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Supplementary Methods
Fabrication Procedure of Neural MEAs
(1) The silicon-on-insulator (SOI) silicon wafer is ultrasonically cleaned in acetone, anhydrous ethanol, and deionized water in sequence. (2) A 500 nm thick silicon oxide insulating layer is prepared on the SOI substrate by thermal oxidation. (3) AZ5214 reverse photoresist is spin-coated, and then the conductive metal layer pattern on the mask is transferred to the silicon wafer by photolithography. Then, two metal layers were sequentially deposited on the silicon wafer surface by sputtering: a 30 nm titanium (Ti) seed layer followed by a 250 nm platinum (Pt) conductive layer. (4) The excess metal outside the conductive layer pattern was subsequently removed by a standard lift-off process. (5) Plasma-enhanced chemical vapor deposition is used to deposit two layers of insulating material on the silicon wafer surface: 300 nm of silicon dioxide (SiO2) is deposited as the lower insulating layer, and 300 nm of silicon nitride (Si3N4) is deposited as the upper insulating layer. These layers provide insulation while balancing the compressive and tensile stresses on the MEA surface. (6) SPR220 photoresist is spin-coated and then photolithography is performed to pattern the insulating layer. Then, plasma etching is used to "open windows" to expose the electrode sites/pads. (7) After spin-coating AZ4620 thick photoresist, photolithography is performed to pattern the substrate layer. Reactive ion etching and deep reactive ion etching techniques were then employed to selectively etch the silicon shank, thereby forming the MEA outline. (8) Multiple layers of negative photoresist RFJ220 were subsequently spin-coated on the front side of the silicon wafer to protect the electrode structures, followed by an additional coating of vacuum sealing wax to ensure structural integrity during the wet etching process. (9) The SOI wafer encapsulated with vacuum sealing wax was continuously heated in a 50% KOH solution at 75°C in a water bath, etching away the underlying silicon handle layer and thereby releasing the microelectrode array. 
Calculation of charge storage capacity
The charge storage capacity (CSC) was calculated from cyclic voltammetry curves by integrating the response current within the applied potential window according to Equation (1): 
		(1)
Where 𝐴 is the area of the electrode site, 𝑣 is the voltage scan rate, 𝐸1 and 𝐸2 denote the limits of the voltage scan range, and 𝑖 represents the response current.
Cytotoxicity test method for coating materials
All samples were sterilized with high-temperature autoclave steam (121°C, 20 minutes) before the experiments began. For the live/dead staining assay, C17.2 cells in the logarithmic growth phase were seeded at a density of 3×10⁴ cells/well directly onto ITO glass substrates that had been sterilized and placed in confocal microplates. Cells were then cultured in a constant temperature incubator (5% CO₂, 37°C) for 1, 3, and 5 days before staining. Specifically, 985.5 μL of phosphate-buffered saline (PBS) was mixed with 10 μL of Calcein-AM (BestBio, China) diluted 10-fold with dye diluent and 4.5 μL of PI (BestBio, China) to prepare the staining solution. Before staining, cells were washed once with PBS to remove excess serum. 1 mL of staining solution was added per well and incubated at room temperature in the dark for 15 minutes. Staining was terminated by washing three times with PBS. Finally, cell viability was observed and photographed using a laser confocal microscope (LSM900, Carl Zeiss, Germany) at different culture days. For CCK8 cytotoxicity assays, C17.2 cells in the logarithmic growth phase were seeded at 2 × 10⁴ cells per well in 24-well plates and cultured in a constant temperature incubator (5% CO₂, 37°C) for 1, 3, and 5 days. The original culture medium was then removed, and each well was washed three times with PBS. Fresh culture medium containing 10% CCK8 (Invigentech, USA) was added at a rate of 550 μL/well, and the cells were incubated in a constant-temperature incubator for 2 hours. Afterward, 500 μL was aliquoted from each well into a 24-well plate, and the absorbance (OD) at 450 nm was measured using a microplate reader (Tecan Group AG, Switzerland). Finally, the relative cell viability was calculated using Equation (2):
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where OD𝑡 is the optical density of the test sample, OD𝑐 is the average optical density of the control group, and OD𝑏 represents the average optical density of the medium containing only the CCK-8 reagent.
Histological verification method for electrode implantation position
First, the animals were deeply anesthetized and perfused transcardially with 0.9% saline to remove blood. Subsequently, 4% paraformaldehyde (PFA) solution was slowly perfused for tissue fixation. Immediately after perfusion, the heads were decapitated and the implanted microelectrodes were removed. The intact brain tissue was then carefully removed and further fixed by soaking in 4% PFA overnight. After sufficient fixation, the brain tissue was dehydrated in 20% and then 30% sucrose solutions, each step lasting at least 24 hours, until the brain tissue had fully settled. 30 μm thick brain sections were then prepared using a freezing microtome. Serial sections near the target brain region were collected, dried, and mounted on glass slides. Finally, the implantation path and position of the electrodes were observed under a light microscope.
Calculation of Signal-to-Noise Ratio (SNR)
The signal-to-noise ratio (SNR) was calculated using Equation (3):
		（3）
where VPP represents the peak-to-peak amplitude of the action potential waveform, and RMS denotes the root mean square value of the raw electrophysiological signal amplitude.
Neuronal classification method
First, spike sorting was performed using Offline Sorter v3 (Plexon Inc., Dallas, TX, USA) with the built-in K-means clustering algorithm to isolate single-unit activity from the raw electrophysiological data. The quality of clustering was visually inspected based on waveform consistency, inter-spike interval histograms, and principal component projections to ensure reliable single-unit separation.
Next, the sleep–wake stages of the mice were determined using the Lunion Stage Sleep Analysis System (LunionData, Shanghai, China). Based on the electroencephalography (EEG) and electromyography (EMG) signals, the recordings were classified into wakefulness, rapid eye movement (REM) sleep, and non-rapid eye movement (NREM) sleep. Each state was required to last for at least two consecutive 4-second epochs, and only datasets in which each state accounted for ≥5% of the total recording time were included in subsequent analyses.
Finally, neurons were categorized into wake-responsive neurons (WRNs), sleep-responsive neurons (SRNs), or state-independent neurons (SINs) according to their firing rate characteristics across different brain states. Continuous recordings (>10 min) were segmented into 4-second epochs, and the mean firing rate of each neuron (average rate >0.1 Hz) was calculated for each epoch and assigned to the corresponding behavioral state. Multiple firing rate samples were thus obtained for each neuron under each state. Statistical analyses were performed using repeated-measures ANOVA with Tukey’s post hoc test (p < 0.05 after multiple-comparison correction). Neurons showing significantly higher firing rates during wakefulness than during REM and NREM sleep were classified as WRNs. Neurons exhibiting significantly higher firing rates during REM and NREM sleep than during wakefulness were classified as SRNs. Neurons without significant state-dependent modulation of firing activity were classified as SINs.
Supplementary Figures
Figure S1
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Fig. S1 Shape and size design of MEA. a Overall shape and size of MEA. b A magnified view of the tip of MEA.
Figure S2
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Fig. S2 CV curves of PEDOT:PSS and PEDOT:PSS/PDA coatings on different substrates under optimized electrochemical deposition conditions. a PEDOT:PSS coating on MEA sites: potential range 0–0.85 V, scan rate 100 mV/s, 5 cycles. b PEDOT:PSS/PDA coating on MEA sites: potential range 0–0.85 V, scan rate 50 mV/s, 5 cycles. c PEDOT:PSS coating on ITO glass: potential range 0–0.95 V, scan rate 100 mV/s, 30 cycles. d PEDOT:PSS/PDA coating on ITO glass: potential range 0–0.95 V, scan rate 100 mV/s, 60 cycles.
Figure S3
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Fig. S3 Coating mechanical stability test. a Ultrasonic oscillation test device. b CV curves of PEDOT:PSS coating before, after 30 min, and after 60 min of ultrasonication. c CV curves of PEDOT:PSS/PDA coating before, after 30 min, and after 60 min of ultrasonication.
Figure S4
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Fig.S4 Implantation surgery of MEAs and in vivo electrophysiological signal detection. a Removing the skull "window". b Installing the EEG and ground screws. c Embedding the EMG electrodes. d Using dental cement for fixation. e Postoperative recovery period. f In vivo electrophysiological signal detection, where the headstge is a 20-channel preamplifier.
Figure S5
[image: ]
Fig.S5 Electrochemical polymerization process of PDA. The first step involves the oxidation of catechol to quinone, followed by intramolecular cyclization. The subsequent oxidation converts leucodopaminechrome to dopaminechrome. The resulting highly crosslinked polydopamine (PDA) film is composed not only of covalent bonds but also of supramolecular interactions.
Figure S6
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Fig. S6 Energy dispersive spectroscopy analysis of bare electrodes and different coating materials. a Elemental compositions of bare electrode (bare). b Elemental composition of PEDOT:PSS-coated electrodes. c Elemental composition of PEDOT:PSS/PDA-coated electrodes.
Figure S7
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Fig. S7 Comparison of specific values of electrical properties of different coatings. a Impedance of different electrodes at 1 kHz. Error bars represent SD (n = 5). b Phase delay of different electrodes at 1 kHz. Error bars represent SD (n = 5). c CSC values of different electrodes. Error bars represent SD (n = 5). n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
Figure S8
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Fig.S8 Schematic diagram of implantation route and histological verification of implantation location. The left panel shows a coronal brain slice of a mouse, with the VTA region outlined by a black dashed line and the dark track indicating the electrode implantation path. The right panel is the corresponding anatomical reference from the mouse brain atlas, where the red arrow represents the electrode implantation path and direction, and the yellow-highlighted area indicates the target region, VTA.
Figure S9
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Fig. S9 Proportional distribution of three neuronal populations in the VTA. A total of 87 single neurons were identified from 3 mice, including 18 wake-responsive neurons (WRNs), 30 sleep-responsive neurons (SRNs), and 39 state-independent neurons (SINs), corresponding to 20.7%, 34.5%, and 44.8% of the total, respectively.
Figure S10
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Fig.S10 LFP characteristics in the VTA during sleep–wake cycles. a Comparison of average LFP power in the VTA during wakefulness, NREM, and REM sleep states. Error bars represent SD (n = 5). b Mean proportions of δ and θ frequency bands in total power spectral density (PSD) of EEG and LFP signals across different states. c Ratios of δ and θ band proportions in EEG and LFP signals across states, with LFPs exhibiting more pronounced state-specific rhythmic changes. Error bars represent SD (n = 5). n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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