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This study presents a novel approach to improve the performance of microelectrode arrays (MEAs) used for electrophysiological studies of neuronal networks. The integration of 3D nanowires (NWs) with MEAs increases the surface-to-volume ratio, which enables subcellular interactions and high-resolution neuronal signal recording. However, these devices suffer from high initial interface impedance and limited charge transfer capacity due to their small effective area. To overcome these limitations, the integration of conductive polymer coatings, poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) is investigated as a mean of improving the charge transfer capacity and biocompatibility of MEAs. The study combines platinum silicide-based metallic 3D nanowires electrodes with electrodeposited PEDOT:PSS coatings to deposit ultra-thin (<50 nm) layers of conductive polymer onto metallic electrodes with very high selectivity. The polymer-coated electrodes were fully characterized electrochemically and morphologically to establish a direct relationship between synthesis conditions, morphology, and conductive features. Results show that PEDOT-coated electrodes exhibit thickness-dependent improved stimulation and recording performances, offering new perspectives for neuronal interfacing with optimal cell engulfment to enable the study of neuronal activity with acute spatial and signal resolution at the sub-cellular level.

Introduction

Recording and stimulating the electrical activity of neurons with acute spatiotemporal resolution is a fundamental step toward an in-depth understanding of the mechanisms involved in their small effective area, high initial impedance, and low chargetransfer capacity. Moreover, the mechanical mismatch between the stiff metallic electrode and the surrounding soft neural tissue may trigger immune responses, which lead to encapsulation of the electrodes, neuronal degeneration, and subsequent device failure. [34,35] Consequently, 3D-electrode performances must be improved through surface modification at the nanoscale to enable precise recordings and maximum charge transfer, as well as keeping the optimal designs of the electrodes, while being minimally troublesome to the tissue. Metallic and organic coatings on the electrode active site, such as IrOx, [36][37][START_REF] Zeng | IEEE Intl. Conf. on Cyborg and Bionic Systems (CBS)[END_REF][START_REF] Peixoto | Ann. Intl. Conf. of the IEEE Engineering in Medicine and Biology Society[END_REF] Pt black, [START_REF] Fujishiro | [END_REF] graphene oxide, [41,[START_REF] Batrisya Ismail | IEEE-EMBS Conf. on Biomedical Engineering and Sciences (IECBES)[END_REF] carbon nanotubes, [START_REF] Saunier | [END_REF] or conductive polymers such as Poly (3,4-ethylenedioxythiophene) (PEDOT) [7,10,[44][45][46] have been gaining considerable interest for interfacing with neurons as they can improve charge transfer and reduce the electrode impedance. PEDOT:PSS possesses well-known properties such as high conductivity, biocompatibility, and excellent stability. Last, due to its soft nature, PEDOT:PSS has the potential to reduce the mechanical mismatch at the electrode-cell interface. [34] Therefore, it is envisioned as minimally disturbing to the tissue and is an ideal candidate for improving 3D-structured electrodes performances.

Here, we combine metallic nanowire-based electrodes , made of platinum silicide (PtSi), with the remarkable properties of polystyrene sulfonate-doped PEDOT (PEDOT:PSS). We demonstrate for the first time the ability to deposit, with high selectivity, a nanoscale layer of conductive polymer coating onto the NWs using electrodeposition. The deposition was first optimized on PtSi planar microelectrodes with diameters ranging from 80 to 5 μm, for surface scaling, comparison with the literature, and investigation, as diameters under 10 μm are not commonly studied. Electrochemical depositions were then performed on PtSi NWs, and parameters were tuned to obtain nanolayers of PEDOT:PSS. All coated probes were electrochemically assessed, and PtSi electrodes were tested as controls. Electrochemical impedance measurements were used to evaluate the improvement of the recording performances, and cyclic voltammetry measurements were performed to evaluate the charge storage capacity. Voltage transient experiments were completed to investigate the electrodes behavior under electrical stimulation conditions. All coated electrodes were also morphologically characterized using scanning electron microscopy, in order to establish a direct relationship between the synthesis conditions, the layer morphology, and the electrical features.

Results and Discussion

PEDOT:PSS Coating Optimization on Planar Microelectrodes

For the first part of the study, we used a microfabricated MEA device composed of planar platinum-silicide microelectrodes, structured on a silicon-on-insulator substrate, with diameters ranging from 5 to 80 μm. All access lines are insulated from the liquid media; however, it is worth mentioning that part of them is exposed, which thus adds 4 μm 2 of conductive surface to each electrode, as shown in Figure 1a. This additional active area has been considered in all experiments and calculations. Details about the microfabrication can be found in the experimental section. All PEDOT:PSS electrochemical depositions were optimized on this planar design first prior to coating nanowire-based electrodes to facilitate the implementation on 3D-nanostructures by targeting the same range of surfaces, study the effect of surface scaling, and make the positioning with literature easier.

The electrodeposition route is an important parameter, as it affects the growth of the polymer, its morphology, and its electrochemical properties. In this study, we investigated two electrochemical depositions, each performed through an oxidation process by either the application of a constant current (galvanostatic mode) or a potential scanning through cyclic voltammetry (potentiodynamic mode). Both depositions were performed in aqueous media using a conventional three-electrode cell configuration, as illustrated in Figure 1b, in which the microelectrodes were coated individually. The PtSi microelectrode was used as the working electrode (WE), a thick Pt wire was used as the counter electrode (CE), and a commercial Ag/AgCl electrode was used as the reference electrode (RE).

Galvanostatic (GS) deposition was carried out at a current density of 10pA μm -2 and a temperature of 21 ± 1°C until a total charge of 1.9 nC μm -2 was consumed. A relatively low synthesis potential at the initial stage of the GS synthesis (750 mV) suggests the polymerization of the adsorbed oxidized monomer layer. The GS electropolymerization process has not yet been fully elucidated; nonetheless, several mechanisms are commonly accepted. [45,[47][48][49] In such mechanisms, the initial potential rise is caused by the evolution of the monomer concentration gradient, and is followed by a primary nucleation process divided between the induction period (monomer oxidation and oligomerization) and progressive steady nucleation, followed by 2D and 3D growths of the conductive polymer on the PtSi surface. This forms a positively charged PEDOT polymer structure, with a negatively charged PSS doping agent acting as a counter ion. In potentiodynamic deposition (PD), electrodes were cycled from -0.7 to 1 V, at a scan rate of 10 mV s -1 for two cycles. The cyclic voltammogram (CV) shown in Figure 1d is typical of what has been reported elsewhere in PD electropolymerization conditions. [48] The oxidation current is observed at positive potentials higher than 750 mV. This feature is attributed to the oxidation of the monomer prior to polymerization through mass transport and charge transfer processes. A nucleation loop is then observed between the forward scan and reverse scan in the CV, which is associated with the initial stage of the nucleation process of the PE-DOT:PSS film.

The morphologies of the PEDOT:PSS coatings obtained by both GS and PD modes have been inspected using optical and scanning electron microscopy (SEM). Both electrochemical deposition routes provide an individual, precisely localized coating onto the conductive part of the electrode, as seen in Figure 1e. SEM images in Figure 1f demonstrate that all electrode diameters, from 5 to 80 μm, were uniformly covered in PEDOT:PSS. However, the surface morphology was found to be dependent on the deposition route used for the PEDOT synthesis. The structure of PEDOT in GS conditions appears thin and smooth, with a very localized and uniform surface. This is due to the low polymerization rate and low deposition charge, which induce a controlled deposition. On the other hand, PEDOT:PSS deposited in PD conditions produced a highly porous globular 3D structure with an uncontrolled and inhomogeneous distribution. In addition, the polymer quantity deposited onto small electrodes (∅ < 20 μm) exceeds the electrode diameter, making it difficult to evaluate the real active surface. The micron-scale surface structure of PtSi, GS-coated electrodes has been characterized and compared with Atomic Force Microscopy (AFM). Results are represented in Figure 1g, and the rugosity has been calculated (RMS Sq, 2.811 nm, 4.683 nm for PtSi and GS-coated electrodes, respectively). A slight increase in the rugosity of the surface, hence an augmentation in the active area when coated, can be observed in the case of GS-coated electrodes. The quantity of PEDOT:PSS deposited via PD ∅5 μm electrodes has been estimated with a profilometer scan, as exposed in Figure 1h,i. The PEDOT:PSS coating is ≈50 μm long and 3.5 μm high, which greatly exceeds the initial planar dimensions of the electrode and opens new perspectives for 3D-microstructurations of planar microelectrodes.

Both deposition routes present very different features, almost opposite. PD-deposited PEDOT:PSS layers tend to form 3D micro-structures, which exceptionally increase the active area of the electrode. On the other hand, the GS is more controlled, homogeneous, and precise, which likely makes it more compatible with and integrated with nanowires. V a and V p represent the access potential and the polarization potential respectively. Here, V p , the polarization potential, equals the cathodic water window limit value, meaning it reaches the CIL. h) Current injection limit as a function of diameter for uncoated and coated electrodes. i) Charge Injection Limit as a function of diameter for uncoated and coated electrodes.

Recording and Stimulation Performances of Planar Microelectrodes

The effect of PEDOT:PSS coating on PtSi planar electrodes was investigated through Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV), and Voltage transient experiments (see details in the Experimental Section). Uncoated PtSi electrodes of identical diameters were also tested as controls. EIS was performed on coated electrodes to assess their recording performance. Data were acquired in a two-electrode configuration using a Pt electrode as the counter electrode in the frequency range 10 0 -10 5 Hz with an amplitude of 20 mV in a 0.9%w NaCl solution. to a lack of sensitivity of the equipment in low frequency range.

The phase angle within the frequency range 10 2 -10 5 indicates a mixed capacitive-ohmic-like behavior, which is similar to what has been observed on Pt electrodes. [46] As expected, the presence of a PEDOT:PSS layer induces a lower mean impedance, as well as a change in the phase shape, implying an increase in the conductivity and electroactive area of the electrode. Thus, the transition from the capacitive regime to the series-resistance dominant regime happens at lower frequencies (from above 10 5 Hz for PtSi, to 10 3 and 10 Hz for GS-coated and PD-coated electrodes, respectively). The GS-deposited PEDOT:PSS shows a lower impedance in the capacitive regime of approximately an order of magnitude compared to bare PtSi. Due to its cauliflower-like shape, the PD deposited PEDOT: PSS layer not only augments the effective area but broadens the real electrode area as well. Hence, it exhibits an even lower mean impedance in the capacitive regime (almost two orders of magnitude lower than bare PtSi), and the earliest shift to the series-resistance dominant area. Figure 2c represents the impedance values at 1 kHz, the frequency of an action potential commonly used as a reference. The data have been fitted using allometric power functions. Fitted data demonstrate that PDcoating the electrodes lowers the impedance of about ten times across the entire diameter range. GS-coating, however, lowers it by ten times for small electrodes (from 1 to 0.1 MOhm for Ø5 μm electrodes), by 20 times for medium-sized electrodes (Ø20 μm)

and by 60 times for bigger electrodes, from 0.3 to 0.005 MΩ for Ø80 μm. Similar studies have been conducted on PEDOT:PSS/Pt electrodes with diameters of 2.5-20μm [33] resulting in impedance reductions of ≈2.2 times for small diameters (5 μm). Electrodes with 20 μm diameters and above, composed of PEDOT:PSS on Au, Pt, and nanostructured Pt, have been reported in the literature. Waafi et al. have reported an impedance reduction of 15 times for Ø30 μm PEDOT:PSS covered Pt electrodes. [50] Ganji et al. have observed a reduction of the impedance of 25 times for medium-sized electrodes (Ø20 μm); however, they reported a reduction of only 20 times for bigger electrodes (Ø80 μm). [46] The impedance reduction we report for all diameters, along with the calculated specific impedance (see Table 1), indicate that our PEDOT:PSS coated electrodes can be considered at the state-ofthe-art when compared to the literature.

To assess the coating influence on the electrical stimulation performances of the electrodes, cyclic voltammetry and voltage transient experiments were performed, in order to determine the cathodal Charge Storage Capacity (CSC) and Charge Injection Limit (CIL). The CSC, which represents the maximum charge available that could be reversibly injected during a cathodic pulse, is defined as the time integral under the cathodic current within the cycled region. [START_REF] Merrill | Somatosensory Feedback for Neuroprosthetics[END_REF] The potential range used for cycling is preferably within the water electrolysis window, whose limits are defined by the water reduction potential (cathodal limit) and the water oxidation potential (anodal limit). Outside those limits, irreversible faradaic reactions take place, which may be deleterious for the neuronal tissue or the electrode itself. [START_REF] Ganji | [END_REF] The cathodic CIL is a subset of the CSC, which represents the real available charge that can be reversibly injected during cathodic pulsing. The CIL is determined using voltage transient experiments, during which the maximum injected current is determined before polarizing the electrode potential beyond the cathodal water window limit. A large CSC and CIL, and therefore a large amount of injectable charge, are desirable for maximum stimulation performance.

CV measurements were conducted using the conventional three-electrode setup mentioned above. The uncoated PtSi CV curve in Figure 2d has been obtained on a Ø30 μm electrode, within the -0.9 and 1.2 V potential range, at a scan rate of 200 mV s -1 in a 0.9%w NaCl solution. The water electrolysis window of the PtSi is considered to be -0.9/1.1 V, which is similar to the typical Pt water window when cycled in PBS. [53] The typical hydrogen adsorption and desorption peaks appear between -0.5 and -0.8 V. Nonetheless, it is interesting to notice the absence of a surface oxidation area and oxide reduction peak when compared to the conventional Pt CV shape. [53] Figure 2e illustrates the CV curve of PtSi, PEDOT:PSS/PtSi (GS coated), and PEDOT:PSS/PtSi (PD-coated) Ø30 μm electrodes characterized between -0.5 and 0.6 V at 200 mV s -1 to avoid any undesirable faradaic reactions. Indeed, organic electrodes usually exhibit a smaller water electrolysis window, from -0.9 to 0.6 V in the case of PEDOT:PSS/Pt or PEDOT:PSS/Au. [START_REF] Ganji | [END_REF] As expected, a great increase in the electroactive area can be observed. In accordance with the coating morphology, PD-coated electrodes feature a larger effective area than GS-coated probes. Additionally, the symmetry of the PEDOT:PSS/PtSi cyclic voltammograms implies that the doping process is highly reversible, which indicates promising properties regarding the ionic to electronic charge transfer at the electrode interface. [START_REF] Saunier | [END_REF] The cathodic CSC values of the probes has been extracted from these data, considering the initial planar area of the electrode, and results, which have been fitted using allometric power functions, and are displayed in Figure 2f. As anticipated, the CSC of the PEDOT:PSS coated electrodes is significantly higher than bare electrodes. PD-coating the electrodes increases the CSC up to 10 times for small electrodes, with 176 mC cm -2 for Ø5 μm PD-coated electrodes compared to 16.3 mC cm -2 for Ø5 μm PtSi electrodes. The CSC is increased up to five times for larger electrodes, with 4.16 mC cm -2 for Ø80 μm compared to 0.25 mC cm -2 for Ø80 μm PtSi electrodes. GS-coated electrodes demonstrate a distinct behavior when compared to PD-coated electrodes. They exhibit a slight increase in CSC for small electrodes (Ø5 μm), reaching 19.7 mC cm -2 , while for larger electrodes (Ø80 μm), the increase is magnified up to 52 times, resulting in a CSC of 13.03 mC cm -2 .We demonstrated a very prominent improvement for small PD-coated electrodes; nonetheless, the morphology of the coating is extremely rough, and the coating exceeds the initial planar electrode active area. The improvement appears less significant in the case of small GS-coated electrodes <Ø20 μm due to the thin morphology of the coating. Nonetheless, it is important to note that the CSC can only be regarded as a relative value, as it relies on the electrode material, shape, electrolyte composition, and experiment conditions (potential range and scan rate). In addition, when cycled, the electrode is subjected to a slow voltage ramp, which contrasts with the usual neuronal stimulation conditions.

Consequently, voltage transient experiments are more likely to represent the true electrode behavior during cell stimulation, as the probe is exposed to multiple cathodal-first, biphasic current pulses. Here, we applied symmetric cathodal-first biphasic pulses of a millisecond, with an interphase gap of 10 μs, and an interpulse delay of 95 ms. [START_REF] Ganji | [END_REF][54][55][56] An example of the voltage transient response to injected current of a Ø60 μm PtSi electrode is displayed in Figure 2g. Two slopes can be observed. The first voltage drop corresponds to the access potential (V a ), associated with the ohmic resistance of the liquid media. The second slope, which indicates a gradual polarization at the electrode interface, is designated as the polarization potential (V p ). Interestingly, the PtSi voltage transient is similar to the usual Pt response. [26,[START_REF] Ganji | [END_REF] The maximum injectable current determined to calculate the CIL is considered to be when ΔV p reached the cathodic water window limit value [START_REF] Ganji | [END_REF] and is plotted in Figure 2h. Coated probes reach their limit at higher current (examples of voltage transient response for PEDOT:PSS-coated probes are displayed in Section S2, Supporting Information), meaning more charge can be injected before creating undesirable faradic reactions that are deleterious for the cell membrane or electrode itself. The corresponding CIL values have been calculated, and the results are exposed in Figure 2i. The CIL of PtSi electrodes ranges between 0.5 and 0.03 mC cm -2 , and analogous results have been reported on Pt microelectrodes [START_REF] Ganji | [END_REF] (CIL 0.83 mC cm -2 ). The CIL of GS-coated probes ranges between 8 and 5 mC cm -2 and PD-coated electrodes exhibit a CIL ranging from 50 to 5 mC cm -2 for Ø5-Ø80 μm, respectively. Optimized PEDOT-based coatings have been reported in a similar range between 1.2 and 8.4 mC cm -2 . [START_REF] Ganji | [END_REF]57] Yet, in the case of small electrodes (Ø5 μm), a GS-coating increases the CIL by 16 times, and this increase is greater than what has been observed on PEDOT:PSS-coated Pt electrodes of similar diameters. [START_REF] Ganji | [END_REF] The improvement is even greater with PD-coated results. Indeed, PD-coating increases the CIL of small electrodes by 100 times, which is particularly boosted by the cauliflower-like morphology.

The improvement of the performances induced by PE-DOT:PSS coating is highly beneficial for sub 10 μm diameter electrodes, which were until now difficult to implement in MEA devices, due to the strong degradation of the global performance (impedance, SNR, current injection…) linked to the miniaturization of the surface. This opens new perspectives for electrophysiology studies with high resolution.

PEDOT:PSS Coating Optimization on 3D-Nanostructured Microelectrodes

For the second part of the study, we used a microfabricated device called a Nanostructured Electrode Array (NEA), [17] as shown in Figure 3a, where the sensing part is composed of seven interconnected vertical core-shell type PtSi nanowires of 3.5 μm height and 350 nm diameter each. However, the base of each nanowire remains insulated and only the upper part is exposed (further details can be found in Section S1 and Figure S2, Supporting Information), hence the recording site is 3 μm high, as seen on Figure 3b. The total conductive surface per electrode is estimated to be 23.8 μm 2 . Details about the fabrication process can be found in the Experimental Section. The key aspect ratio of the probes contributes to achieving a high interaction with cells [18,19,23,58,59] and thus reaching high signal resolution, therefore it has to be maintained. For that matter, nanoprobes were coated using only galvanostatic deposition to obtain a thin and conformal coating. Indeed, as expected, the PD-route leads to a rough morphology of the layer, which is incompatible with an integration on nanostructures, as illustrated in Section S1 (Figure S1, Supporting Information). Electrochemical deposition was performed in the same three-electrodes configuration as detailed above (Figure 1b), in the same electrolyte solution of 10 mm EDOT and 10 mm Na:PSS. The conductive part of the probes was successfully coated, as presented in Figure 3b. The scanning transmission electron microscopy with high-angle annular dark-field image (STEM-HAADF) showing the cross-section confirms that the PEDOT:PSS layer is dense, homogeneous, and wraps around the nanostructure tightly. Energy Dispersive X-Ray Analysis (EDX) has been performed on the coated NWs and results can be found in Section S1, Figure S2 (Supporting Infor-mation). The conductive polymer thickness has been tuned by applying currents between 10 and 5 pA μm -2 and total consumed charges between 60 and 2 nC per electrode, which corresponds to charges varying between 2.52 and 0.084 nC μm -2 (Figure 3c). As a result, PEDOT:PSS coatings with a thickness range between 700 and 40 nm have been obtained, as represented in Figure 3d. Thin coatings were successfully achieved, meaning the preservation of the key aspect ratio of the NWs, which would imply optimal cell engulfment. Thin PEDOT:PSS depositions (the reported layer thickness is 100 nm) on 1 μm high mushroom-shaped microelectrodes have been reported [10] as well; however, to the best of our knowledge, layers thinner than 100 nm have not yet been demonstrated. PSS coated electrodes using a simple 5-elements circuit, composed of an electrolyte resistance (R s ), a charge-transfer resistance (R ct ), a double layer capacitance (C dl ), as well as a system capacitance (C p ) and system resistance (R p ). e) Graph representing the experimental and modelized impedance modulus and phase of a PtSi NWs electrode. f) Graph representing the experimental and modelized impedance modulus and phase of a coated NWs electrode (410 nm thick). g) Graph exposing the variation of Cdl and Cp with respect to the coating thickness. h) Graph exposing the variation of R ct and R s with respect to the coating thickness. In all the panel, the diameter of PtSi NWs is 350 nm.

Electrochemical Impedance Spectroscopy

Similarly

as controls. As previously explained, EIS data were acquired in a two-electrode configuration using a Pt electrode as the counter electrode in the frequency range 1-10 6 Hz with an amplitude of 20 mV in a 0.9%w NaCl solution. The measured impedance modulus and phase spectra for bare PtSi and coated NWs, over the frequency range 10 1 -10 5 are represented in Figure 4a,b. In accordance with what has been observed on planar electrodes, the mean impedance of PtSi NWs decreases proportionally with the coating thickness. The phase angle of bare NWs exhibits a high variability between 10 1 and 10 2 , which, corresponds to noise induced by the potentiat. The phase angle is close to -90°across the frequency range 10 2 -10 5 Hz, which indicates a highly capacitive behavior. When coated, the phase angle changes correspondingly with the coating thickness, which demonstrates an increase in the effective area and a shift to an ohmic-like behavior. Analogous trends have already been obtained on PEDOT-coated microthreads, [60] PEDOT-coated 3D-structured microelectrodes, [10] and PEDOT nanotubescovered electrodes. [61] The thermal noise can be extracted from these impedance measurements, for PtSi-and PEDOT:PSScoated electrodes (layer thickness 400 nm) following the method described in Section S3 (Supporting Information). The thermal noise is found to be slightly lower with PEDOT: PSS coated electrodes (4.10 μV ± 0.10 μV) that PtSi NWs-based electrodes (4.37 μV ± 0.29 μV). Impedance values at 1 kHz have been extracted, and the data have been fitted using a linear function, as represented in Figure 4c. The impedance of bare PtSi NWs is 0.9 MOhm, and, as expected, the impedance value decreases when coated. Fitted trends indicate that thick coatings (700 nm) can extensively reduce the impedance by 18 times, from 0.9 MOhm for PtSi NWs to under 0.05 MOhm. However, thick coatings are less desirable for neuronal interfacing, as they affect the aspect ratio of the probes and may result in lower cell engulfment. Therefore, thinner coatings (<300 nm) are more relevant, already reducing the impedance at 1 kHz by three times to 0.3 MOhm. Similar trends have been observed on coated gold 3D-microelectrodes, [10] yet Jones et al. reported a maximal impedance decrease of only six times. The thinnest layer we obtained (40 nm) can also reduce the impedance at 1 kHz by almost half its value, from 0.9 to 0.5 MOhm. This is an excellent and promising result for applications in need of remarkably thin layers of PEDOT:PSS.

Equivalent Circuit Model

To further interpret these results, we conducted a theoretical analysis of the equivalent circuit model corresponding to our system, as in Figure 4d. Here, we demonstrate that our data can be fairly well described and modeled using a simple fiveelements circuit, composed of an electrolyte resistance (R s ), a charge-transfer resistance (R ct ), a double layer capacitance (C dl ), as well as a system capacitance (C p ) and system resistance (R p ) [54] (see Section S4, Supporting Information, for the resulting equation). The electrolyte resistance, R s , is measured between the working electrode and the platinum reference electrode; hence, it also includes all resistances originating from the access lines and contact pads. [33,62] R ct and C dl are both associated with phenomenon at the electrode/electrolyte interface. R ct reflects the ability of the electrode-electrolyte interface circuit to resist the flow of charges from the ionic solution to the electronic conductor while C dl accounts for the stored charge in the double-layer region, at the electrode-electrolyte junction. R p , as well as C p , are associated with the entire setup, comprising the initial contribution of the NEA regarding resistive and capacitive effects, as well as the measurement equipment, that is, connecting wires and a potentiostat. data are accurately fitted (r 2 > 0.99), over the frequency range 10 2 -3.10 5 Hz, to avoid the impact of noise and artefacts caused by the potentiostat to the fitting algorithm, and examples of fitted data for bare PtSi and PEDOT:PSS coated NWs (410 nm layer) are displayed in (Figure 4e,f). Results indicated that R p is very high (>50MOhm), and its effect is mainly prominent over low frequencies (<10 2 Hz), where background noise also affects the signal; hence, we chose to disregard this parameter in our calculations.

Parameter values with respect to the coating thickness are plotted in Figure 4g,h. The trends in Figure 4g show that C p remains constant (average value 100 ± 9.5 pF), and is lower than C dl , which confirms that it represents the contribution of the set-up. Results demonstrate that C dl is significantly greater than C p , and C p only affects the current flow starting around frequencies of 30 kHz. Therefore, system capacitances should not disturb neuronal recordings as events happen at lower frequencies. A sharp, thickness-dependent increase of C dl value can be observed when the electrodes are coated, in comparison with bare PtSi (variation up to 11 764% measured between the PtSi and 620 nm-thick PEDOT:PSS layer). This demonstrates an important increase in the effective area when coated, as the capacitance value is directly proportional to the surface, as well as reflects the charge storage properties of PEDOT:PSS. Indeed, a higher capacitance value implies that more charge can be stored at the interface. On the other hand, Figure 4h indicates a decrease in R ct , proportionally to the coating thickness, (96.5% decrease measured between the PtSi and 620 nm-thick PEDOT:PSS layer). This illustrates that the addition of PEDOT:PSS onto the probes promotes ionic to electronic charge transfers between the electrode and electrolyte, as well as confirms the increase in effective area as R ct is inversely proportional to the surface. Hence, this study highlighted that the improvement in performance is induced by a combined effect of the PEDOT:PSS intrinsic properties and the increase in effective area, in particular the potential inherent porosity of the PEDOT:PSS layer. [57] Finally, R s remains constant (average value 536 ± 48 Ω) and is lower than R ct , in accordance with the fact that R s represents the electrolyte resistance. The slight variations could be linked to the working electrode/counter electrode distance, as the placement of both is manual.

As a conclusion, we demonstrated that the circuit components match the physical characteristics of the system and can therefore be used as a baseline for further design optimization of the device and result interpretation.

Stimulation Performances of Nanowires-Based Probes

CV measurements were conducted to assess the charge storage capacity of the electrodes, using the conventional three-electrodes setup mentioned above. Figure 5a illustrates the cyclic voltammogram of uncoated PtSi NWs, within the -0.9 and 1.2 V potential range, at a scan rate of 200 mV s -1 in a 0.9%w NaCl solution. The water electrolysis window (-0.9/1.1 V) remains unchanged compared to planar configurations and is similar to the nanostructured Pt water window when cycled in PBS. [63] Coated NWs were characterized between -0.5 and 0.6 V at 200 mV s -1 to avoid any undesirable faradaic reactions, as seen in Figure 5b. As expected, the presence of a coating increases the electroactive area and improves the charge storage properties, as confirmed in Figure 5c. Additionally, the coated NWs CV in Figure 5b indicate a high reversibility in the doping process, which implies beneficial properties with regard to ionic to electronic charge transfer at the electrode-electrolyte interface. [START_REF] Saunier | [END_REF] The cathodic CSC of the NWsbased electrodes has been calculated for different thicknesses, and the data have been fitted using linear functions, as represented in Figure 5c. As predicted, the CSC of the PEDOT:PSS coated electrodes is thickness-dependent. Fitted trends reveal that thick coatings exhibit a CSC up to six times higher than bare electrodes, from 6 to 30 mC cm -2 for bare and 700 nm coatings, respectively. 300 nm coatings double the CSC to 15 mC cm -2 while (<100 nm) do not significantly improve the CSC.

The alteration of the PEDOT coating on the underlying PtSi nanowires was assessed via prolonged redox CV scanning within the -0.5 to 0.6 V potential range, at a scan rate of 200 mV s -1 in a 0.9%w NaCl solution. In Section S5, Figure S4 (Supporting Information) shows the evolution of the CV scans and the corresponding CSCs values during the time of redox charge sweeping over 3000 redox cycles. For comparison, the CSCs of bare PtSi controls are provided. For PEDOT-coated nanowires, a slight increase in CSCc during the redox cycling can be seen, which is associated with the initial reorganization of the polymer upon CV sweeping. [64,65] The corresponding CSCc value stays constant along the redox cycles window. In addition, SEM images of PEDOT-coated nanowires and bare PtSi controls after the redox CV stimulations, suggested that all nanoelectrodes exhibited no physical delamination or degradation even after thousands of redox cycles, confirming excellent structural control and longevity. Robustness over prolonged CV redox scanning demonstrates excellent polymer stability under CV stimulation conditions and suggests longer survival of the nanoelectrodes for recording applications.

To assess the NWs behavior during neuronal electrical stimulation, we performed voltage transient experiments. Bare and coated NWs were exposed to multiple cathodal-first, biphasic current pulses of a millisecond, with an interphase gap of 10μs, and an interpulse delay of 95 ms. An example of voltage transient response is represented in Figure 5d. Interestingly, NW-based electrodes exhibit a very small access potential, which is a common behavior in metallic microelectrodes. [32,[START_REF] Ganji | [END_REF] Results show that, for a same injected current of 0.08 μA, PtSi NWs present a higher V p than PEDOT:PSS/PtSi NWs. This implies that coated probes reach their limit at higher currents; therefore, the CIL should be higher. This result is confirmed in Figure 5e,f. Indeed, the current injection limit and correspondent charge injection limit are greater for PEDOT:PSS coated NWs. Bare PtSi NWs present a CIL of 0.34 mC cm -2 . In accordance with what has been observed on the CSC graph, 300 nm coatings already increase the CIL by 4× (from 0.34 mC cm -2 for PtSi NWs to 1.4 mC cm -2 ), and the CIL is increased up to 10×, to 3.53 mC cm -2 at 700 nm. PEDOT:PSS coatings therefore improve both the recording and stimulation performances of PtSi 3D-nanoelectrodes. As anticipated, thicker coatings enhance the properties more in comparison with ultrathin coatings; however, the morphology of the layer can possibly interfere with cell engulfment for layers >300 nm.

To further position these results among other research groups developments, we compared the electrochemical performances of both our PEDOT:PSS coated planar MEA and nanowires configurations, with comparable neuronal interfacing configurations reported in the literature (see Table 1). Among the three categories, it is only the 3D nanostructures (third category) that significantly enhance cell engulfment on the electrodes, which is crucial for achieving high-resolution signal recording. We consider configurations to be comparable to ours when homogeneous layers of conductive coatings are deposited on metallic electrodes, indicating possible compatibility with an integration on nanostructures. We compared the results for ∅20 μm GScoated electrodes and 300nm-coated NWs, the latter allowing us to keep the high aspect ratio of the electrodes. In both cases, we obtained specific impedance values at the state-of-the-art, with 6.36 MΩ μm -2 for planar electrodes and 7.14 MΩ μm -2 for NWs. Regarding the CIL values, planar electrodes also exhibit state-ofthe-art performances with 6 mC cm -2 while NWs possess a CIL of 1.4 mC cm -2 . The exact contribution of the 3D-configuration in the CIL value decrease when compared to planar configuration remains under investigation. Nonetheless, the CIL value for NWs is within the range of reported values (from 0.9 to 6.2 mC cm -2 ) for a noticeably small surface area.

Conclusion

PtSi planar microelectrodes and NWs were successfully coated in PEDOT:PSS using electrodeposition. Various simple and reproducible polymerization routes have been investigated, from galvanostatic to potentiodynamic, showing a large range of layer morphology and performances. Electrochemical properties of bare and coated microelectrodes were assessed with EIS measurements, CV analysis, and voltage transient experiment, showing improvement for all diameters, notably for small diameters (down to 5 μm), where the state-of the art performance could envision the use of miniaturized MEA for studying the neuronal activity with much higher spatial resolution. Optimal deposition conditions were applied to 3D nanostructured electrodes based on NWs, resulting in conformal and homogeneous layers of PE-DOT:PSS with thicknesses ranging from 700 to 40 nm, demonstrating the feasibility of selectively integrating ultra-thin layers of conducting polymer onto 3D-nano objects. Hence, the optimal cell engulfment should be maintained, as the aspect ratio of the NWs is kept for thicknesses of 300 nm and under. Electrochemical properties analysis showed that the presence of a conductive polymer coating leads to remarkable thickness-dependent characteristics combining low impedance, high charge storage capacity, and high charge injection limit. Ultra-thin layers of PE-DOT:PSS, of thicknesses 100 nm and under, effectively maintain the nanometric dimensions of the structure, minimizing intrusiveness and perturbation of the sensing structure toward the cell. Moreover, it enhances the surface performance by reducing impedance by 50% at 1 kHz and provides a reduced mechanical mismatch at the electrode/cell interface due to the soft nature of the PEDOT:PSS material. Layers that are several hundreds of nanometers thick, with an optimal thickness of 300 nm for the PEDOT:PSS layer, exhibit an impedance at 1 kHz that is three times lower than that of bare electrodes. Additionally, they demonstrate a CSC that is twice as high and CIL that is four times higher. Furthermore, these layers ensure the impeccable alignment of cells on the nanostructures, which promotes optimal electrode/cell interactions.

By combining, for the first time, nanometric high aspect ratio geometry with a high performance coated surface, PEDOTcoated 3D-nanostructured devices open new perspectives for neuronal interfacing, as they should enable the stimulation and recording of neuronal activity with acute spatial and signal resolution, while not impeding optimal cell engulfment.

Experimental Section

NEAs Fabrication: The 3D-nanostructured electrodes presented in this paper were fabricated using a CMOS-compatible process, similar to previously published. [17] A summary is included here for completeness (see Figure S5 in Section S6, Supporting Information). First, the nanowires were patterned on a 4″ silicon-on-insulator wafer using a large-scale and cost-effective top-down approach through photolithography (i-line stepper) and anisotropic plasma reactive ionic etching steps. The aspect ratio of the probes could be tuned by adjusting the etch duration and performing sacrificial oxidation. Then, following the same protocol, the electrode base and conducting lines were structured down to the oxide layer. It is important to note that this structuration step was the first step of the process when fabricating planar microelectrodes. Next, a conformal platinum (Pt) layer was deposited on the wafer by Physical Vapor Deposition, by annealing to create a stable platinum silicide (PtSi) layer of ≈90 nm, forming a core-shell type nanostructure. The unreacted Pt layer was then removed using a selective chemical etching process. Next, the wafer was covered in conformal oxide layers to ensure the insulation of the electrode structures from any liquid environment. Last, the upper part of the probes was opened, creating vertical and conductive nanostructures. Finally, the chip was integrated onto a printed circuit board using the flip-chip method, resulting in a conventional MEA-like device with external contacts. Additionally, a glass cylinder was introduced for conducting electrochemical experiments or cell cultures.

Electrochemical Characterization: All electrochemical characterization and depositions were performed with a VMP3 Multichannel Potentiostat (Biologic Sciences Instruments). Cyclic voltammetry measurements were conducted with a Platinum counter electrode and a commercial Ag/AgCl reference electrode (LF-1.6-48, Innovative Instruments, Inc.) in 0.9%w NaCl solution. Impedance spectra were acquired from 1 Hz to 100 kHz with an amplitude of 20 mV, using a platinum counter electrode in 0.9%w NaCl solution (Sodium Chloride 99%, Sigma-Aldrich). PEDOT:PSS depositions were achieved using the same three-electrode setup, in a 10 mm 3,4-Ethylenedioxythiophene (EDOT) (Sigma-Aldrich), 10 mm Sodium poly(4styrenesulfonate) (Na:PSS) (Mw 70 000, Sigma-Aldrich) in deionized water prepared from a Millipore Milli-Q A10 system (18.2 MW cm -1 resistivity). Voltage transient experiments were done using the conventional three electrode configuration, in a SP-240 potentiostat (Biologic Sciences Instruments) in Dulbecco's phosphate buffer saline solution.

Morphological Characterization: Focused-ion beam (FIB) milling and scanning electron microscopy (SEM) were performed with a Helios NanoLab 600i Dual Beam (FEI). AFM scans were performed using Dimension ICON (BRUCKER), and profilometer analysis was conducted on a Tencor P16+ (KLA TENCOR).

Figure 1 .

 1 Figure 1. Coating optimization on planar electrodes. a) Picture of the MEA device with SEM images showing the electrodes design. b) Schematic of the conventional three electrodes system, showing the working electrode (WE), the counter electrode (CE) and the reference electrode (RE). c) Galvanostatic deposition curve represented as potential versus time. d) Graph showing the cyclic voltammetry deposition. e) SEM picture showing an electrode array in which bare, GS coated and PD-coated electrodes can be observed. This demonstrates the selectivity of the deposition. f) SEM images of GS-coated electrodes (blue) and PD-coated electrodes (red) with diameters ranging from 80 to 5 μm. g) AFM measurements of PtSi and PEDOT:PSS (GS coated) surfaces. h) SEM image showing the scan path (red) of the profilometer on a ∅5 μm PD-coated electrode. i) Profilometer trace of a ∅5 μm PD-coated electrode showing the height and length of the deposition.

Figure 2 .

 2 Figure 2. Complete electrochemical characterization of planar electrodes. a) Impedance modulus versus frequency of a bare, PD-coated, and GS-coated ∅30 μm electrode. b) Phase versus frequency of a bare, PD-coated, and GS-coated ∅30 μm electrode. c) Impedance modulus value at 1 kHz as a function of diameter for bare, PD-coated, and GS-coated electrodes. d) Cyclic voltammogram of an uncoated PtSi ∅30 μm electrode. e) Cyclic voltammograms of a bare, PD-coated, and GS-coated ∅30 μm electrode. f) Charge Storage Capacity values of bare, PD-coated, and GS-coated electrodes as a function of diameter. g) Voltage transient of a ∅60 μm PtSi electrode at 4 μA injection.V a and V p represent the access potential and the polarization potential respectively. Here, V p , the polarization potential, equals the cathodic water window limit value, meaning it reaches the CIL. h) Current injection limit as a function of diameter for uncoated and coated electrodes. i) Charge Injection Limit as a function of diameter for uncoated and coated electrodes.
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Figure 3 .

 3 Figure 3. Coating thickness optimization of NWs-based electrodes. a) Picture of the NEA device with SEM images showing the electrodes design. b) SEM images of a 200 nm PEDOT:PSS coating with a high-angle annular dark-field imaging STEM-HAADF image showing the cross section of a coated nanowire. c) Graph showing the obtained PEDOT:PSS layer thickness as a function of the applied deposition charge per electrode. d) SEM images showing the coating optimization, with thicknesses varying from 700 to 40 nm.

  , to what has been done with planar electrodes, the influence of PEDOT:PSS coatings on PtSi nanowires has been measured through EIS, CV and Voltage transient experiments (see Experimental Section), and uncoated PtSi electrodes were tested Adv. Mater. 2023, 35, 2302472 2302472 (7 of 13)
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 4 Figure 4. Complete impedance characterization of NWs-based electrodes a) Impedance modulus versus frequency of bare and PE-DOT:PSS coated NWs. b) Phase versus frequency bare and PEDOT:PSS coated NWs. c) Impedance modulus value at 1 kHz as a function of PEDOT:PSS coating thickness. d) Equivalent circuit model for bare PtSi electrodes and PEDOT:PSS coated electrodes using a simple 5-elements circuit, composed of an electrolyte resistance (R s ), a charge-transfer resistance (R ct ), a double layer capacitance (C dl ), as well as a system capacitance (C p ) and system resistance (R p ). e) Graph representing the experimental and modelized impedance modulus and phase of a PtSi NWs electrode. f) Graph representing the experimental and modelized impedance modulus and phase of a coated NWs electrode (410 nm thick). g) Graph exposing the variation of Cdl and Cp with respect to the coating thickness. h) Graph exposing the variation of R ct and R s with respect to the coating thickness. In all the panel, the diameter of PtSi NWs is 350 nm.
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 5 Figure 5. Complete electrochemical characterization of NWs-based electrodes regarding the stimulation performances. a) Cyclic voltammogram of PtSi NWs. b) Cyclic voltammograms of NWs before and after coating. The coating thickness here is 500 nm. c) Charge Storage Capacity values of bare and coated NWs as a function of coating thickness. d) Voltage transient comparison between PtSi and coated NWs (300 nm) at 0.08 μA injection. V a and V p represent the access potential and the polarization potential, respectively. e) Current injection limit as a function of coating thickness. f) Charge Injection Limit as a function of coating thickness.
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Table 1 .

 1 Comparison of the electrochemical performances of both our PEDOT:PSS coated planar MEA and nanowires configuration, with comparable neuronal interfacing configurations (i.e., homogeneous conductive coating layers) reported in the literature.

	Material	Shape	Electrode surface area			Reference
			[μm 2 ]			
	PLANAR MEA					
	Pt	Disk	7850	424	0.2	[66]
	Pt	Disk	7850	1570	0.83	[46,52]
	Au	Disk	7850	1570	0.2	[46,52]
	PtIr	Wire	4500	405	0.13	[67]
	IrOx/NPG	Disk	706	6.8	2.3	[68]
	PEDOT:PSS/Au	Disk	61 575	121	2.5	[69]
	PEDOT:PSS/Au	Disk	7850	170	0.9	[70]
	PEDOT:PSS/Au	Disk	314	15.7	1.9	[46,52]
	PEDOT:PSS/Au	Disk	314	9.42	6.2	[57]
	PEDOT:ClO 4 /Au	Disk	177	70.8	/	[7]
	PEDOT:CNT/Au	Disk	706	10.6	/	[71]
	PEDOT:PSS/Pt	Disk	314	15.7	/	[72]
	PEDOT:PSS/Pt	Disk	314	18.84	2.71	[46,52]
	PEDOT:PSS/PtSi	Disk	318	6.36	6	This Work
	3D MICRO-ELECTRODES					
	Au	Mushroom	20	60	/	[10]
	PEDOT:PSS/Au	Mushroom	20	8.84	/	[10]
	(thickness 100 nm)					
	3D NANO-ELECTRODES					
	TiO 2	Nanostraw-nanocavity	96	31	/	[16]
	Au	Nanopillar	4.86	422	/	[15]
	IrOx	Nanotube	5.13	29.7	/	[15]
	Pt/Ti	Ultra-sharp Nanowire	0.628 * estimated	9.54	0.6	[73]
	PEDOT:PSS/PtSi (thickness 300 nm)	Nanowires	23.8	7.14	1.4	This Work

Specific |Z| @1 kHz [MΩ μm -2 ]

CIL [mC cm

-2 ] 
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