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Abstract

Objective—Sub-cellular sized chronically implanted recording electrodes have demonstrated 

significant improvement in single-unit (SU) yield over larger recording probes. Additional work 

expands on this initial success by combining the subcellular fiber-like lattice structures with the 

design space versatility of silicon microfabrication to further improve the signal-to-noise ratio, 

density of electrodes, and stability of recorded units over months to years. However, ultra-small 

microelectrodes present very high impedance, which must be lowered for SU recordings. While 

poly(3,4-ethylenedioxythiophene) (PEDOT) doped with polystyrene sulfonate (PSS) coating has 

demonstrated great success in acute to early-chronic studies for lowering the electrode impedance, 
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concern exists over long-term stability. Here, we demonstrate a new blend of PEDOT doped with 

carboxyl functionalized multi-walled carbon nanotubes (CNTs) which shows dramatic 

improvement over the traditional PEDOT/PSS formula.

Methods—Lattice style subcellular electrode arrays were fabricated using previously established 

method. PEDOT was polymerized with carboxylic acid functionalized carbon nanotubes onto high 

impedance (8.0±0.1 MΩ: M±S.E.) 250 µm2 gold recording sites.

Results—PEDOT/CNT coated subcellular electrodes demonstrated significant improvement in 

chronic spike recording stability over four months compared to PEDOT/PSS recording sites.

Conclusion—These results demonstrate great promise for subcellular sized recording and 

stimulation electrodes and long-term stability.

Significance—This project uses leading-edge biomaterials to develop chronic neural probes that 

are small (sub-cellular) with excellent electrical properties for stable long-term recordings. High 

density ultrasmall electrodes combined with advanced electrode surface modification are likely to 

make significant contributions to the development of long-term (permanent), high quality, and 

selective neural interfaces.

Index Terms

Conductive Polymer; Brain-computer interface; multi-electrode array; neuroprosthetics; Neural 
Interface

I. Introduction

Intracortical microelectrodes allow direct readout of brain signals. These devices are critical 

front-end components for the advancement of basic neuroscience knowledge including our 

understanding of behavior, decision-making, memory, plasticity, neural circuitry, 

connectivity, neurological diseases, and brain injuries [1, 2]. For chronic studies that 

examine training or learning, it is important that the system remains stable in order to 

identify that the neurological changes were due to neuroplasticity instead of an implant 

induced reactive tissue response. Microelectrode arrays have also been employed in human 

tetraplegia patients to restore functional motor control [3, 4]. The performance of these 

neural prosthetic system hinges largely on the ability of the device to record within quality, 

stability, and longevity requirements. The fundamental challenge is to develop advanced 

materials that will enable neural interface devices to remain functional and stable for as long 

as needed in the neural tissue.

Intracortical microelectrodes must be surgically implanted into the brain tissue. This 

insertion causes blood-brain barrier (BBB) injury which triggers a cascade of injury 

response pathways that lead to glial scarring and neural degeneration around the implanted 

electrodes [5–7]. While the insertion injury cannot be eliminated, studies have shown that 

subcellular sized, ultra-small lattices elicit significantly less glial scarring and neuronal loss 

[8]. Functionalized, sub-cellular sized carbon fiber based electrodes similarly showed reduce 

inflammatory response and significantly improved SU recording performance compared to 

silicon electrodes [9]. Recent, two-photon studies have also demonstrated reduced tissue 
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strain around sub-cellular sized electrodes due to reduced volumetric tissue displacement 

resulting from insertion [10]. These findings point to size as one key factor for improving 

chronic recording performance [11] (see review [5] for additional factors).

Reducing the implant size and recording site size, however, leads to an increase in 

impedance [9, 12]. While smaller recording sites improves the discrimination of SU 

waveform of the nearest neuron from other nearby action potential, the increased impedance 

leads to a decrease in the signal amplitude and increase in the noise floor. This makes the 

discrimination of action potentials from high amplitude noise increasingly difficult. To 

address these issues, conductive polymers have been employed to reduce the impedance of 

small, high impedance recording sites [9, 12–17]. These conductive polymers improve the 

charge transfer properties of the electrode-electrolyte interface in part by increasing the 

electrochemical surface area while maintaining the geometric surface area [18].

Several conductive polymers with good tissue biocompatibility properties exist, such as 

polypyrrole and polyaniline [18], among which PEDOT remains the most stable conductive 

polymer available for implantable devices. Still, the stability of PEDOT is heavily 

dependent on the dopant or counter-ion, concentration, ratio, and deposition parameters [18]. 

One way to further improve the stability of PEDOT is to modify the dopant. Carbon 

nanotubes are highly stable and intrinsically conductive dopants that improve the 

electrochemical stability of PEDOT beyond the stability of PEDOT/PSS, even under 

electrical stimulation [19, 20]. One concern of PEDOT/CNT is the biocompatibility of the 

coating, particularly if loose CNTs are shed from the coating. However, early chronic in vivo 

studies have indicated good biocompatibility of the coating, even with extended electrical 

stimulation [21].

Here, we explore the use of carbon nanotube doped PEDOT for chronic neural recording on 

novel ultra-small silicon lattice electrodes. For the CNT to act as a counter-ion during 

electrochemical deposition, it was necessary for the CNTs to be negatively charged. This is 

in contrast to non-charged CNTs that are passively entrapped into PEDOT/PSS during 

deposition (PEDOT/PSS:CNT) [22, 23]. CNTs were functionalized with negatively charged 

carboxylic acid using acid treatment and sonication [24]. The negatively charged CNTs 

replaced the need for PSS co-dopant and allows for greater CNT incorporation into the 

electrochemically deposited film. PEDOT/CNT-(COOH)x was electrochemically deposited 

onto small, high-impedance recording sites. These devices were implanted at least 12 weeks 

in mice primary visual cortex. The results showed PEDOT/CNT-(COOH)x coated recording 

sites dramatically outperformed PEDOT/PSS recording sites after 8 weeks.

II. Materials and Methods

A. Silicon Probe Fabrication

A custom 3.6 mm 2×4 design was desired for these experiments so photolithographically-

defined neural probes were manufactured for this purpose using a slight modification to a 

well-defined silicon microfabrication process [25]. Silicon substrates were defined using 

boron-doping and diffusion. The trace material was polysilicon and the electrode material 

was Au because of its known compatibility with PEDOT electrodeposition [12]. Each site 
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area was 250 µm2 or 18 µm in diameter. Intershank distance was 500 µm from centerline to 

centerline. Each lattice strut was 15µm wide and each shank was 55 µm wide and 3.6 mm 

long. The first recording site was 850 µm from the tip and three other sites were spaced at 

116 µm. Windows in the lattices were 94 µm long and 25 µm wide every 116 µm. Recording 

sites with initial impedance values greater than 130 MΩ were considered open circuit due to 

poor wire bonding contacts to the print-circuit board and removed from the study prior to 

insertion.

B. Conductive Polymer Deposition

For PEDOT/PSS (N=21 sites), 0.1 M PSS (Acros Organics: 70,000 MW) and 0.01 M EDOT 

(Bayer) was dissolved in Millipore filtered diH20 overnight on a stir-plate without shaking 

at 4 °C. Electrochemical deposition was conducted in galvanostatic mode at 500 pA for 500 

s using a platinum foil counter electrode and a Ag/AgCl reference electrode.

CNTs were functionalized prior to deposition on the probes. The CNTs were functionalized 

with carboxylic acid groups by mixing 200mg of multi-walled carbon nanotubes into 25ml 

of concentrated nitric acid and 75ml concentrated sulfuric acid. This solution was sonicated 

for 2 hours and then vigorously stirred overnight at room temperature. The solution was then 

ultracentrifuged at 16k-rpm for 1 hr at 4 °C and the solute was poured off for pH test. 

Precipitate CNT-(COOH)xs were resuspended in Millipore filtered diH2O and the 

ultracentrifugation process was repeated until the removed solution became pH neutral. 

Samples were then dried at 60°C.

For PEDOT/CNT-(COOH)x deposition (n=15 sites), 1mg of CNT-(COOH)x was 

resuspended in 1ml of diH2O by sonication for 10 minutes. EDOT was added to this 

solution to a concentration of 0.02M. Electrochemical deposition was conducted in 

galvanostatic mode at 500 pA for 500 s using a platinum foil counter electrode and a Ag/

AgCl reference electrode. Electrodes for chronic implantation were ethylene oxide sterilized 

at least one week prior to electrode surgery. Samples for the SEM were imaged using a JSM 

6330F SEM (JEOL, Japan) at an accelerating voltage of 3kV. Working distance was 

adjusted automatically to allow for optimal image quality (Fig. 2).

C. Surgical Implant Procedure

Surgical implant was conducted as extensively described in a previous publication [1]. 

Briefly, a coated array was implanted unilaterally into the left primary monocular visual 

cortex, (V1m: +1 mm lambda, +1.5 mm midline) of 5 male C57BL/6J mice under 1.5% 

isoflurane. Arrays were inserted at ~2 mm/s using a stereotaxic manipulator such that the top 

recording sites were at a depth of 500 µm. Local field potential (LFP) and current source 

density (CSD) were used to validate that the electrode sites were implanted into Layer IV 

and V [1]. The silicon device and the craniotomy were sealed carefully with silicone (Kwik-

sil) and a headcap was created using UV-cured dental cement (Pentron Clinical, Orange 

CA). 5 mg/kg ketofen was administered daily for three days as a post-operative analgesic. 

All animal care and procedures were performed under the 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.
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D. Neural Recording and Analysis

Electrophysiological recording, single-unit (SU) analysis, and multi-unit (MU) analysis were 

conducted as extensively described in a previous publication (Fig. 3) [1]. Briefly, 

spontaneous recording was conducted in a dark room. Visual stimuli was presented using 

the MATLAB-based Psychophysics toolbox [26–28] on a 24” LCD (V243H, Acer. Xizhi, 

New Taipei City, Taiwan), while the animal was under isoflurane anesthesia. Solid black 

and white bar gratings were presented drifting in a perpendicular direction and synchronized 

with the recording system (RX7, Tucker-Davis Technologies, Alachua FL) at 24,414 Hz. 

The spike data stream was further pre-processed using published methods [29, 30]. Possible 

spikes were detected using a fixed negative threshold value of 3.5 SD. Offline spike sorting 

was carried out using a custom MATLAB script modified from previously published 

methods[9, 31].

The SU signal quality was defined as signal-to-noise amplitude ratio (SNAR), and was 

calculated as the peak-to-peak amplitude of the mean waveform of the cluster divided by 

twice the standard deviation of the noise:

(1)

where μSU−pp is the mean peak-to-peak amplitude of the waveform snippets and σNoise is the 

standard deviation of the spike data stream after all waveform snippets have been removed. 

If no SU was detected, SNAR was considered to be 0. This was done to prevent misleading 

over characterization of ‘AVERAGE SNR’ by ignoring or removing ‘failed’ recording sites 

during averaging. Only channels exhibiting sortable SU spikes with SNR >2 were analyzed. 

Candidate SU with SNR between 2 and 3 were manually confirmed or excluded by 

examining the combination of waveform shape, auto-correlogram, peak threshold crossing 

offset, and peristimulus time histogram (PSTH) with 50 ms bins. Candidate units with SNR 

below 2 were discarded, and candidate units with SNR greater than 3 were manually 

confirmed by examining the waveform shape.

For MU analysis, all spikes crossing the 3.5 SD threshold were used [32]. Multi-unit Signal-

to-Noise Firing Rate Ratio (SNFRR) was defined as the average firing rate in a 550 ms bin 

of the ‘ON’ state minus the average firing rate of the ‘OFF’ state in a 550 ms bin after a 50 

ms latency delay following the trigger divided by the average standard deviation of both the 

‘ON’ and ‘OFF’ state.

(2)

where μon and μoff are the mean MU firing rate of the ‘ON’ and ‘OFF’ state, respectively, 

while σon and σoff are the standard deviation of firing rates during the ‘ON’ or ‘OFF’ state, 

respectively. Two-sided Welch’s T-test with the assumption of unequal variance and a p-

value < 0.05 was conducted between ‘ON’ and ‘OFF’ firing rates. If no significant multi-

unit was detected, MU amplitude and SNFRR were considered to be 0. This was done to 
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prevent misleading over characterization of ‘AVERAGE SNR’ by ignoring or removing 

‘failed’ recording sites during averaging.

While SU signal strength can be quantified as the average voltage amplitude of the largest 

sorted single-unit, threshold-crossing events which include MU were a mixture of possible 

SUs with various amplitudes. Therefore MU signal strength of the largest reliable MU 

amplitude was estimated using the quality metric defined as

(3)

where μMU−pp and σMU−pp are the mean peak-to-peak amplitude of and standard deviation 

of all of the waveform snippets, respectively. That is, the strength of the multiunit signal is 

defined as the average peak-to-peak MU amplitude plus two standard deviations of the 

standard deviation of all MU peak-to-peak amplitude.

E. Impedance Measurements

Electrochemical impedance was measured immediately after each neural recording session. 

While under anesthesia, the implanted array was connected to an Autolab potentiostat using 

a 16 channel multiplexer. Impedance was measured for each of the 8-channels using a 10 

mV RMS sine wave from 10 Hz to 32 kHz, employing a 15 multisine paradigm to shorten 

the time required for measurement. In this work, the 1 kHz impedance is reported unless 

indicated otherwise.

III. Results

PEDOT with different counter ions were electrochemically deposited onto gold recording 

sites with a mean 1kHz impedance of 7,958±112 kΩ. PEDOT/PSS reduced the 1kHz 

impedance to 97.1±1.1 kΩ while PEDOT/CNT-(COOH)x reduced it to 90.3 ± 8.1 kΩ. SEM 

revealed the PEDOT/CNT-(COOH)x had a distinct and dense nanotube matrix structure that 

was significantly more porous than PEDOT/PSS. The coated electrodes were chronically 

implanted into the visual cortex of mice for SU and MU anlaysis.

A. Spike recording performance

The chronic SU and MU recording performance were evaluated in the visual cortex of mice 

(Fig. 3). Neural activity in the visual cortex was driven by stimulating the contralateral eye 

with drifting solid gratings.

The SU yield and MU yield started at similar values for both PEDOT/PSS and PEDOT/CNT 

(Fig. 4ab). While the SU yield for PEDOT/CNT coated sites held steady at around 50% 

throughout the implant, the SU yield on the PEDOT/PSS recording sites began dramatically 

decreased after the first month. Interestingly, the SU and MU yield for the PEDOT/CNT 

recording sites were identical. This indicates that PEDOT/CNT sites were able to detect 

clean SU waveforms on all recording sites detecting visually evoked neural activity. This, in 

turn, suggests good recording properties for isolating SUs from distant background units. In 

contrast, the PEDOT/PSS showed slightly better MU yield than SU yield. However, the MU 

yield of PEDOT/PSS also decreased dramatically after the first 1–2 months.
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SU SNAR, SU amplitude and MU amplitude were similar on the day of surgery (Fig. 4c–f). 

For PEDOT/CNT, SU SNAR was initially 3.0±0.6 and SU amplitude was 78.3±15.2 µV, 

while for PEDOT/PSS they were 2.1±0.4 and SU amplitude was 50.6±11.2 µV. 

Interestingly, on the day of the surgery, MU SNFRR was significantly better for 

PEDOT/PSS at 0.47±0.08 compared to 0.16±0.03 for PEDOT/CNT. For the first 42 days, 

PEDOT/PSS performed similarly to previously published results [9, 13] and statistically 

similarly to PEDOT/CNT. However, 7–8 weeks after implantation, the performance of 

PEDOT/PSS recording sites are significantly (p<0.05) lower than the PEDOT/CNT sites. 

While the original study was intended for 12 wks (84 days), PEDOT/CNT recordings were 

extended due to its continuously strong recording performance.

B. Chronic Impedance

The impedance of PEDOT/CNT recordings sites steadily increased for the first three 

months, then stabilized (Fig. 5). In contrast, PEDOT/PSS recording sites increased for the 

first 2 weeks, then decreased over the next two weeks before steadily increasing (Fig. 5). 

Most interesting is that during day 7 and day 14, when the impedance of PEDOT/PSS was 

greater than PEDOT/CNT, the noise floor of PEDOT/PSS were significantly lower than 

PEDOT/CNT (p<0.05). There was no trending difference in noise floor during the second 

month, while PEDOT/CNT had a lower noise floor than PEDOT/PSS during the 3rd month. 

It should be noted that while impedance and noise floor may provide supplemental 

information, our previous data show they are poor predictors of recording performance [1, 

10, 32].

IV. Discussion

In this study, two PEDOT blends were compared for chronic recordings; the more 

commonly used PEDOT/PSS (PSS MW 70,000Da) and PEDOT/CNT. Both blends were 

deposited under galvanostatic mode with the same current level and total deposition charge. 

All devices were implanted into the same anatomical coordinates including depth and the 

recording sites were confirmed to remain in Layers IV and V throughout the duration of the 

study using CSD. The chronic recording performance of PEDOT/PSS remains comparable 

for the first 5–6 wks which are supported by previous early chronic studies [9, 13]. Although 

the acute insertion injury related inflammation stabilizes in the first few weeks, the chronic 

tissue response continues to evolve for many months [10]. In fact, chronically implanted 

PEDOT/CNT coated Au recording sites significantly out preformed PEDOT/PSS recording 

sites after 7–8 wks following implantation.

Interestingly, the 1 kHz impedance of the PEDOT/PSS increased over the first couple of 

weeks, then decreased before steadily increasing. When the recording performance began to 

significantly degrade, the impedance value was 988±121 kΩ. In contrast, PEDOT/CNT 

steadily increased, up to 2,511±67 kΩ but the increase in impedance did not dramatically 

impact recording performance. As discussed in previous studies, the 1 kHz impedance 

magnitude does not linearly correlate with quality of recording. The higher quality and 

longer lasting recording from the PEDOT/CNT may be a result of the better tissue 

integration of the nanofibrous and porous sites with the host tissue. The intimate integration 
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leads to close proximity between the neuron and the recording sites. The initial more rapid 

increase of the impedance of PEDOT/PSS suggests higher degree of inflammatory tissue 

reaction, which could lead to reduced neuronal density around the PEDOT/PSS sites. The 

impedance of the PEDOT/CNT steadily increase over time until around 10 weeks, the 

reason for this increase is not known but may be a result of protein and tissue filling into the 

pores of the PEDOT/CNT film which reduces the effective surface area. In another study 

when we were able to retrieve the PEDOT/CNT coated implants, such phenomenon was 

observed (Data not shown). On the other hand, PEDOT/PSS’s sharp impedance increase and 

decrease at acute time suggest a more aggressive cellular tissue response. The more steady 

increase of impedance after three weeks may be a result of fouling or degradation of the 

mechanical/chemical stability.

However, additional research is necessary to determine if the significant differences in 

performance is due to the coating’s impact on changes in material property. More detailed 

equivalent circuit analysis may help to test these hypotheses. Previous histological study 

demonstrated that prolonged electrical stimulation through PEDOT:CNT coated electrodes 

did not lead to significant differences in the quantitative histology [21]. This suggests the 

coating did not exacerbate the reactive tissue response, for example through the shedding of 

loose CNT during stimulation. It is expected that passive recording through the coating will 

have reduced inflammation compared to when electrically stimulated [18]. However, it 

should be noted that while impedance and post-mortem histology may supplement recording 

data, they are poor predictors of recording quality [10]. Therefore, PEDOT/PSS and 

PEDOT/CNT coatings were compared across single-unit and functional evoked multi-unit 

recording performance metrics. Particularly, the ability to record visually evoked multi-unit 

firing rate changes suggest that the neurons being recorded remain integrated in the primary 

visual neural circuit and are relatively healthy. While additional research is needed to better 

understand in vivo failure mechanisms of conductive polymers, opportunities still exist for 

improving their chronic in vivo stability.

The center and edge recording sites were also compared. However, neither a significant 

difference nor even a trending difference was observed. While additional research may be 

necessary, it is possible that at small lattice dimensions (<55×15 µm) there is minimal 

impact on recording site location. While other groups have compared recording 

performances of different devices in the literature [33–36], additional research is necessary 

to compare recording performance of these devices to PEDOT/CNT coated commercially 

available devices. To percisely compare recording performance across devices, visually 

evoked chronic recording performance must be collected in the primary monocular visual 

cortex of mice at layer IV and V over 6 months with PEDOT/CNT coated devices. This data 

is not currently available from the literature. These are, however, beyond the scope of this 

study of comparing chronic recording performance of PEDOT/CNT and PEDOT/PSS 

electrode sites, which showed significant differences after 7–8 weeks post implantation.

PEDOT has gained substantial popularity for improving the electrical property of 

implantable devices. It is relatively simple to polymerize under a wide range of deposition 

parameters, concentrations, electrode size, and electrode shape. However, the wide range of 

PEDOT polymerization also results in a wide range of electrical and mechanical stabilities. 
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Furthermore, EDOT is an organic liquid, and the method used to dissolve it into water 

impacts its effective concentration during deposition (e.g. stirring for 8 hrs vs vortexing for 

10 min). Poor understanding of how these variables impact PEDOT stability has led to the 

concern that PEDOT cannot be electrically stable longitudinally in vivo.

To date, PEDOT remains the most stable conductive polymer available for implantable 

devices. These results demonstrate that the stability of PEDOT can be improved by tuning 

the dopant or counter-ion. Further optimization of concentration, ratio, and deposition 

parameters, such as chemical deposition or electrochemical deposition may improve the 

PEDOT stability [18]. For example, electrochemical deposition can also be altered by using 

potentiostatic or galvanostatic mode. Current density or charge density and total deposition 

charge can also influence the thickness and stability of the coating.

Carbon has nearly an order of magnitude higher capacitive charge transfer capacity, as well 

as over 8 orders of magnitude greater resistance than traditional metals, which makes the 

electrode site resilient to damage from Faradaic charge transfer [37]. This property has 

previously been shown to improve the electrode material against electrical stimulation [19, 

20]. In addition, carbon has been shown to possess photoelectric/photothermal neural 

stimulation properties [38]. With CNTs, these properties can also be fine-tuned. CNTs come 

in a wide variety of lengths, outer diameter, inner diameter, (n,m) index, dopants, number of 

walls (e.g. single-walled, double-walled, triple-walled, multi-walled), and whether the ends 

of the tubes are opened or closed. The (n,m) index orientation (i.e. the orientation of the 

graphene honeycomb in the tube) can alter the bandgap of the CNT [e.g. metallic (n = m), 

quasi-metallic (n−m = 3X, where X is an integer), semiconducting (others)].

In order to achieve a high density of CNTs in the PEDOT matrix, it was necessary to add 

negatively charges to the CNTs [19]. This was done using strong acid treatments and 

sonication to add carboxylic acid functional groups to the CNTs. The resulting PEDOT 

structure was a dense lattice matrix structure held in place by the PEDOT conductive 

polymer. The ultrastucture of the negatively charged CNT incorporated PEDOT was much 

more porous and contained higher density of CNTs than the PEDOT/PSS with neutral CNT 

diffused PEDOT/PSS+CNT [22, 23]. Furthermore, hollow CNTs can be functionalized with 

surface chemistry or employed as a reservoir for controlled-release local drug delivery [39].

V. Conclusion

Emerging research points to sub-cellular sized devices as significantly improve chronic 

electrophysiology recording performance. As the microelectrodes get smaller, recording 

sites also need to become smaller. Smaller recording sites, further improves the ability to 

isolate single-unit waveforms from distant neurons, but tend to result in high electrical 

impedance. PEDOT has gained rapid popularity as an electrode site coating to improve 

electrical properties of the site with many classes of implantable devices due to its ease of 

use. The rapid adoption of this technology without careful calibration of deposition 

parameter to optimize stability for each electrode type and size has exacerbated the concern 

that PEDOT is inherently unstable and cannot be used for chronic applications. Here we 

demonstrate that the stability of PEDOT can be reinforced using CNTs to significantly 
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improve chronic recording performance after 50 days post-implant. CNTs further add 

functionality to implantable devices, including the capacity for drug delivery. The enhanced 

recording performance demonstrates promising results for improving conductive polymer 

coated sites for implantable devices. Lastly, PEDOT/CNT coatings are not limited to 

ultrasmall electrodes, but may be applied to a broad electrode design space including 

microwire, Michigan, and Utah Arrays.
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Figure 1. 
Dual shank silicon neural probe was fabricated using deep boron doping, polysilicon 

interconnects, and evaporated Au microelectrodes. In each dual shank probe, one shank had 

an open lattice design and the other was solid, both having identical electrode layouts 

(inset).
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Figure 2. 
Scanning electron microscopy images of (a) PEDOT/PSS coated recording sites, and (b) 

PEDOT/CNT-(COOH)x coated recording sites.
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Figure 3. 
Example chronic spike recordings. (a–b) Raw spike stream (300–5,000Hz) from PEDOT/

CNT-(COOH)x sites (a) and PEDOT/PSS sites (b) over time. Insets show isolated single-

unit waveform in a 1.2 ms window. (c–d) Peristimulus time histogram (50 ms bins) of 

visually evoked threshold crossings from PEDOT/CNT-(COOH)x sites (a) and PEDOT/PSS 

sites (b) over time. Drifting gratings (mov) were displayed (on) from 0 for 1s followed by 1 

s of black screen (off).
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Figure 4. 
Chronic spike recording performance of PEDOT/CNT-(COOH)x (black) and PEDOT/PSS 

(blue) electrode sites. (a) SU yield, (b) MU yield. (c) SU signal-to-noise amplitude ratio for 

the largest isolated SU waveform. (d) Visually evoked MU signal-to-noise firing rate ratio. 

(e) Average amplitude of the largest SU waveform on each channel (solid line). (f) Average 

MU amplitude (solid line). (e–f) dashed line indicates noise floor. * indicates significant 

difference of SNR or Amplitude (p<0.05). # indicates significant difference in noise floor 

(p<0.05). Note: If no SU or MU were detected, SNR=0 and amplitude=0 µV. Average SU 

SNAR and SU amplitude may be lower than the noise floor if large number of recording 

sites had SNR=0 and amplitude=0 µV. As previously published, this was done to prevent 

misleading over characterization of ‘AVERAGE SNR’ by ignoring or removing ‘failed’ 

recording sites during averaging.
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Figure 5. 
1kHz impedance of PEDOT/PSS (cyan) and PEDOT/CNT (black). * indicates significant 

difference (p<0.05). Note: −4 day time point indicates uncoated Au electrode and −2 day 

time point indicates coated electrodes prior to surgery.
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