large-scale implementation of our silicon nanowire FETs array and the CMOS compatibility of the fabrication process.

Electrical characterizations of the nanowires are characterized under ambient conditions, using a shield multi-probe station (figures 2a, 3a) connected either to a Keithley source-meter or a Primary hippocampal neurons culture. E16.5 pregnant mice were killed by cervical elongation. Hippocampi were dissected from the mouse embryos in HBSS-HEPES (Gibco), incubated 15mins in Trypsin 2,5% (Gibco), rinsed in HBSS-HEPES twice, and mechanically dissociated by repeatedly pipetting in 1ml attachment medium (MEM supplemented with 10% foetal bovine serum, 1% glutamine and 0.05% peniciline/streptomycine, Gibco). Cells were seeded with a density of 12 000 cells/cm² on the chip previously sterilized and coated with poly-L-lysine (PLL, 1mg/ml) to ensure neurons adhesion. PLL micropatterns are performed by photolithography before the culture, to guide the neurites outgrowth along defined pathway (figure S1). The neurochips were then incubated at 37°C and 5% CO 2 in the attachment medium, and replaced a few hours later by glial conditioned medium supplemented with 1 mM AraC. To obtain glial conditioned medium, glial cells from E16.5 mouse embryo cortex, were cultured in MEMc +10% FBS until confluency. The cells were then cultivated with serum free Neurobasal medium (Invitrogen) and the medium was collected after 48 h for subsequent use on neuron cultures. The culture medium was changed every 7 days, by replacing one-third of the volume with fresh astrocyte conditioned medium. The growth on silicon chip was observed using upright optical microscope (Olympus X51) and with conventional transmission microscope on the control glass coverslips.

Immunostaining. After the recording neurons are fixed in 3.9 % paraformaldehyde (10 min), permeabilized in PBS-0.25% Triton-X100, and blocked in PBS-2% bovine serum albumin.

Staining is then performed using the anti-Synapsin (1:500, Millipore), anti-YL1/2 (1:1000, BioRad) primary antibodies, and DAPI (1:1000, Sigma-Aldrich) for labeling the synaptic vesicles, the cytoskeleton and the nucleus respectively. Cells were washed in PBS and incubated with FITC and TRITC-conjugated secondary antibodies (Alexa Fluor, dilution 1/500). Cells were washed again in PBS and mounted in Mowiol (Sigma-Aldrich) mounting medium.

Immunofluorescence images were collected using an Olympus BX51 and immersive objectives x20 or x60.

RESULTS AND DISCUSSION

Array of silicon nanowire FETs. There are two main approaches for the fabrication of silicon nanowire, the bottom-up synthesis (typically by chemical vapor deposition CVD or molecular beam epitaxy) or the top-down nano-structuration (silicon etching or oxidation) of single crystalline silicon-on-insulator SOI wafer. While bottom-up fabrication leads to narrowest nanowires and highest mobility values, [START_REF] Cui | High Performance Silicon Nanowire Field Effect Transistors[END_REF][START_REF] Schmidt | Silicon Nanowires: A Review on Aspects of their Growth and their Electrical Properties[END_REF] the main drawback is to organize the nanowires at the mesoscale to obtain FET arrays with defined geometry and reliable electrical properties. Here, we have rather used the counterpart top-down approach, which is compatible with CMOS technology enabling large scale implementation of the nanowires with excellent and reliable electronic properties, and which provides an accurate positioning of the nanowires (fabrication process is detailed in methods).

Examples of the sample and nanodevice array are shown within figure 1. The arrays of nanowires can be designed to interface simple models of neurons networks, such as three-nodes closed loop network (figure 1a-b andS1). [START_REF] Roth | Neuronal Architectures with Axo-dendritic Polarity above Silicon Nanowires[END_REF] The SEM micrographs demonstrated the overall homogeneity and high quality of the silicon nanowires obtained with e-beam lithography and silicon etching. Figures 1c and1d are representatives of silicon nanowires fabricated within CMOS technology platform on 300 mm SOI wafers, that enable to further reduce their size down to 30 nm wide in a reliable manner even for long nanowires (typ. 6-10µm).

The insulating properties of the thin high-k dielectric material deposited above the nanowire (typ. 5 nm thick HfO 2 ) have been further investigated using tunneling atomic force microscopy (figure 1f). The leakage current from the device to the metallic AFM tip is well homogeneous over the sample surface, being around few pA (at 1V bias voltage) in agreement with gate source current I GS measured with the probe station. Higher values appear on sidewalls of the nanowire and metallic pads that certainly stem from a larger contact area with the AFM tip. This result demonstrates the homogeneous coating and efficiency of the top oxide above the nanowires. Electronic properties. As described in figure 2, the drain-source current through the transistor channel I DS is measured at varying polarization V DS and back-gate voltage V G . As expected for the low doped p-type nanowires 10 17 at/cm 3 , I DS saturates with increasing drain source voltage (negative V DS ) due to narrowing the FET conduction channel at the drain contact (figure 2b). We also fabricated highly doped nanowires (10 18 -10 19 at/cm 3 ), but the devices exhibit a rather ohmic behavior at low drain source voltage (figure 2c). As expected, the net current through the nanowire increases almost linearly hereby with its width (figure 2d).

When applying negative back-gate voltages, the majority carriers (holes) are accumulated, increasing the conductivity of the nanowire channel until the free carriers are exploited entirely and the conductance C DS saturates (figure 2e). For more positive V G values the nanowire is depleted, and no current is flowing through the channel due to the forming of p-n junctions between the depleted nanowire and heavily p-doped contact regions on source and drain sides.

The back-gate induced conductance modulation is stronger for low doped SiNWs, and the current through the channel scales with the width of the nanowire (figure 2f). As expected the sensitivity, proportional to the normalized transconductance scales with the width-to-length ratio W/L (figure 2g).

The effective carrier mobility can be extracted from the transfer curve in the linear regime according to the previous expression. To estimate the interfacial capacitance, we consider the nanowire as a wire of radius R embedded in a dielectric  r on an infinite conductive plate in distance d (200nm of SOI-BOX oxide). The analytic expression of the gate capacitance is then given by [START_REF] Wunnicke | Gate capacitance of back-gated nanowire field-effect transistors[END_REF] : with less than 1% error for d/R > 6. In our case, however the nanowire is lying on the silicon dioxide (back gate), which leads to a smaller effective dielectric constant:

. The effective radius R of the nanowire can be defined as the radius of a circle with the same area as the nanowire cross section. For the trapezoidal nanowires with widths of 100 nm and 50 nm high, the effective radius is 37.8 nm and the gate capacitance is c ox = 5.6.10 -4 F/m 2 . With a transconductance of g m =20 nA.V -1 at V D = 100 mV (figure 2g), this leads to an effective hole mobility μ h = 250 cm 2 .V -1 .s -1 , which is in the range of the bulk values with similar doping concentration, and slightly higher than previously reported value for top-down fabricated nanowires. [START_REF] Schmidt | Silicon Nanowires: A Review on Aspects of their Growth and their Electrical Properties[END_REF][START_REF] Sekaric | Size-dependent modulation of carrier mobility in top-down fabricated silicon nanowires[END_REF][START_REF] Stern | Label-free immunodetection with CMOS-compatible semiconducting nanowires[END_REF] The liquid gating properties of the SINWs are tested in water, saline solution and cell culture medium (Neurobasal, Invitrogen), by monitoring the nanowires conductance while sweeping the front gate potential with a quasi-reference Pt electrode immersed in the electrolyte above the nanowires. At the same time, a silver chloride Ag/AgCl reference electrode is used to measure the liquid potential as shown figure 3a. In analogy to the back-gate, the conductance increases due to the charge carrier accumulation by applying more negative voltages to the liquid gate. The maximum sensitivity is around 6 μS/V, considerably higher than with a back-gate 0.2 μS/V due to the thinner top gate oxide (few nms) and thus higher gate capacitance (figure 3b).

We have assessed the ability of silicon nanowire to detect short pulses similar to action potentials in neurons. Gaussian potential pulses (1 ms long) with varying amplitude V p were applied to the cell culture medium through the Pt-gate electrode, while the voltage drop at the nanowire was measured at fixed polarization current I DS = 100 nA. The DC-offset of the gate electrode was kept at 0 V to ensure the highest sensitivity (figure 3b). The potential pulses detected by nanowires can be seen in figure 3c-d. The detected signal exhibits slightly biphasic shape, indicating that the field effect induced conductance modulation (monophasic negative pulse:

) is superimposed with a slight capacitive current due to the rapid potential change ( ). The signal to noise ratio remains high (>3) even for weaker pulses (-5mV) enabling an efficient spike detection.

Ions sensitive field effect transistors. We have assessed the pH sensitivity of the nanowires. For that, the fluidic chamber above the nanowires is subsequently filled with a solution of different hydrogen ion concentration, while the FET conductance is monitored. With increasing pH, we observe an increase of the transistor channel current I DS . The depletion of positively charged hydrogen ions leads to more negatively charge surface at the oxide/solution interface. As a result, the concentration of majority carrier increases within the nanowire conduction channel and so does the drain-source current. This pH-induced current modulation is fully reversible and relatively stable in time (figure 4b).

The pH-sensitivity of the nanowires can be estimated according to the following expression: [START_REF] Gasparyan | pH Sensitivity, Noise, and Channel Length Effects in Si Nanowire FET Sensors[END_REF] with R ch the transistor channel resistance and I DS the modulation of current induced by a change of pH. The sensitivity of the nanowire is 46.4 mV/pH (at zero back gate voltage and V DS =1V) in agreement with the Nernst limit 59.5mV/pH for an ideal surface. [START_REF] Knopfmacher | Nernst Limit in Dual-Gated Si-Nanowire FET Sensors[END_REF] The devices sensitivity are almost one order of magnitude lower than bottom-up SiNW-FETs in electron regime, that reach mobility value of about 1350 cm 2 .V -1 .s -1 . [START_REF] Cui | High Performance Silicon Nanowire Field Effect Transistors[END_REF] However, these nanowires exhibit similar performance compared to the top-down SiNW-FETs which have been used for biosensing and for interfacing electrogenic cells, [START_REF] Eschermann | Action potentials of HL-1 cells recorded with silicon nanowire transistors[END_REF][START_REF] Vu | Top-down processed silicon nanowire transistor arrays for biosensing[END_REF] ie 2-6 µS/V and 41mV/pH. Also,

The application of a negative back gate voltage could be used to further improve the pH sensitivity of the nanowires. [START_REF] Gasparyan | pH Sensitivity, Noise, and Channel Length Effects in Si Nanowire FET Sensors[END_REF] Brain slices recording. The silicon nanowire arrays were interfaced with acute rat brain slices to assess their ability to record local field potential generated by the collective activity of a neuron assembly. Specially, we targeted the substantia nigra (pars reticulata, SNr) which is a major output nucleus of the basal ganglia circuitry located in the midbrain, mostly studied for motor disorders characteristic of Parkinson's disease. Interestingly, these networks exhibit a periodic activity with a frequency of about 10 Hz, [START_REF] Dejean | Synchronous high-voltage spindles in the cortexbasal ganglia network of awake and unrestrained rats[END_REF][START_REF] Dejean | Dynamic Changes in the Cortex-Basal Ganglia Network After Dopamine Depletion in the Rat[END_REF] which could facilitate the signal sorting analysis.

Isolated slices were placed onto the SiNW-chip in the tissue medium solution regulated at room temperature and bubbled with 95% O 2 , 5% CO 2 (figure 5c) The slice position over the chip is then adjusted to align the SNr area with the SiNW arrays, and the conductance of the nanowires are monitored along time, at constant drain-source voltages using our home-made electronics (see materials and methods, figure 5a-b).

Figure 5d shows a representative conductance time-trace recorded from the nanowires, and the expected low frequency oscillations characteristic of the SNr electrical activity. As the cells are still embedded in their highly connected network and matrix and relatively far from the sensor, the collected extracellular voltage rather results from the activity of many neurons than from a single spike/neuron. The frequency of the oscillation varies from 14 Hz to 7 Hz during the time of the recordings which is in good agreement with the frequency measured in living rats. [START_REF] Dejean | Dynamic Changes in the Cortex-Basal Ganglia Network After Dopamine Depletion in the Rat[END_REF] The estimated extracellular potential is about 5 mV, using sensitivity value (6 µS/V) estimated previously (figure 3), which is slightly higher than the values reported in-vivo (around 1mV) measured with nickel-chrome microwires.

Single spike detection within cultured neurons. Primary cultures of hippocampal neurons are performed in-situ on the silicon nanowire FET arrays until maturation (detailed in material and method). After 19-21 days in culture, the neurons and the network are mature in terms of electrical activity and connectivity. The synapses distribution is dense along the neurites as observed with immunofluorescent staining (figure 6a) as well as the network formed by the neurites that are both as expected for matured neurons. The overall activity of the network is confirmed on control sample by patch clamp measurements and calcium imaging (data not shown).

Neurons are guided over the array of nanowires with patterns of poly-L-lysin molecules. [START_REF] Roth | Neuronal Architectures with Axo-dendritic Polarity above Silicon Nanowires[END_REF] An example is shown figure S1. The efficiency of the adhesive patterns is enough to keep several neurites above the sensors after 3 weeks in culture, even if neurons start to spread outside the patterns as shown within figure 6b-c. The cultured neurons strongly adhere on the substrate and its topography. As observed within figure 6d, the nanowires are well embedded by neurons which wrap the three faces of the nanowires. Such high covering of the nanowire by the neurons should also increase the sealing resistance and thus the device response as observed for mushroom-like structure, [START_REF] Hai | Spine-shaped gold protrusions improve the adherence and electrical coupling of neurons with the surface of micro-electronic devices[END_REF] in comparison with planar microelectrode.

After 3 weeks of neurons culture, the conductance of the nanowires is monitored at fixed bias current, as described previously within materials and methods section. The addition of bicuculline (BIC, 20 μM, 15 min 37 °C) -a GABA A receptor antagonist which activates spiking activity -in the culture medium allows to increase the probability to detect single spike as there are few neurons above the sensor array. The time traces of the conductance of two neighboring SiNW-FETs (40 μm apart) exhibit high spiking activity (figure 7a), with several short pulses (1-2ms) and longer bursts, that are characteristic of neuronal activity. The response of the nanowires is higher than for extracellular local field potential recorded from ex-vivo preparation (figure 5d).

The polarity is also opposite. The conductance changes C range from minus 100-200 nS, which correspond to a positive potential change of 16-33 mV with a typical nanowire sensitivity of -6 µS/V (figure 7b). The responses of the nanowires indicate that majority carriers are repulsed from the transistor channel, in result of an increase of positive charges at the top gate interface that could be caused by inward current of Na + sodium or Ca 2+ calcium ions during either action potential spike or post-synaptic currents propagation. These values suggest that the nanowires record intracellular potential changes, which can occur in case of a strong ohmic coupling to a leaky neuron membrane and when the nanostructure are engulfed by the plasma membrane. 9,44- 48 The traces detected on two adjacent nanowires are well correlated as shown in the raster plots (figure 7c). The cross-correlation between the two recording traces (for NW1 and NW2) shows a clearly identifiable shift, which corresponds to a time delay of ∆τ = 74 μs (figure 7d). Same time delay was also found by comparing individually the shift between the spikes detected at each nanowire. For the conductance modulation due to the potential fluctuations in the cell culture medium or due to the electrical noise of the setup, the cross-correlation function would be centered at zero. The observed shift however suggests a propagating signal. The propagation velocity can be calculated to v = d/∆τ = 0.52 m/s, which is in good agreement with the values reported for propagation of neural spikes in cultured hippocampal neurons. [START_REF] Patolsky | Detection, Stimulation, and Inhibition of Neuronal Signals with High-Density Nanowire Transistor Arrays[END_REF] The conductance time traces of the nanowire were recorded after the experiment. When neurons die, the short spikes are suppressed and the conductance of the nanowires decrease down to its initial value (without neurons), which is consistent with a disruption of the negatively charged plasma membrane (right time-windows in figure 7a). Under ambient atmosphere, the pH of the culture medium shifts towards more alkaline values following the deficit of CO 2 that leads to cell death as the exposure is prolonged.

Discussion. Detection of neuronal activity on patterned neuronal networks is extremely challenging due to several reasons. Firstly, the neural maturation, i.e. the establishment of spontaneous electrical activity, is delayed on isolated networks containing only few neurons, [START_REF] Rutten | Cultured neural networks: Optimization of patterned network adhesiveness and characterization of their neural activity[END_REF] while extended culturing periods usually result in soma displacement and clustering. Secondly, the contact area of the neurite with the FET device is very small, around 1/5 of the FET channel, which decreases the effective sensitivity. The potentially detected signal can be buried into the recording noise. Decreasing the NW length would improve the coupling, but also complicate the neural patterning.

The fabricated SiNW-FETs were able to detect local field potentials generated in acute brain slices, follow signals propagation within hippocampal neuron cultures and defined neuronal networks with an exact positioning of neurites above the transistors. The ability to keep neurons above the devices during 3 weeks seems favor an optimized coupling with the cell. The neurons may engulf the nanowire, providing high conductance modulation in comparison with previous planar Si-and SiNW-FETs, [START_REF] Offenhäusser | Cell-transistor hybrid systems and their potential applications[END_REF][START_REF] Eschermann | Action potentials of HL-1 cells recorded with silicon nanowire transistors[END_REF][START_REF] Voelker | Signal Transmission from Individual Mammalian Nerve Cell to Field-Effect Transistor[END_REF][START_REF] Wrobel | Cell-Transistor Coupling: Investigation of Potassium Currents Recorded with pand n-Channel FETs[END_REF] with recorded potential ranging from 100-200 μV up to 1 mV. [START_REF] Voelker | Signal Transmission from Individual Mammalian Nerve Cell to Field-Effect Transistor[END_REF] This kind of recordings strongly depends on the transistor dimensions (which affect the sensitivity) and cell type interfaced to the FET. As reported in several studies, the coupling could change by several magnitude the response of neuron gated FET. [START_REF] Massobrio | Interfacing Cultured Neurons to Microtransducers Arrays: A Review of the Neuro-Electronic Junction Models[END_REF] Our results suggest that our system enables an optimized coupling, both on morphological and electrical point of views, between the FETs and the neurites.

Finally, we have compared the performance of our silicon nanowire and graphene transistors [START_REF] Veliev | Recording Spikes Activity in Cultured Hippocampal Neurons Using Flexible or Transparent Graphene Transistors[END_REF] (summarized table 1). From this comparison results two main advantages of SiNW-FET: (1) the spatial resolution (device size) and ( 2) the compatibility of the fabrication process with CMOS technology platform, which enable large scale implementation with a well-established (mature)

technology. Together, these advantages open the way for sub-cellular investigations at the synapses or neurites level, to follow spikes propagation at the nano-and mesoscales along a single cell and its network with a dense array of nanosensors. The cost of this high spatial resolution impacts the device performances that exhibits a lower mobility and higher noise level [START_REF] Hess | High-transconductance graphene solution-gated field effect transistors[END_REF] than graphene FET. But interestingly, while the sensitivity is higher for our G-FET, the signal to noise ratio remains comparable when using SiNW-FET and high enough (up to 5 times higher than the standard deviation) for single spike detection within neurons network. Similarly, previous reports did not show significant (S/N) difference between graphene and silicon nanowire FETs for cardiomyocytes recording. [START_REF] Cohen-Karni | Graphene and Nanowire Transistors for Cellular Interfaces and Electrical Recording[END_REF] To conclude, the higher spatial resolution reached with silicon nanowire FET does not reduce the detection ability of the devices. Future works should focus on functionalization strategy such as biomimetic coating [START_REF] Bourrier | Introducing a biomimetic coating for graphene neuroelectronics: toward invivo applications[END_REF] for instance, in order to improve the poor biocompatibility (in term of immune and inflammatory reaction) of the rigid silicon technology that could impede long-lasting recordings for in-vivo applications.

Table 1 summarizing properties of silicon nanowire and graphene field effect transistors for sensing neurons electrical activity. Labels (+) indicate that the material exhibits the required property, and (-) if it is technologically challenging respectively. Data extracted from [START_REF] Veliev | Recording Spikes Activity in Cultured Hippocampal Neurons Using Flexible or Transparent Graphene Transistors[END_REF][START_REF] Hess | High-transconductance graphene solution-gated field effect transistors[END_REF] and this work.

CONCLUSION.

We have implemented arrays of three-gated silicon nanowires with top down approach for biosensing applications. The fabrication of the nanosensors is compatible with CMOS technology for large scale implementation on 300 mm substrate. The devices exhibit performance comparable with the state of the art, allowing to detect a wide range of neuronal signal from low frequency LFP oscillatory waves to single spike within in-vitro mature networks. In that way, silicon technology offers a reliable multiscale addressing of neuronal network at the nano and mesoscales, that overcomes the spatial resolution limitation of the emerging graphene technology while keeping similar signal to noise ratio. In addition, we have demonstrated the ability to guide neurite along the sensors arrays, opening the way to follow single spike propagation at the single cell level and along mesoscale network. Our measurements suggest high values of the recorded voltage at the cell-sensor junction, that reveal a strong coupling with the cell. This feature would be an advantage for improving detection efficiency, especially for weak neuronal signals along neuritis. Further investigations combining patch clamp with SiNW-FETs for instance would be useful to investigate further that interface and to decipher the cell-device coupling features in future works. 

FPGA (fast programmable

  gate array) card interfaced with LabView for polarization and acquisition. The nanowires are voltage biased while a low noise femto-current amplifier monitors the drain source current. Input and output cables are filtered to remove all the high frequency (>2kHz) parasitic signals. Electrical setup and schematics are shown with the electrical characterizations (figures 2 and 3). Neuronal signal monitoring. A complete, portable and reliable system has been developed to monitor the channel resistance of 12 transistors simultaneously at 10kHz sampling frequency each and fixed current I DS (figure 5a and 5b). A bipolar modulation of the bias current is used to cancel all parasitic electromagnetic (e.m.f.) signals. The current source ranges from 200nA to 700nA, that could be changed by a polarization resistor switch. All acquisition parameters (sample frequency, current setpoint, biased transistors) can be changed in real-time, with an intuitive software coded in Delphi. Analog to digital converter ADC readings are synchronized by the hardware. The system, composed by the printed circuit board PCB and the software is able to display simultaneously 12 transistors impedances variation. Acute brain slices. Sagittal slices containing the rostral midbrain (300 µm thick) were prepared from young male Sprague-Dawley rats (postnatal days 17-21; Janvier, Le Genest St Isle, France). All experiments were performed according to animal care guidelines in agreement with the European Community Council Directive of November 24, 1986 (86/609/EEC), in accordance with the French guidelines on the use of living animals in scientific investigations and with the approval of the "Grenoble Institute of Neurosciences ethical committee". Rats were killed by decapitation and their brains were removed rapidly and cut into slices with a vibratome VT1000S (Leica, Wetzlar, Germany) in cold low Ca 2+ -high Mg 2+ artificial cerebral spinal fluid (ACSF) containing: 126 mM NaCl, 2.5 mM KCl, 7 mM MgCl 2 , 0.5 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 11 mM D-glucose, bubbled with 95% O 2 /5% CO 2 . Sagittal slices containing the Substantia Nigra pars reticulata (SNr) were placed in ACSF (126 mM NaCl, 2.5 mM KCl, 1.2 mM MgSO 4 , 2.5 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 11 mM D-glucose) saturated with 95% O 2 /5% CO 2 and supplemented with 1 mM sodium pyruvate at room temperature, for a recovery period.
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 6 FIGURE 6. Neurons cultured and guided above silicon nanowires FETs. (a) Immuno-
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Supplementary Information

Silicon nanowire field effect transistors to follow single spike propagation within neural network