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Abstract

:

Dopamine (DA) plays a central role in the modulation of various physiological brain functions, including learning, motivation, reward, and movement control. The DA dynamic occurs over multiple timescales, including fast phasic release, as a result of neuronal firing and slow tonic release, which regulates the phasic firing. Real-time measurements of tonic and phasic DA concentrations in the living brain can shed light on the mechanism of DA dynamics underlying behavioral and psychiatric disorders and on the action of pharmacological treatments targeting DA. Current state-of-the-art in vivo DA detection technologies are limited in either spatial or temporal resolution, channel count, longitudinal stability, and ability to measure both phasic and tonic dynamics. We present here an implantable glassy carbon (GC) multielectrode array on a SU-8 flexible substrate for integrated multichannel phasic and tonic measurements of DA concentrations. The GC MEA demonstrated in vivo multichannel fast-scan cyclic voltammetry (FSCV) detection of electrically stimulated phasic DA release simultaneously at different locations of the mouse dorsal striatum. Tonic DA measurement was enabled by coating GC electrodes with poly(3,4-ethylenedioxythiophene)/carbon nanotube (PEDOT/CNT) and using optimized square-wave voltammetry (SWV). Implanted PEDOT/CNT-coated MEAs achieved stable detection of tonic DA concentrations for up to 3 weeks in the mouse dorsal striatum. This is the first demonstration of implantable flexible MEA capable of multisite electrochemical sensing of both tonic and phasic DA dynamics in vivo with chronic stability.
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1. Introduction


Dopamine (DA) is an electroactive monoamine that plays a central role in a variety of brain functions, including behavior and cognition [1,2,3,4], reward [5,6], and voluntary movement [7,8,9]. DA release occurs over multiple timescales, including fast phasic release (milliseconds to seconds), caused by neuronal firing in response to stimuli [10,11], and tonic release, slow-changing tonic levels (seconds to minutes [10,12]) that regulate the phasic release through its effect on extracellular DA levels [13]. Deficiency of the dopaminergic system has been implicated in different neurological and psychiatric disorders, including Parkinson’s disease [4,14,15], schizophrenia [16,17], drug abuse [18,19,20], eating disorders [21,22,23], and obsessive-compulsive disorders (OCD) [24,25,26]. In particular, alterations in the coaction of tonic and phasic DA dynamics, the so-called tonic/phasic DA model, have been shown to be strongly implicated in schizophrenia [11,13], addiction [12,27,28], Tourette’s syndrome [29,30], OCD [30], and Parkinson’s disease [31]. Therefore, sensors capable of multimodal measurements of phasic and tonic DA releases from multiple locations of the brain are of fundamental importance for elucidating brain function and improving the diagnosis and pharmacological treatments of these neurological and psychiatric deficits.



For the last 3 decades, fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes (CFEs) has been considered the gold standard for in vivo DA detection [32,33], significantly advancing our understanding of phasic DA dynamics [34,35]. FSCV relies on the direct electron transfer reaction between redox-active molecules and the carbon surface of the electrodes. By sweeping the potential window at fast scan rates, usually 400 V/s for DA, FSCV achieves a subsecond temporal resolution [36,37,38], consistent with the scale of neurotransmitter release at synapses [33,39,40,41]. While FSCV can efficiently measure rapid changes in concentration, i.e., phasic DA release, the necessity for background subtraction limits its ability to monitor tonic dynamic and ambient neurotransmitter levels [42,43].



The most widely adopted in vivo sampling technique for tonic DA detection is microdialysis [44,45,46], which must be coupled with an analytical method such as high-performance liquid chromatography (HPLC) or electrochemical techniques [47,48,49], to identify and quantify the neurochemicals in the dialysate. Additionally, it suffers from poor temporal resolution (minutes [50]), preventing direct correlation of tonic and phasic DA concentrations to neural spiking activity [51,52]. Additionally, implantation of large-diameter microdialysis probes (~200–300 μm) creates substantial tissue damage that greatly diminishes extraction efficiency over time [53,54,55] and does not guarantee spatial resolution. Alternatively, several electrochemical methods have been recently developed, including fast-scan controlled-adsorption voltammetry (FSCAV) [56,57], charge-balancing multiple waveform FSCV [39], and convolution-based FSCV [58], for recording tonic DA concentrations in the brain. These measurements have been performed at single CFEs, limited to only one active site per penetrating electrode. To enable multisite sensing, CFE arrays have been fabricated and demonstrated to have excellent phasic DA detection in acute and chronic studies [59,60]. However, their manufacturing process has been semi-manual and does not permit high-density 3D-electrode site arrangement or batch fabrication.



On the other hand, lithographically fabricated multielectrode arrays (MEAs) can be batch produced with high yield and high spatial precision and are routinely used for measuring neurophysiological activity from multiple sites across different depths and widths of the brain with high-quality, single-unit resolution [56,61]. Most MEAs are fabricated by patterning metals on rigid silicon substrates. Because metal electrodes (Au, Pt, Ir) present poor sensitivity towards dopamine when using direct electrochemical detection, they cannot be directly used for DA sensing [62,63]. Furthermore, implantation of stiff MEAs results in the formation of a “kill zone” directly surrounding the implant, characterized by significantly lower neuron density and increased glial encapsulation [64,65,66]. These tissue responses likely compromise both electrophysiological and neurochemical measurements in chronic applications [67,68,69,70]. To reduce the mechanical mismatch-induced tissue response, thin-film polymers, such as polyimide, parylene C, and SU-8, have been used as substrates for flexible MEAs to match the soft nature of the brain and minimize micromotion-induced inflammation [70,71,72]. While these flexible probes along with the subcellular dimension have been shown to seamlessly integrate with the neural tissue and record stable neural signals for months [73,74,75,76], the electrode materials still need to be optimized to enable sensitive and stable electrochemical detection.



Carbon is considered the ideal material for electrochemical sensing [77,78,79] and presents superior electrochemical stability [73,80]. However, only a handful of efforts have been documented in the literature to use carbon as an electrode material in flexible arrays to enable sensing [81,82,83,84,85]. Indeed, the high temperatures required for carbon synthesis are incompatible with polymer substrates. [86,87] Glassy carbon (GC) has only recently been considered for implantable neural interfaces, mainly due to a key advanced technology, developed by the Kassegne lab, that allows for pattern transfer and integration of prepyrolyzed GC electrodes into flexible circuits with metal traces and interconnections [83,88]. The pyrolysis process of SU-8 has been demonstrated to produce carbon structures with a high degree of graphitization [89,90]. GC microelectrodes pyrolyzed this way demonstrated the capability to detect low DA concentrations using FSCV [82,85] and resist electrochemical fouling [85].



In this work, we developed the first implantable carbon-based flexible MEA capable of multisite electrochemical sensing of both tonic and phasic DA dynamics in vivo.



First, we fabricated carbon-based MEAs using a previously developed pattern-transfer technique that enable the integration of GC microelectrodes into flexible substrate [88,91]. Here, to bring this technology to the next level, we optimized a high-resolution maskless direct-writing photolithography process to transfer GC MEAs on a thin, flexible SU-8 substrate with significantly reduced form factors to promote tissue integration. Secondly, we incorporated a poly(3,4-ethylenedioxythiophene)/acid-functionalized carbon nanotube (PEDOT/CNT) coating on selected GC microelectrodes to enable direct tonic DA measurement in vivo using square-wave voltammetry (SWV), a pulse voltammetry technique designed to directly measure resting analyte concentrations by isolating faradaic current (resulting from redox activity derived from an electroactive analyte) from nonfaradaic charging currents (resulting from the charging of the electric double layer) [92,93]. We previously demonstrated that PEDOT/CNT coating increases the sensitivity for DA SWV detection by a factor of 422, compared to uncoated CFEs, and enables multisite detection of tonic DA in multiple brain regions using metal MEA [93]. Finally, we demonstrate the capability of our MEA for in vivo multichannel detection of phasic DA release, using FSCV at GC microelectrodes, and stable multichannel detection of tonic DA concentrations using SWV at PEDOT/CNT-coated microelectrodes, in the mouse dorsal striatum. As a proof of concept, our flexible PEDOT/CNT-coated MEAs achieved detection of tonic DA concentrations for up to 3 weeks, with minimal variations in the DA peak amplitude and electrochemical impedance.



To the best of our knowledge, this is the first flexible device capable of chronic, multichannel measurements of tonic and phasic DA dynamics in vivo, providing a powerful tool for neuroscience research.




2. Materials and Methods


2.1. GC MEA Fabrication


A 4-in Si wafer with a 100 µm thick SiO2 layer (University Wafer Inc. Boston, MA, USA) was first cleaned with acetone, isopropanol, and DI water sequentially. The wafer was then dried with a N2 spray gun, heated on a hot plate at 150 °C for 5 min, and treated with O2 plasma using a reactive ion etcher (RIE, Trion Phantom III LT) for 2 min at 300 mTorr pressure and 150 W power. The cleaned wafer was spin-coated with SU-8 100 (MicroChemicals, Ulm, Germany) at 5000 rpm for 1 min and soft baked at 65 °C for 5 min and 95 °C for 15 min. Then, the wafer was exposed using a direct-writing maskless aligner (MLA, MLA100 Heidelberg Instruments) with a dose of 500 mJ/cm2. After exposure, the wafer was first post-baked at 65 °C for 3 min and 95 °C for 5 min, then developed using a SU-8 developer (MicroChemicals) for 5 min and cleaned with isopropanol and DI water. The patterned SU-8 was subsequently hard baked at 200 °C, 180 °C, and 150 °C for 5 min each and allowed to cool down below 95 °C. Pyrolysis of the negative SU-8 resist was performed in a custom-designed chamber. Briefly, the samples were heated to 1000 °C with a temperature ramp-up at a rate of 3.5 °C/min, then maintained at 1000 °C under 15 standard cubic centimeters per minute (sccm) N2 (Airgas) at 0.8 Torr for 60 min. The samples were then slowly cooled to room temperature.



After the pyrolysis, the wafer was cleaned with acetone, isopropanol, and DI water sequentially and treated with O2 plasma with RIE for 90 s at a pressure of 200 mTorr and 150 W power. The cleaned wafer was then spin-coated with SU-8 2005 (MicroChemicals) at 4000 rpm for 1 min, then soft based at 65 °C for 3 min and 95 °C for 5 min. This first SU-8 layer was patterned, using the MLA with a dose of 300 mJ/cm2, to define the bottom insulation layer and to open a connection between the GC electrodes and the metal traces (next step). After a post-bake at 65 °C for 3 min and 95 °C for 5 min, the wafer was developed using the SU-8 developer. Finally, the patterned wafer was cleaned with isopropanol and DI water, hard baked at 200 °C, 180 °C, and 150 °C for 5 min each, and allowed to cool down below 95 °C.



After cleaning, the wafer was spin-coated with an AZ P4620 photoresist (MicroChemicals) at 5300 rpm for 1 min and baked at 105 °C for 5 min. After soft baking, the wafer was exposed using MLA with a dose of 700 mJ/cm2, then developed using an AZ400k 1:4 developer (MicroChemicals), cleaned with water, rinsed, and dried by N2 gas flow. A 10 nm Ti adhesion layer and 100 nm Au layer were evaporated on the wafer using an electron-beam evaporator (Plassys MEB550S), and then the metal was lifted off in acetone to define the metal traces and connection pads. A top insulation layer of SU-8 2005 was then spin-coated at 4000 rpm for 1 min, soft based at 65 °C for 3 min and 95 °C for 5 min, and photolithography patterned, using MLA with a dose of 300 mJ/cm2, to expose the connection pads and to define the top insulation layer. After post-baking and a development procedure with the SU-8 developer, the wafer was cleaned with isopropanol and DI water, hard based at 200 °C, 180 °C, and 150 °C for 5 min each, and allowed to cool down below 95 °C. The MEAs were lifted off from the wafer using a buffered oxide etchant (1:7) in an acid hood for 4–6 h. An anchor hole was also patterned at the shank tip to facilitate the insertion of a 50 µm tungsten shuttle, to enable the handling and penetration of the flexible device into the brain. Figure 1a shows the schematic of the GC MEA fabrication.




2.2. PEDOT/CNT Coating and Electrochemical Characterization


Multiwalled CNTs (length of 10–30 μm and diameter of 20–30 nm, Cheap Tubes Inc. Brattleboro, VT, USA) were functionalized using our previously established methods [94,95]. Briefly, the CNTs were pretreated by dispersing 200 mg CNTs in 100 mL 1:3 concentrated HNO3 and H2SO4 solution with sonication for 2 h. The suspension was then kept at 30 °C overnight while stirring the solution. After the acid treatment, the CNTs were washed with water and separated using ultracentrifugation repeatedly until the pH of the washing solution was neutral. Finally, the CNTs were collected and dried at 60 °C.



PEDOT/CNT coatings were electropolymerized on the GC electrodes using a previously reported procedure [93,94,95]. Briefly, electropolymerization was carried out in an aqueous solution of 0.02 M 3,4-ethylenedioxythiophene (EDOT; Sigma Burlington, USA) containing 1 mg mL−1 functionalized CNT with a constant potential of 0.9 V until a 100 mC/cm2 charge deposition cut-off was reached.



Electrochemical impedance spectroscopy (EIS) measurements were used to investigate the electrode/solution interface before and after the PEDOT/CNT coating, quantify their impedance in the 1 Hz–100 kHz range [96] in vitro, and verify the functionality of the MEAs immediately after implantation, in vivo, as previously reported [93,97]. During the EIS measurements, a sine wave (10 mV RMS amplitude) was superimposed onto the open-circuit potential while varying the frequency from 1 to 105 Hz.



Cyclic voltammetry (CV) was performed to quantify the capacitive charging of the GC microelectrodes before and after the PEDOT/CNT coatings. During the CV tests, the working-electrode potential was swept between 0.8 and −0.6 V vs. Ag/AgCl, maintaining a scan rate of 100 mV/s. In vitro EIS and CV were performed in 1× PBS in a three-electrode electrochemical cell set-up with a platinum counter electrode and an Ag/AgCl wire reference electrode. In vivo, a screw was used as the counter electrode, and the Ag/AgCl wire reference electrode was placed in contact with the brain through a small pinhole craniotomy.



Electropolymerization, EIS, and CV were carried out using a potentiostat/galvanostat (Autolab, Metrohm, Riverview, FL, USA).




2.3. SWV In Vitro Calibration


Electrochemical detection of DA was performed via SWV, similarly to our previous study [93]. SWV experiments were carried out using a potentiostat/galvanostat (AutoLab, Metrohm, Utrecht, The Netherlands) connected to a three-electrode electrochemical cell with a platinum counter electrode and an Ag/AgCl reference electrode. The SWV waveform was repeatedly applied from −0.2 V to 0.3 V with a 25 Hz step frequency, a 50 mV pulse amplitude, and a 5 mV step height every 15 s. The potential was held at 0 V between scans. In vitro DA calibrations were performed using freshly prepared DA solutions dissolved in aCSF (142 mM NaCl, 1.2 mM CaCl2, 2.7 mM KCl, 1.0 mM MgCl2, 2.0 mM NaH2PO4, pH 7.4) in a 50 nM–1 μM concentration range. Electrode sensitivity was determined by the slope of the linear range of the calibration plot relating the DA peak current at 0.7 V to the DA concentration.




2.4. FSCV In Vitro Calibration


Fast-scan cyclic voltammetry (FSCV) was performed with a 4-channel Wave Neuro potentiostat (Pine Research, United States) and collected and analyzed using HDCV software (University of North Carolina at Chapel Hill, NC, United States). The electrode was scanned using a triangular waveform with a negative holding potential of −0.4 V, a 1.3 V switching potential, and applied using a 400 V/s scan rate at 10 Hz. DA was identified by inspection of the background-subtracted cyclic voltammograms (DA oxidation peak occurred at 0.7 V). Electrodes were calibrated using 0.1–1 μM DA concentrations dissolved in aCSF. The different concentrations were diluted starting from freshly prepared 1 mM DA solutions. Calibration was performed in a flow cell equipped with a pneumatically actuated injection valve with a 500 μL sample loop (VICI AG International, Schenkon, Switzerland. Flow through the system at 60 mL/h was driven with a syringe pump, as previously reported [97,98].




2.5. In Vivo Procedures


In vivo performance was determined through acute and chronic surgical experiments conducted in the dorsal striatum (DS) of 8 male mice (C57BL/6J, 8–12 weeks, 22–35 g; Jackson Laboratory, Bar Harbor, ME, USA). All animal care and procedures were performed under approval of the University of Pittsburgh Institutional Animal Care and Use Committee and in accordance with regulations specified by the Division of Laboratory Animal Resources.



All animals were induced with 1.5–2% isoflurane mixed with oxygen flow at 1 L min−1, then maintained at 1.25–1.5%. Body temperature was maintained at 37 °C with a thermostatically controlled heating pad (Harvard Apparatus, Holliston, MA, USA), and Lacrigel (Dechra Puralube Vet Ointment) was placed on the eyes to avoid dryness.



After the animal head was fixed in a stereotaxic frame (Narishige International USA, Inc. Amityville, USA), the skin and connective tissue on the surface of the skull were removed. A small pinhole craniotomy was made over the DS (1 mm anterior to bregma, and 1.5 mm lateral from midline) with a high-speed dental drill (0.007 drill bit, Fine Science Tools, Inc., Foster City, CA, USA), and bone fragments were carefully removed with forceps and saline. Saline was applied continuously onto the skull to dissipate heat from the high-speed drill.



For SWV measurements, the GC MEAs or PEDOT/CNT-coated GC MEA were lowered 3.0 mm below the cortical surface into the DS using a micromanipulator. This resulted in five MEA electrode sites located in the DS. Two additional small pinhole craniotomies were performed for the introduction of the Ag/AgCl reference electrode contralaterally to the MEA and a bone screw counter electrode caudally to the reference (Supplementary Material Figure S1a). EIS was measured immediately after the MEA implantation. Then, the tonic DA response was measured using the SWV waveform (detailed above) over a 40 min period. To confirm the chemical specificity of our measurements, following 10 min of data collection, mice were administered with 2 mg/kg intraperitoneal (i.p.) raclopride, a selective antagonist on D2 dopamine receptors (Sigma Aldrich, St. Louis, MO, USA), and 20 mg/kg i.p. nomifensine, a dopamine reuptake inhibitor (Sigma Aldrich, St. Louis, MO, USA). In acute experiments, upon reaching the predetermined experimental endpoint, the MEAs were explanted, and the animals were humanely sacrificed using approved procedures.



For the SWV chronic experiment, after positioning the PEDOT/CNT-coated GC MEA, the craniotomy was filled with Kwik-Cast Sealant (World Precision Instruments, Sarasota, FL, USA), and dental cement (Pentron Clinical, Orange, CA, USA) was cured with a dental curing light to make a head cap. Immediately after, EIS was measured, and tonic DA response was measured using the SWV over a 5 min period. After surgery, animals were placed on an electric heating blanket under a warming light to wake up and received an i.p. injection of 5 mg/kg ketofen (100 mg/mL, Henry Schein) up to three days after. SWV detection was repeated every day for the first week and once a week for the subsequent weeks. SWV and EIS experiments were acquired using a potentiostat/galvanostat (Autolab PGSTAT128N, Metrohm, Utrecht, The Netherlands) connected to the three-electrode configuration: working electrode, bone screw (counter electrode), and Ag/AgCl wire reference electrode. DA peaks were isolated from the nonfaradaic background current for each SWV scan by subtracting a modeled polynomial baseline, using a previously described methodology [93]. In vivo DA concentration was determined for all in vivo experiments by converting the SWV peak current to the DA concentration using the pre-calibration electrode sensitivity, as previously reported [93].



A single proof-of-principle in vivo experiment was performed to evaluate the simultaneous multisite FSCV performance of GC MEAs. The GC MEAs were lowered 3.0 mm below the cortical surface into the DS using a hand-driven micromanipulator. An additional small pinhole craniotomy was performed for the introduction of the Ag/AgCl reference electrode contralaterally to the MEA. A second portion of skull and dura was removed for the introduction of a bipolar stainless-steel stimulating electrode (MS303/a; Plastics One, Roanoke, VA, USA), positioned over the medial forebrain bundle (MFB; the medial forebrain bundle 1.6 mm posterior to bregma, 1 mm lateral from bregma, and 4.8 mm below cortical surface) (Supplementary Information (SI) Figure S1b). To increase the DA phasic release concentration, the animal received an i.p. injection of a drug cocktail of 2 mg/kg raclopride (RAC), a D2 DA receptor antagonist, followed by 20 mg/kg nomifensine (NOM), an inhibitor of the dopamine transporter [99]. Ten minutes later, MFB stimulation was conducted via the application of an optically isolated stimulus waveform (Neurolog 800, Digitimer, Letchworth Garden City, UK) consisting of a biphasic, constant-current square wave (2 ms per pulse, 250 µA pulse height, 60 Hz frequency, 3 s duration) with the aforementioned bipolar stainless-steel electrode. Fast-scan cyclic voltammetry (FSCV) was performed with a 4-channel Wave Neuro potentiostat (Pine Research, Durham, NC, USA), and the data were collected and analyzed using HDCV software (University of North Carolina at Chapel Hill, NC, USA). The electrode was scanned using a triangular waveform with a negative holding potential of −0.4 V, a 1.3 V switching potential, and applied using a 400 V/s scan rate at 10 Hz.





3. Results and Discussion


3.1. GC MEA Fabrication


GC MEAs were successfully developed following the fabrication process schematically described in Figure 1a. Figure 1b shows an optical micrograph of a GC MEA on a SU-8 substrate with metal interconnections and GC microelectrodes, after the release from the wafer. In the inset is a different view of the flexible shank fabricated with an anchor hole at the tip to facilitate the insertion of a 50 µm tungsten shuttle that enables the handling and penetration of the probes into the brain. The device is composed of a singular shank (120 µm wide and ~15 µm thick) with 5 circular GC electrodes 40 µm in diameter. The total length of the shank is 5.5 mm to easily target the striatum of the mouse brain. Figure 1c shows how the flexible GC MEAs are connected to the PCB using a zero-insertion force (ZIF) connector, to be interfaced with characterization and recording systems.



Flexible SU-8 probes with a subcellular thickness dimension have been shown to provide seamless biointegration, improving the electrophysiological recording longevity [74,75,76]. The integration of carbon-based microelectrodes on a flexible SU-8 substrate will add electrochemical detection capabilities, offering multimodality together with the potential to achieve chronic implantation with a healthy and stable tissue interface.




3.2. FSCV Capability of GC MEAs


Figure 2 presents an example of multichannel detection from two adjacent GC microelectrodes of the MEA, with a 100 µm interelectrode distance. The current/time plots and the corresponding color plots of the DA released in the DS, evoked by electrical stimulation of DA axons in the MFB, show very similar DA responses when detected from two adjacent GC microelectrodes. Interestingly, the evoked DA release detected from 3 alternate GC channels of the MEA, vertically spaced 200 µm center to center, show clear differences between channel responses, as shown by the current/time and color plots reported in Figure 3, highlighting the importance and necessity of multichannel detection to map the DA dynamics. Converting the current values into concentrations using the precalibration curve (Supplementary Information (SI) Figure S2a), we obtained an average concentration of 335.33 nM, in line with the values previously reported in the literature following similar pharmacological treatment [100,101]. An example of background-subtracted CV collected from a GC microelectrode in vitro, after 500 nM DA injection, and in vivo, after electrically stimulated DA release, is reported in Figure S2b of SI, showing similar oxidation peaks at the same potential versus Ag/AgCl. FSCV performance of GC microelectrodes for DA detection has been previously demonstrated [82,85]. GC microelectrodes have been shown to detect DA with high sensitivity, selectivity, and fouling resistance, being able to discriminate voltage reduction and oxidation peaks of DA and serotonin (5-HT) [85]. The high sensitivity of the GC microelectrodes has been attributed to the presence of curved graphene-like layers produced by the pyrolysis of SU-8 at 1000 °C, rich in hydroxyl, carbonyl, and carboxy functional groups [77,85]. These active groups and dense edge planes have been shown to be favorable for the adsorption of cationic species, such as dopamine, [85,102] and to increase hydrophilicity, which help to reduce fouling [77,102].



Here, we demonstrated that the newly fabricated GC MEAs on flexible SU-8 substrates with smaller dimensions are capable of detecting electrically stimulated DA release simultaneously at different locations of the DS from different GC microelectrodes on the same array. It is well known that there is anatomical and functional dopamine heterogeneity, and due to the lack of tools, it has been challenging to simultaneously sample DA at high spatial resolution to comprehensively understand DA functions [103,104,105]. By enabling simultaneous multisite detection of phasic DA release, our GC MEAS offers great potential in advancing neuroscience research of dopamine circuitry.




3.3. PEDOT/CNT Coating Enable Tonic DA Detection Using SWV


To integrate DA detection at different time resolutions on the same MEA, we coated GC microelectrodes with PEDOT/CNT to enable direct tonic DA measurement in vivo via SWV [93]. We previously observed that PEDOT/CNT coatings are essential for highly sensitive tonic DA detection because they combine a high effective surface area with a high content of incorporated negatively charged acid-functionalized CNTs, both facilitating DA adsorption [93]. We also previously demonstrated that our PEDOT/CNT, combined with an optimized SWV waveform, is selective among the most common neurochemical interferents, presenting a minimum sensitivity change in the presence of an interference cocktail consisting of 200 μM AA, 10 μM uric acid (UA), and 10 μM DOPAC.



We show here that the GC microelectrodes of 40 µm in diameter can be successfully coated with PEDOT/CNT and that the PEDOT/CNT coatings drastically decrease the impedance over all the measured frequency range (from 232.5 ± 51.1 kΩ to 19.4 ± 2.2 kΩ at 1 kHz, n = 6) and, in particular, in the low-frequency region (from 9.2 ± 3.8 MΩ to 48.8 ± 17.9 kΩ at 10 Hz, n = 6), where capacitance plays a significant role, due to the increase in the surface area [106,107] (Figure 4b). The CV plots (in inset) of the GC electrode, before (blue) and after (red) the PEDOT/CNT coating, confirmed an approximately 7× increased capacitance (Figure 4, inset). The charge storage capacity (CSC), calculated as the time integral of an entire CV cycle divided by the geometric area, increased from 12.57 ± 5.74 mC/cm2 to 87.28 ± 22.32 mC/cm2 after the PEDOT/CNT coatings. The sensitivity of PEDOT/CNT-coated GC MEAs for the electrochemical detection of tonic DA was first evaluated via in vitro calibration experiments performed in aCSF. We used an SWV waveform that we previously optimized by varying the parameters that can influence the voltammetry responses, i.e., frequency, step potential, pulse amplitudes, holding potential, and holding time [93]. The optimum waveform was determined to be a square wave with 50 mV pulse amplitude, 5 mV step height, and 25 Hz frequency, scanned from −0.2 to 0.3 V. To facilitate the diffusion of DA in and out of the porous PEDOT/CNT coatings, we demonstrated that it is effective to hold the potential at 0 V for 11 s between SWV repetitions [93].



Uncoated and PEDOT/CNT-coated GC microelectrodes of different MEAs were subjected to SWV measurement, first in aCSF, then in solutions of increasing DA concentration from 10 nM to 1 µM, designed to encompass the expected in vivo DA concentration range. PEDOT/CNT-coated GC microelectrodes exhibit clear DA detection at each concentration, with the average SWV traces revealing a single concentration-dependent peak located near 0.12 V (Figure 5a). Their response to DA is linear (r2 > 0.99, Figure 5b, blue) in the 10 nm–1 μM concentration range, with a 55.634 ± 0.001 nA/μM DA sensitivity, defined by the linear slope of the calibration plot relating the SWV peak current to the DA standard concentration. The average calibration plot for GC microelectrodes is also linear (r2 > 0.99, Figure 5b, black) but exhibits a DA sensitivity of 10.2 ± 0.3 nA/μM, approximately 6 times lower compared to the PEDOT/CNT-coated microelectrodes. Despite the sensitivity of the GC microelectrodes being higher than the previously reported sensitivity for carbon-fiber microelectrodes [93], the small peak amplitudes recorded at the low concentration range (<1 nA for 100 nM DA) make it difficult to clearly distinguish low DA concentrations (Figure 5a inset) using GC.




3.4. PEDOT/CNT-Coated GC MEAs Enable Multichannel Tonic DA Detection Using SWV


The in vivo capability of PEDOT/CNT-coated GC MEAs for multichannel detection of tonic DA level was first determined through acute surgical experiments conducted in the DS of isoflurane-anesthetized mice.



The flexible MEAs were implanted into the DS using a 50 µm tungsten wire inserted into the anchor hole (Figure 1a and Figure 4a) and fixed with dissolvable PEG, which enabled the penetration of the flexible device into the striatum, resulting in five electrode sites located in the DS with a 100 µm interelectrode vertical distance. Immediately after implantation, the tungsten wire was removed, and the EIS was performed to ensure the proper electrode functionality (Figure S3, Supplementary Information). Then, the tonic DA response was measured using the SWV waveform detailed above over a 40 min period. Following 10 min of baseline data collection, mice were i.p. administered with a cocktail of 2 mg/kg i.p. RAC and 20 mg/kg NOM, known to selectively increase the DA concentrations [99], to confirm the chemical specificity of our measurements. Figure 6a reports an example of multichannel detection of tonic DA from two representative PEDOT/CNT microelectrodes (200 µm interelectrode vertical distance) and one adjacent uncoated GC microelectrode (signal averaged over 5 min of time collection for basal level). GC and PEDOT/CNT-coated microelectrodes are capable of tonic DA detection in vivo, as demonstrated by the SWV measurements, revealing a clear DA peak in the mouse dorsal striatum. PEDOT/CNT coatings drastically increased the sensitivity, detecting one order of magnitude higher peak amplitude than GC uncoated microelectrode (Figure 6a,b). The current peak drastically increased after pharmacological manipulation, reaching its maximum approximately after 30 min from the administration of the drug cocktail (Figure 6c). Converting the current values into concentrations using the precalibration curve, similar to a previous report [93], we estimate a DA basal level of 56.2 ± 12.3 nM, that increases up to 288.2 ± 24.6 nM after 30 min from drug administration (mean ± SD, n = 5).



The basal DA concentration measured in the DS using PEDOT/CNT-coated GC MEAs is slightly lower, but comparable, to previous measurements of basal DA level obtained using the same SWV techniques at PEDOT/CNT-coated CFEs in the rat dorsal striatum (82 ± 6 nM) [93]. These values are in line with the values obtained using other electrochemical techniques, such as FSCAV in the mouse nucleus accumbens of mice (90 ± 9 nM) [57] and convolution-based FSCV in the rat nucleus accumbens (41 ± 13 nM) [58].



Finally, as a proof of concept, we tested the stability of the DA tonic detection of our flexible MEA through a chronic experiment. We implanted a PEDOT/CNT-coated GC MEA in the mouse DS, as detailed above in the Materials and Methods (Section 2), and we tested the tonic DA SWV sensing performance over a 21-day period. The results are reported in Figure 7. The PEDOT/CNT-coated MEA shows an impressively stable tonic DA detection along the first week of implantation (Figure 7a), with DA peak amplitudes close to 2 nA (1.97 ± 0.34 Day 1 versus 1.94 ± 0.47 Day 7). We noticed a 0.08 V to 0.1 V peak shift starting from Day 14, likely caused by the dechlorination of the chronically implanted Ag/AgCl reference electrode [108], resulting in errors in the potential reading at the working electrode with consequent oxidation peak shifts [109,110]. However, the peak is still clearly detectable, and the peak amplitude remains stable at Days 14 and 21, with a 25% increase at Day 21 (Figure 7b), when we also observed a slight increase in resistivity in the impedance spectrum (Figure 7c).



Overall, we observed good electrode stability, with minimal variations in the peak amplitude of DA current and electrochemical impedance over the 21-day period (Figure 7). These results suggest that our flexible PEDOT/CNT-coated GC MEAs can enable stable chronic detection of tonic DA concentrations. The chronic stability of sensing could be the result of several factors: high stability of the PEDOT/CNT coating on GC, high electrochemical stability of the PEDOT/CNT and GC, high fouling resistance of CNT, and minimum glial inflammatory host tissue reaction. Electrochemically polymerized PEDOT doped with CNT has previously shown excellent stability in chronic recording [94] and stimulation [95] studies. Although detachment of PEDOT coatings from metal substrate has been identified as a major failure mode, doping PEDOT with CNT greatly improves the coating adhesion. Furthermore, the adhesion of PEDOT on GC electrodes has demonstrated superior adhesion to PEDOT on metal [80]. The combination of CNT doping and GC substrate should further enhance the adhesion. The antifouling resistance of the PEDOT/CNT interface may be due to the incorporation of the negatively charged acid-functionalized CNTs, similarly to what was previously observed for CNT, [79,111] CNT yarn [112], and other carbon nanomaterials, such as carbon nanohorns [113] and nanostructure graphene flakes [102]. Finally, the implant/tissue interface stability is promoted by the thin SU-8 flexible substrate that has previously been shown to trigger less foreign body response and promote seamless integration of the implanted device and brain tissue [75,76].



These promising results add incredible value to our technology because chronic sampling across multiple weeks is critical to the investigation of DA dynamic changes during neurological state transitions, for example from drug use to drug dependence in animal models of addiction, and to the understanding of the therapeutic effect of different medications.





4. Conclusions


This study presents the first GC MEA on flexible substrates for multichannel detection of both tonic and phasic DA concentrations in vivo, enabling DA detection at different time scales and multiple measurements within a microenvironment.



Using FSCV at GC microelectrodes, GC MEAs demonstrated multichannel simultaneous detection of phasic electrically stimulated DA release in the mouse DS. Using SWV at PEDOT/CNT-coated microelectrodes, the same MEAs enabled highly sensitive direct tonic DA measurement in vivo using SWV. Additionally, as a proof of concept, chronically implanted PEDOT/CNT-coated GC MEAs on a thin, flexible SU-8 substrate demonstrated stable tonic DA detection in vivo over a 3-week period.



Our results highlight the potential of flexible GC MEAs as a promising platform for integrated tonic and phasic multisite detection of DA, providing an unprecedented sensor for the study of the complex spatial and temporal pattern of DA dynamics in brain functions and dysfunctions. Such a platform can also offer electrophysiology functionality for multimodal brain mapping and closed-loop deep-brain stimulation.
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Figure 1. Flexible GC-coated hybrid MEA. (a) Schematic for fabrication of the GC MEAs: (i) SU-8 100 spin-coating and patterning of electrodes on SiO2 wafer; (ii) pyrolysis; (iii) SU-8 insulation layer spin-coating on top of the GC electrodes and UV exposure to pattern the insulation layer and open a connection between the GC electrodes and the metal traces (next step) and the anchor hole; (iv) Metal deposition and patterning using a lift-off procedure; (v) SU-8 top insulation layer spin-coating and patterning of the probe outline and the anchor hole for the insertion of a 50 µm tungsten shuttle. Finally, the probes were released from the silicon substrate using buffered oxide etchant (1:7) in acid hood. (b) Optical picture of a GC MEA on SU-8 substrate with a metal interconnection and GC microelectrodes, after the release from the wafer. In inset is reported a different view of the MEA flexible shank fabricated with an anchor hole at the shank tip to facilitate the insertion of a 50 µm tungsten shuttle that enables the handling and penetration of the probes into the brain. (c) Flexible GC MEAs connected to the PCB using a zero-insertion force (ZIF) connector. 
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Figure 2. Multichannel detection from 2 adjacent GC microelectrodes (100 µm interelectrode distance). (a) Schematics of a 5-channel GC MEA with the electrode used pointed out. (b) Current/time plot of DA released in the dorsal striatum, evoked by electrical stimulation of DA axons in the medial forebrain bundle (MFB), using 2 adjacent GC microelectrodes; (c) corresponding color plots. These recordings are obtained after pharmacological manipulations (2 mg/kg raclopride and 20 mg/kg NOM). 
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Figure 3. Multichannel detection from 3 GC channels (200 µm interelectrode distance). (a) Schematic of a 5-channel GC MEA with pointed out the electrode used. (b) Current/time plot of DA released in the dorsal striatum, evoked by electrical stimulation of DA axons in the medial forebrain bundle (MFB), using 3 GC microelectrodes with 200 µm interelectrode vertical distance; (c) corresponding color plots for evoked DA concentrations from the 3 different GC microelectrodes. These recordings are obtained after pharmacological manipulations (2 mg/kg raclopride and 20 mg/kg NOM). 
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Figure 4. PEDOT/CNT-coated GC MEA. (a) (i) Optical picture of GC MEA on SU8 substrate with metal interconnection and GC microelectrodes, alternately coated with PEDOT/CNT. This prototype has been fabricated with an anchor hole at the shank tip to facilitate the insertion of a 50 µm W shuttle wire that will enable the handling and penetration of the probes into the brain (magnification in (ii)). (iii) Magnification on 3 electrodes, 2 coated and 1 uncoated GC in the center. (iv) Magnification on the PEDOT/CNT-coated GC microelectrodes. (b) Electrochemical Impedance Spectra of the magnitude impedance of PEDOT/CNT-coated (red) versus uncoated (blue) GC microelectrodes (mean and SD, n = 6) PEDOT/CNT coatings show more than one order of magnitude decrease over the frequency range of 1 Hz–100 kHz. In inset: representative example of a CV plot of a GC electrode, before (blue) and after (red) PEDOT/CNT coating. 






Figure 4. PEDOT/CNT-coated GC MEA. (a) (i) Optical picture of GC MEA on SU8 substrate with metal interconnection and GC microelectrodes, alternately coated with PEDOT/CNT. This prototype has been fabricated with an anchor hole at the shank tip to facilitate the insertion of a 50 µm W shuttle wire that will enable the handling and penetration of the probes into the brain (magnification in (ii)). (iii) Magnification on 3 electrodes, 2 coated and 1 uncoated GC in the center. (iv) Magnification on the PEDOT/CNT-coated GC microelectrodes. (b) Electrochemical Impedance Spectra of the magnitude impedance of PEDOT/CNT-coated (red) versus uncoated (blue) GC microelectrodes (mean and SD, n = 6) PEDOT/CNT coatings show more than one order of magnitude decrease over the frequency range of 1 Hz–100 kHz. In inset: representative example of a CV plot of a GC electrode, before (blue) and after (red) PEDOT/CNT coating.



[image: Biosensors 12 00540 g004]







[image: Biosensors 12 00540 g005 550] 





Figure 5. PEDOT/CNT-coated GC microelectrodes can detect basal DA concentration using SWV. (a) Average (±SD) DA calibration plot (peak current vs. DA concentration, n = 5) conducted at PEDOT/CNT-coated GC microelectrodes in comparison with the calibration plot obtained using GC microelectrodes (n = 4). The average sensitivity, defined as the linear slope of the calibration plot, is linear in the range of 10 nM–1 μM, and it is 5.6 times higher (55.634 ± 0.001 nA/μM) than the one obtained using uncoated GC microelectrodes (10.22 ± 0.33 nA/µM). In inset: representative baseline-subtracted SWV DA peaks collected from a PEDOT/CNT-coated microelectrode (blue) and GC microelectrodes (black). (b) In vitro SWV DA calibration conducted at PEDOT/CNT-coated GC microelectrodes in aCSF reveals clear DA peaks at 0.12 V. 
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Figure 6. Multichannel detection of tonic dopamine concentrations using PEDOT/CNT-coated GC MEAs in the mouse DS. (a) Drawing of a 5-channel GC MEA with pointed out the electrode used for tonic DA detection, i.e., two PEDOT/CNT-coated microelectrodes (i,iii) and one uncoated GC microelectrode as a control (ii). (i,iii) Baseline-subtracted SWV DA peaks collected from two PEDOT/CNT-coated microelectrodes (basal level), (ii) baseline-subtracted SWV DA peaks collected from the uncoated GC microelectrodes; (b) baseline-subtracted SWV DA peaks collected at PEDOT/CNT-coated microelectrodes (blue) vs. GC microelectrodes (black, and magnification in inset); (c) representative baseline-subtracted SWV DA peaks collected at PEDOT/CNT-coated microelectrodes, before and 30 min after the administration of a cocktail of 2 mg/kg i.p. raclopride (RAC) and 20 mg/kg nomifensine (NOM). 
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Figure 7. Stable chronic detection of tonic dopamine concentrations using PEDOT/CNT-coated GC MEAs in the mouse DS. (a) Baseline-subtracted SWV DA peaks collected from a PEDOT/CNT-coated microelectrode (basal level, mean, and STD of 5 min acquisition sessions) at Days 1, 5, and 7 post-implantation in the mouse DS. (b) Bar plot reporting the baseline-subtracted SWV DA peaks at 0.12 V, at Days 1–21 post-implantation in the mouse DS. Average ± SD of the SWV collected over a 5 min recording session, with the respective baseline-subtracted SWV DA peaks (top). (c) In vivo electrochemical impedance spectra of the magnitude impedance of a representative PEDOT/CNT-coated microelectrode implanted in the mouse DS at Days 1, 5, 7, 14, and 21 post-implantation. 
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