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Abstract

Objective—Individual carbon fiber microelectrodes can record unit activity in both acute and 

semi-chronic (∼1 month) implants. Additionally, new methods have been developed to insert a 16 

channel array of carbon fiber microelectrodes. Before assessing the in vivo long-term viability of 

these arrays, accelerated soak tests were carried out to determine the most stable site coating 

material. Next, a multi-animal, multi-month, chronic implantation study was carried out with 

carbon fiber microelectrode arrays and silicon electrodes.

Approach—Carbon fibers were first functionalized with one of two different formulations of 

PEDOT and subjected to accelerated aging in a heated water bath. After determining the best 

PEDOT formula to use, carbon fiber arrays were chronically implanted in rat motor cortex. Some 

rodents were also implanted with a single silicon electrode, while others received both. At the end 
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of the study a subset of animals were perfused and the brain tissue sliced. Tissue sections were 

stained for astrocytes, microglia, and neurons. The local reactive responses were assessed using 

qualitative and quantitative methods.

Main results—Electrophysiology recordings showed the carbon fibers detecting unit activity for 

at least 3 months with average amplitudes of ∼200 μV. Histology analysis showed the carbon fiber 

arrays with a minimal to non-existent glial scarring response with no adverse effects on neuronal 

density. Silicon electrodes showed large glial scarring that impacted neuronal counts.

Significance—This study has validated the use of carbon fiber microelectrode arrays as a 

chronic neural recording technology. These electrodes have demonstrated the ability to detect 

single units with high amplitude over 3 months, and show the potential to record for even longer 

periods. In addition, the minimal reactive response should hold stable indefinitely, as any response 

by the immune system may reach a steady state after 12 weeks.

Keywords

Flexible electrodes; Minimal injury; High density array; Neural electrodes

1. Introduction

Recording stable, low-noise, high-amplitude unit activity in the motor cortex is crucial for 

the long-term stability of any brain machine interface (BMI) system [1–9] and can be 

equally important in many neuroscience studies [10–13]. To accomplish this goal, a system 

of electrodes should ideally elicit little to no immune response, have the capacity to 

concurrently record from a large population of neurons to either access more information 

content or to better understand local population dynamics, and demonstrate the ability to 

chronically record neural activity.

The initial insertion of any electrode is a traumatic event to the local cellular network and 

vasculature and is greatly influenced by insertion speed [14,15], location [16], and technique 

[17,18]. If the electrode is removed soon after insertion, the local area will heal [19,20]. 

Permanent implantation of the electrode leads to the eventual formation of a localized glial 

scar comprised chiefly of astrocytes and microglia [20–32]. Accompanying the scar is a 

varying degree of neuronal cell death within the immediate vicinity of the electrode 

[20,21,25,30]. The persistence of the scar can be attributed to multiple factors including the 

continual release of inflammatory factors by the locally activated glial cells [27,28,33] and a 

breached blood brain barrier that cannot completely heal, therefore allowing the infiltration 

of pro-inflammatory cells and chemokines [19,34,35]. The impact that these chemokines 

have on the local environment has been shown through the use of genetic knockouts. The 

removal of monocyte chemoattractant protein 1 led to improved neuronal density [36] while 

caspase-1 knockout mice demonstrated significantly better recording quality as compared to 

wild type mice [37].

One way to mitigate the inflammatory response is through a reduced probe footprint. The 

reduction in probe size has been shown to reduce the mechanical strain on nearby neurons 

[37], lessen the long-term glial response, and improve the survival rates of the local neuronal 
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population [38–40]. It should be noted that these studies demonstrating an improved tissue 

response made use of hard materials, such as silicon [39,40], and softer materials, such as 

SU-8 and parylene [38]. While an electrode's material properties may play an important role 

in bridging the mechanical mismatch between an implant and the brain, the previous studies 

on electrode dimensions point to probe size as being a more critical factor.

We have recently proposed a multi-electrode array design using carbon fibers as the basis for 

the recording electrode [41,42]. Carbon fiber electrodes are small (d = 6.8 μm), and with the 

addition of a parylene-c insulating coating (t = 800 nm), the overall diameter is only 

increased to 8.4 μm. In addition, this electrode material is extremely amenable to creating 

high density arrays and with a site coating of poly(3,4-ethylenedioxythiophene) (PEDOT) 

has been shown to record high quality unit activity [41,43,44].

This work evaluates the longevity of these arrays, by first testing two different formulations 

of the site coating material, PEDOT, using an accelerated aging test. Carbon fiber arrays 

functionalized with parylene-c and PEDOT were further evaluated by chronically implanting 

them into rat motor cortex. Additionally, some animals were implanted with a commercially 

available planar silicon electrode in the contralateral hemisphere's motor cortex. Impedance 

and electrophysiology recordings were taken on a regular basis and analyzed to demonstrate 

the carbon fiber's viability as a chronic electrode technology. Lastly, a subset of animals 

were perfused and stained to quantitatively analyze the glial response and neuronal density 

surrounding both electrode types.

2. Materials & Methods

2.1 Soak Test

2.1.1 Probe Assembly—Printed circuit boards (PCBs) for accelerated soak testing were 

first roughened in the non-trace and non-bond pad areas with a Dremel tool, to allow for 

better adherence of the final epoxy coating (figure 1(a)). Once roughened, eight individual 

carbon fibers (T-650/35 3K, Cytec Thornel, Woodland Park, NJ), with length of 

approximately 1 cm, were placed on the individual bond pads using conductive silver epoxy 

(H20E, Epoxy Technology, Billerica, MA) (figure 1(b)). The conductive epoxy was then 

oven cured using the manufacturer's recommended settings. The silver epoxy bond was then 

covered with insulating epoxy (353NDT, Epoxy Technology, Billerica, MA) and oven cured 

using the manufacturer's recommended settings (figure 1(c)).

Probes were then insulated with a conformal coating of parylene-c (t=800 nm) using a 

Parylene Deposition System 2010 (SCS Coatings, Indianapolis, IN). After insulation, the 

tips of each probe were cut to re-expose a bare carbon fiber site. At this site, one of two 

solutions was electrodeposited. The first was a solution of 0.01 M 3,4-

ethylenedioxythiophene (483028, Sigma-Aldrich, St. Louis, MO):0.1 M sodium p-

toluenesulfonate (152536, Sigma-Aldrich, St. Louis, MO). The second solution was 

composed of 0.01 M 3,4-ethylenedioxythiophene (483028, Sigma-Aldrich, St. Louis, MO):

0.1 M polystyrene sulfonate (m.w. 70.000, 222271000, Acros, NJ). For each solution the 

electrodeposition was carried out by applying 100 pA/channel for 600 seconds to form a 

layer of poly(3,4-ethylenedioxythiophene):sodium p-toluenesulfonate (PEDOT:pTS) or 
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poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). All channels to be 

coated with a given solution were shorted together during the electrodeposition step and the 

current delivered was scaled accordingly.

2.1.2 Accelerated Soak Test Setup—Boards with parylene-c and PEDOT:pTS or 

PEDOT:PSS coated carbon fibers were mounted to the underside of a jar lid (figure 1(d)). 

The lids were then secured to jars that contained 1× phosphate buffered saline (PBS) 

solution (BP3994, Fisher, Waltham, MA) (figure 1(e)). The 1× PBS was at a level such that 

only the fibers were submerged and not the entire printed circuit board. The jars were then 

lowered into a water bath maintained at 60 °C. At each time point the fibers were removed 

from the heated 1× PBS and rinsed once with deionized water. Next, the fibers' impedances 

were recorded. Once recordings were complete the assembly was returned to the heated 1× 

PBS.

According to works by Green et al. [45] and Hukins et al. [46], equation (1) can be used to 

determine the aging time that the fibers have undergone:

(1)

Where t37 is the simulated aging time at 37 °C, tT is the amount of real time that the samples 

have been kept at the elevated temperature, T, and Q10 is an aging factor that is equal to 2, 

according to ASTM guidelines for polymer aging [47]. Calculating the simulated time for tT 

= 1 and T = 60 °C results in t37 = 4.92. This value of 4.92 is the acceleration factor and all 

real time measurements are scaled by this amount to obtain the simulated time.

2.1.3 Electrochemical Impedance Spectroscopy (EIS)—EIS measurements were 

taken with a PGSTAT12 Autolab (EcoChemie, Utrecht, Netherlands), controlled by vendor-

supplied NOVA software. Measurements were obtained by applying a 10 mVRMS signal 

from 10 Hz to 31 kHz. Custom Matlab (Mathworks, Natick, MA) scripts were used to 

determine frequency specific impedance values. All reported values are mean ± standard 

error of the mean.

2.2 Chronic Electrode Implantation

2.2.1 Carbon Fiber Array Preparation—Carbon fiber arrays were fabricated as 

previously described [42]. Briefly, individual fibers were secured to bare traces (152.4 μm 

pitch) of a custom made PCB with silver epoxy that was then heat cured. This exposed 

contact was then coated with a heat cured insulating epoxy to protect the connection 

between the fiber and trace. Once fully assembled, all carbon fiber arrays for neural 

recordings were coated with an 800 nm thick insulating layer of parylene-c using a Parylene 

Deposition System 2010 (SCS Coatings, Indianapolis, IN). Probe tips also received a site 

coating of PEDOT:pTS with the same formula and deposition parameters used on the fibers 

that underwent soak testing. The final preparation step was a coating of poly(ethylene 

glycol) (PEG) as described in [42].
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2.2.2 Surgery for Chronic Implantation of Carbon Fibers and Silicon Probes—
Chronic implantation of carbon fiber arrays (figure 2(a)) and silicon probes (figure 2(b)) 

used adult male Long Evans rats (n=3 rats with only carbon fibers, 3 with both electrodes, 

and 2 with only silicon probes) weighing 300 – 350 g. Rats were first anesthetized using 5% 

isoflurane (v/v) for induction and then 1 – 3% isoflurane (v/v) for maintenance. The head 

was then shaved and triple swabbed using alternating applications of betadine and 70% 

ethanol. Ointment was applied to the eyes to keep them from drying during surgery. Once 

mounted in the stereotax, the shaved area was swabbed one more time with betadine and 

70% ethanol. A subcutaneous injection of lidocaine (4 mg/mL) was given at the incision site 

at a maximum dosage of 4 mg lidocaine per 1 kg of body weight. After incision, the skin 

flaps were pulled away using hemostats and the skull surface cleaned. A burr bit (19008-07, 

Fine Science Tools, Foster City, CA) was used to drill seven holes around the periphery of 

the skull for seven bone screws (19010-00, Fine Science Tools, Foster City, CA). Next, 2 

mm × 3 mm craniotomies were made over the left and right motor cortex using coordinates 

from a reference atlas [48]. Before resecting the dura, a layer of Kwik-Sil (World Precision 

Instruments, Sarasota, FL) was applied to the skull at the posterior, anterior, and leftmost 

sides.

Following the resection of the dura on the rightmost craniotomy, the PEG coated carbon 

fiber array was brought to the surface of the brain. The exposed fibers were implanted 

according to methods previously described [42]. The silicon probes (A1×16-3mm-50-177-

HZ16_21mm, NeuroNexus Technologies, Ann Arbor, MI) were 3 mm in length with sixteen 

177 μm2 iridium sites spaced 50μm apart, starting from the tip. To implant the silicon probe, 

a small metal rod was attached to the stereotactic manipulator and positioned above the rat's 

skull. A drop of melted PEG was applied to the very tip of the rod. The base of the silicon 

probe was then positioned to rest in the still liquid PEG, which secured the probe as it 

solidified. The dura over the leftmost craniotomy was resected and the probe was implanted 

to the desired depth. The polyimide cable connecting the probe to the PCB was secured to 

the nearest bone screws using Kwil-Sil. After the Kwil-Sil had cured, the PEG was dissolved 

away using sterile Lactated Ringer's.

Additional Kwik-Sil was then applied to the skull at the lateral side of the rightmost 

craniotomy, forming a complete barrier around both craniotomies. The Kwik-Sil barrier was 

flooded with either Kwik-Cast (World Precision Instruments, Sarasota, FL), petroleum jelly, 

or alginate [49]. Reference and ground wires from both PCBs were attached to the posterior 

most bone screw. The PCBs were then anchored to all of the skull's bone screws using dental 

acrylic. The skin flaps were brought up over the dental acrylic headcap on each side and 

sutured together at the anterior and posterior ends. Triple antibiotic ointment was liberally 

applied around the headcap. Animals were then removed from the stereotax and allowed to 

recover on a heated pad placed under their cage. During surgery, animal vitals were 

monitored using a pulse-oximeter and rectal temperature probe. All procedures and post-

operative care complied with the University of Michigan's University Committee on Use and 

Care of Animals.

A detailed breakdown of each animal's implant(s) and implant depth can be found in table 1.
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2.2.3 Electrophysiology Recordings and Spike Sorting—Electrophysiology 

recordings using chronic implants of carbon fiber arrays and silicon probes were done while 

the rats were awake and moving about freely in their cage. All acquisition of 

electrophysiology recordings were taken using a ZC16 headstage, RA16PA preamplifier, 

and RX5 Pentusa base station (Tucker-Davis Technologies, Alachua, FL). During data 

acquisition, the pre-amplifier high pass filtered at 2.2 Hz, anti-aliased filtered at 7.5 kHz, and 

sampled at a rate of ∼25 kHz. Each recording session lasted 5 or 10 minutes.

Recording sessions were imported into Offline Sorter (Plexon, Dallas, TX) and first high-

pass filtered (250 Hz corner, 4th order Butterworth). Each channel was manually thresholded 

and the resultant waveforms sorted by a trained operator. Sorted waveforms belonging to the 

same neuronal unit were averaged together to obtain a peak-to-peak amplitude for that unit, 

which was averaged with all other unit peak-to-peak amplitude values to obtain the mean 

value for each recording day for each probe type. All reported values are mean ± standard 

error of the mean.

2.2.4 Noise Floor and Signal-to-Noise Ratio Calculations—To determine the noise 

floor for each recording channel, a trained operator picked out five 100 ms snippets of 

filtered electrophysiology recording data that did not contain sorted units and did not display 

amplifier saturation indicative of a motion artifact. The snippets of data, best characterized 

as non-spiking neural activity, were then joined together in a single 500 ms block which was 

used to calculate VRMS-Channel. The signal-to-noise ratio (SNR) of each sorted unit was 

calculated by dividing the peak-to-peak voltage of the waveform by 3·VRMS-Channel. All 

reported noise and SNR values are mean ± standard error of the mean.

2.2.5 Channel Exclusion and Count—It was discovered throughout the study that 

certain datasets were corrupted by either the use of a broken headstage or from fibers 

themselves that showed signs of breakage. A full explanation of these types of problems and 

how they were mitigated can be found in the supplementary section. The primary goal in 

removing corrupted datasets or channels was to avoid skewing the analysis in any one 

direction.

The number of channels used for impedance analysis at each time point can be seen in figure 

S1. The number of channels used for calculating the percentage of channels with units and 

the noise levels at each time point can be seen in figure S2. The number of units detected 

used for amplitude analysis at each time point can be seen in figure S3.

2.3 SEM Imaging

A FEI Nova 200 Nanolab Focused Ion Beam Workstation and Scanning Electron 

Microscope (FEI, Hillsboro, OR) was used for SEM imaging. Prior to imaging, samples 

were gold sputter coated with a SPI-Module Sputter Coater (SPI Supplies, West Chester, 

PA).
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2.4 Histology

2.4.1 Perfusion and Tissue Staining—At day 91, 2 animals were transcardially 

perfused with 250 – 300 mL of 1× phosphate buffered saline (PBS) (BP3994, Fisher 

Scientific, Waltham, MA) followed by 250 – 300 mL of 4% (w/v) paraformaldehyde 

(P6148, Sigma Aldrich, St. Louis, MO) in 1× PBS. Extracted brains were then soaked in 4% 

(w/v) paraformaldehyde for an additional 24 hours. Once fixed, the tissue was cryoprotected 

by successive 24 hour long soaks in 10%, 20%, and finally 30% (w/v) sucrose (BP220, 

Fisher Scientific, Waltham, MA) in 1× PBS. If the tissue sample had not sunk to the bottom 

of the solution after 24 hours, additional time was given before moving to the next higher 

concentration of sucrose. Next, tissue was embedded in Optimal Cutting Tissue Compound 

(4583, Sakura, Netherlands) and frozen to -20 °C. The frozen sample was sectioned into 20 

μm slices using a Microm 550 Cryostat (Fisher Scientific, Waltham, MA) and mounted 

directly onto slides. A hydrophobic barrier using a PAP pen (22312, Ted Pella, Redding, 

CA) was drawn around each slice and allowed to dry.

To stain the slices they were first rinsed with 1× PBS for 10 minutes. Next, slices were 

blocked with 10% goat serum (S-1000, Vector Labs, Burlingame, CA) in 1× PBS for one 

hour at room temperature. Slices were then incubated in a primary antibody solution 

containing one or more of the following: Rabbit anti-Iba1 (1:500 dilution) (019-19741, 

Wako, Richmond, VA), Rabbit anti-GFAP (1:500 dilution) (Z033429-2, Dako, Carpinteria, 

CA), or Mouse anti-Neun (1:500 dilution) (MAB377, Millipore, Billercia, MA), mixed with 

0.3% Triton X-100 (T8787, Sigma Aldrich, St. Louis, MO) and 3% goat serum in 1× PBS, 

overnight in a covered chamber. The next day, slices were triple rinsed with 1× PBS, with 

each wash allowed to sit for 10 minutes. Slices were then incubated in a solution of Alexa 

488 Goat anti-Rabbit IgG (1:200 dilution) (A-11034, Invitrogen, Grand Island, NY), Alexa 

555 Goat anti-Mouse IgG (1:200 dilution) (A-11031, Invitrogen, Grand Island, NY), 0.2% 

Triton X-100, and 5% goat serum in 1× PBS at room temperature for two hours. The slices 

were then rinsed twice with 1× PBS with each rinse lasting 10 minutes. Slides were then 

cover slipped using Prolong Gold (P36930, Invitrogen, Grand Island, NY) and allowed to 

dry overnight before imaging.

2.4.2 Confocal Imaging & Processing—A LSM 510-META Laser Scanning Confocal 

Microscope (Zeiss, Oberkochen, Germany) was used to image the stained slices. Pixel-based 

image intensity analytics was performed using previously published custom MATLAB script 

I.N.T.E.N.S.I.T.Y. v1.1 [50]. Laser, imaging, and PMT settings were constant between 

contralateral hemispheres in each slice. Gain and contrast settings were altered during image 

processing.

Briefly, to prevent holes in the tissue (such as major blood vessels and shuttle tracts) from 

artificially reducing the average activity-dependent fluorescence, background noise intensity 

threshold was calculated from 5% of the corners of each image. To calculate the background 

noise intensity threshold, pixels with intensity greater than one standard deviation dimmer 

than mean pixel intensity were considered “signal” and removed from the threshold 

calculation. The threshold was then determined by calculating the pixel intensity of one 

standard deviation below the mean of the remaining pixel intensities. Bins with intensity 
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values dimmer than average intensities of the control images were considered tissue “holes”. 

Using MATLAB, the center of the silicon or carbon fiber track (15 μm × 123 μm or 8.4 μm 

diameter, respectively) was identified on each image, after which the script generated masks 

every 25 μm of rounded rectangles or concentric rings, respectively (see I.N.T.E.N.S.I.T.Y. 

v1.1 readme). Carbon fiber probe tracks were identified as holes in the tissue surrounded by 

an increased intensity “cloud” of anti-mouse secondary antibody label over non-cellular 

features. Weak cross-talk between anti-mouse secondary antibodies and rat primary 

antibodies likely indicate implant sites where rat IgG entered the brain parenchyma from 

insertion injury related to blood brain barrier leakage. The tissue reactions to single fibers 

have been previously characterized [41], and the summation of the tissue response from 

multiple shanks influence the overall tissue health and recording performance. Therefore, 

the tissue reaction was quantified as a summation of neighboring shanks similar to 

electrophysiology performance metrics, instead of disentangling overlapping bins.

The average intensity for all pixels above the background noise intensity threshold in each 

bin was calculated and then normalized against the background to calculate the Signal-to-

Noise Intensity Ratio (SNIR) in each bin as follows;

(2)

where AvgI>T is the mean intensity of all pixels above the noise threshold (>T) in each bin, 

and AvgN is the mean noise floor intensity. This means, SNIR=1 represents the noise floor. 

Therefore, it is expected that the SNIR does not asymptote to 1 unless there is no staining 

signal in the corresponding bin. Data were averaged for each implant type and time point, 

and then reported as mean and standard error.

Neurons were counted on I.N.T.E.N.S.I.T.Y. v1.1 binned images using the built in cell 

counting function in ImageJ. NeuN density was calculated by counting NeuN positive cells 

in each bin divided by the total area of the tissue in each bin after the area of the holes were 

removed.

3. Results

3.1 Accelerated Soak Test

Previous work has shown that parylene-c coated carbon fibers with only an exposed carbon 

tip site are unable to record unit activity due to the high site impedance [41]. To alleviate this 

issue, PEDOT:PSS was electrodeposited at the tip of each site which greatly reduced the site 

impedance [41,51]. Recent studies by Green et al. have demonstrated that other formulations 

of PEDOT are more stable over time when compared to PEDOT:PSS [45,52]. To determine 

the best site coating for the carbon fiber electrodes, an accelerated soak test was carried out 

between the original PEDOT:PSS (n=8 fibers) formulation and a different formulation, 

PEDOT:pTS (n=23 fibers) [45]. In addition to determining the best site coating, the values 
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from this study will establish a baseline that can be compared to later chronic animal 

implants.

Prior to PEDOT deposition the impedance values at 1 kHz were 3809.0 ± 426.7 kΩ and 

6781.8 ± 655.3 kΩ, respectively, for the PEDOT:pSS and PEDOT:pTS coated fibers. The 

large difference in pre-deposition impedances is likely attributable to the uneven surface of 

the exposed fibers, which results from the manual cutting process used to re-expose the tips 

after parylene-c coating. At day 0, when the initial PEDOT depositions took place, both sets 

of impedance values at 1 kHz (PEDOT:PSS 142.8 ± 23.2 kΩ and PEDOT:pTS 117.9 ± 28.4 

kΩ) were similar (figure 3), mitigating any differences in the pre-deposition impedances. As 

time progressed, the average impedance of the PEDOT:PSS coated fibers increased faster 

than those coated with PEDOT:pTS. On the final day of testing (35 days in real time, 172.2 

days in simulated time) the fibers coated with PEDOT:PSS had an average impedance 

(1921.4 ± 344.5 kΩ) double that of the PEDOT:pTS coated fibers (840.5 ± 117.7 kΩ). 

During the repeated measurements carried out over the course of 35 days, one PEDOT:PSS 

coated fiber and three PEDOT:pTS coated fibers were accidentally broken off of the test 

boards, which resulted in lower sample sizes over the duration of the study.

SEM images (figures 4(a) and 4(b)) show good adherence of both PEDOT formulations to 

the carbon fiber tip's outer edges. A visible void of PEDOT can be seen in the center of both 

PEDOT formulations, which may help to explain the steady increases in impedance.

Based on the impedance results, all chronic implants of carbon fibers received a site coating 

of PEDOT:pTS.

3.2 Chronic Implant Impedance

To assess the longevity and viability of the carbon fiber arrays, 5 Long Evans rats were 

implanted chronically with carbon fiber arrays (n=75 fibers) in the right motor cortex. Two 

of those rats were also implanted with silicon electrodes (n=2 electrodes with 16 sites each) 

in the left motor cortex. In addition, 3 more rats were implanted with only silicon electrodes 

(n=2 electrodes with 16 sites each and 1 with 15 sites.). A detailed breakdown of each 

animal's implant type, duration, and depth, can be found in table 1. For all performance 

metrics, no differences were noted between animals that received one or both probe types.

Impedance measurements were taken every day for the first 13 days, every other day from 

days 13 to 31, and then every third day from days 31 to 91. For the two animals continued 

out to day 154, measurements were taken once a week after day 91. One animal, ZCR22, 

was sacrificed at day 73 for histological and surgical technique evaluations.

The pre-implant 1 kHz impedances (figure 5(a)) at day 0 for the carbon fibers was 128.1 

± 12.0 kΩ while those of the silicon probes were 1118.5 ± 17.4 kΩ. At day 1, post-

implantation impedances for carbon fibers increased to 621.9 ± 14.8 kΩ while the silicon 

sites also increased to 2018.3 ± 17.6 kΩ. The impedance for both sets of probes continued 

upward until day 12 for the carbon fibers and day 15 for the silicon probes. At these time 

points the impedance values were 2044.2 ± 171.1 kΩ for the carbon fibers and 3493.7 ± 90.5 

kΩ for the silicon probes.
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Following the initial increases in impedance, the carbon fiber electrodes saw a leveling off in 

the impedance values which fluctuated between 1500 – 2500 kΩ from days 11 to 91. The 

silicon probes saw greater changes after day 9 with average impedance values ranging from 

approximately 2000 kΩ to just below 4000 kΩ. The large variation in average impedance for 

the silicon probes before and after day 31 is likely due to the drop in electrode sample size 

after day 31. On the final days of recording, the carbon fiber electrodes had a mean 1 kHz 

impedance of 2268.3 ± 253.7 kΩ at day 154 while the silicon probes had a mean 1 kHz 

impedance of 2742.5 ± 126.5 kΩ at day 91.

The differences in recording site sizes between the carbon fibers (36.3 μm2) and silicon 

probes (177 μm2) can potentially skew the impedance results as a larger site size typically 

results in lower impedance. When scaled for area (figure 5(b)), carbon fibers at 40 days 

onwards average approximately 80,000 kΩ μm2, outperforming the silicon probes which 

averaged 500,000 kΩ μm2. While the silicon probes used here were not functionalized with 

PEDOT, other studies using the same site size coated with PEDOT found chronic 1 kHz 

impedance reaching an average of 2210 kΩ (figure 5(a), green) or 391,170 kΩ μm2 (figure 

5(b), green) between days 6 & 8 [53].

Two animals, ZCR16 and ZCR17, were not sacrificed at day 91 and were recorded from for 

an additional two months. Recordings were taken at one week intervals during this extended 

period. The carbon fiber electrode impedance values rose slightly during this period and 

fluctuated between 2000 – 3000 kΩ.

3.3 Chronic Unit Activity

Electrophysiology recordings followed the same points as those used for the impedance 

measurements. On day 1 post-implant, 65.3% of the implanted carbon fiber electrodes 

detected unit activity with a mean peak-to-peak amplitude of 142.1 ± 10.4 μV (figures 6(a) 

and 6(b)). At the same time point, the silicon electrodes detected unit activity on 3.2% of the 

electrodes sites with an average peak-to-peak amplitude of 59.8 ± 9.8 μV. By day 6, mean 

unit amplitude on the 40.3% of carbon fiber electrodes with activity continued to climb to 

186.4 ± 17.1 μV while the silicon electrodes showed a small climb in activity with 6.4% of 

electrode sites detecting units with an average peak-to-peak amplitude of 150.2 ± 20.4 μV. 

At day 13, the number of carbon fiber electrodes with detectable units had slightly increased 

to 41.3% with an average detected peak-to-peak amplitude that was maintained at 208.1 

± 22.1 μV. During this same period, the silicon electrode detection rate remained in the 

single percentage range and at day 13, 3.17% of electrode sites showed an average peak-to-

peak amplitude of 103.8 ± 27.0 μV.

Following this initial spike during the first two weeks post-implant, the carbon fiber 

electrodes demonstrated mean peak-to-peak unit activity that stayed within the range of 150 

– 250 μV through day 91. During this same period, the silicon electrodes had a very low 

detection rate of < 5%. When single units were detected, the mean peak-to-peak amplitude 

was typically between 50 – 150 μV. At day 91, 48.7% of the remaining carbon fiber 

implanted sites were still able to detect units with a mean peak-to-peak amplitude of 194.7 

± 21.5 μV, while 5.7% of silicon sites detected average peak-to-peak amplitude of 89.0 ± 3.6 
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μV. Waveforms representative of the unit activity detected for each electrode type can be 

seen in figure 6(c).

The two animals that were carried out to day 154 showed some continued unit activity until 

day 112, with 27.8% of the sites detecting a mean peak-to-peak unit amplitude of 115.8 

± 23.5 μV. After this time point, no units were detected across the remaining carbon fiber 

electrodes. The loss of detectable unit activity is likely due to brain tissue swelling into the 

craniotomy, which was discovered post-mortem.

Amplitude values obtained by averaging the largest unit on each carbon fiber channel across 

time (figure 6(d)) compare favorably to those seen in chronic implants of Utah arrays in 

primates [4].

3.4 Baseline Activity and Signal-to-Noise Ratio

In addition to unit activity, the baseline activity level (figure 7(a)) was quantified for both 

implant types. This was in turn was used to calculate the signal-to-noise ratio (SNR) (figure 

7(b)) for both electrode styles.

Baseline activity levels for both the carbon fiber electrodes and silicon electrodes rose for 

roughly the first 11 days. The initial levels for the carbon fiber electrodes (8.9 ± 0.4 μVRMS) 

and silicon electrodes (6.9 ± 0.2 μVRMS) were similar at day 1 and initially peaked at days 

11 (15.9 ± 0.8 μVRMS) and 10 (10.8 ± 0.2 μVRMS), respectively. After this time, both sets of 

baseline activity stayed remarkably consistent with the carbon fibers displaying a noise level 

around 15 μVRMS and the silicon electrodes around 10 μVRMS, with some slight day-to-day 

variations.

SNR levels for the carbon fiber electrodes initially started at 5.5 ± 0.4 and decreased to 3.3 

± 0.3 at day 6. After this time the average SNR increased and was largely maintained 

between 3.5 and 5 with some days deviating from this pattern. At day 91, when 4 animals 

remained in the study, average SNR was still 3.8 ± 0.4. After this time point SNR values 

rapidly dropped off (figure S4) as the remaining animals (n=2) showed decreased unit 

activity amplitude as seen in figure 6(b).

3.5 Histological Analysis of Implants

The microglial response to the silicon electrode is punctuated by a higher density of cells 

immediately surrounding the implant site (figure 8(a)). This result is typical of that seen by 

other groups [20,26,28,54] and agrees with previous results [41]. The global response to the 

carbon fiber array (figure 8(b)) is markedly different from the silicon implant. While some 

variability and Iba1 activity can be observed across the array implant region, such as the 

lower right region of the array showing signs of elevated activity, the standard error on the 

silicon intensity shows substantially greater variability. Analysis of all microglia images 

(n=2 images/electrode type) from the silicon electrodes show a consistently elevated, and at 

times significant (p<0.05), level of activity when compared to the microglial response 

surrounding the carbon fibers (figure 8(g)).
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The difference between silicon and carbon fiber is more dramatic when examining GFAP 

astrocyte activity. A representative image of astrocytic activity shows the formation of a tight 

scar in the immediate vicinity of the silicon electrode site, with elevated activity that extends 

outward by as much 1000 μm (figure 8(c)). In contrast, the implant site of the carbon fiber 

array (figure 8(d)) shows no visible scarring regions and limited fluctuation in GFAP 

intensity from baseline levels. This is further corroborated by intensity analysis of all 

astrocyte histology images (n=2 images/electrode type), where the silicon electrodes show a 

sustained astrocytic response that continues out to 1000 μm from the implant site (figure 

8(h)). Closer examination revealed that around the silicon implant, one animal showed a 

compact microglial sheath surrounded by a large activated astrocyte ring (figures S5(i) & 

S5(k)), while the other exhibited a more evenly distributed elevated GFAP activity. Despite 

this large variability in tissue reaction, elevated GFAP activity was commonly observed at 

the 300-400 μm radius and showed significant difference (p<0.05) compared to carbon fiber 

response profile, which remained steady around baseline at all distances (figure 8(h)).

Neuronal signal intensity shows a marked decrease in the area surrounding the silicon 

electrode (figure 8(e)). In contrast, the neuronal population surrounding the carbon fibers are 

well distributed and healthy with no immediately obvious declines in signal intensity (figure 

8(f)). Measured normalized neural density (n=4 images/electrode type) confirm these 

observations with the neural density of the silicon electrodes climbing upwards as distance 

increases (figure 8(i)). The carbon fibers do start with a high neuronal density. This is in part 

due to the small tissue area in the inner bin and the relatively large tissue hole from the 

probe track (relative to the bin area). While the inner bins show large error bars, this data 

shows that neurons trend closer to the probe track of carbon fibers than the silicon shanks. 

At further distances, the normalized density levels off to approximately 1 and the standard 

errors decrease leading to significant differences (p<0.05) (figure 8(i)).

All histology images can be found in figure S5.

3.6 SEM Imaging of Explanted Carbon Fiber Electrodes

Carbon fiber electrodes from chronic implants were explanted at the end of each animal's 

time point and imaged (figures 9(a) – 9(d)) to better understand any physical changes the 

electrodes underwent.

Figures 9(a) and 9(b) highlight possible parylene-c delamination along the shank of the 

carbon fiber electrodes. This delamination, especially near the tip site can affect the probes 

ability to detect local activity. Figure 9(c) shows what may be a thin coating of biological 

material that could affect the PEDOT:pTS coating. In addition, the center of the electrode tip 

demonstrates a void similar to that seen with the soak test fibers (figure 4). This void may 

initially be caused by an uneven PEDOT:pTS electrodeposition, where more PEDOT:pTS is 

deposited around the edges [51]. As the PEDOT degrades, the center shows the most 

pronounced change as it likely has the thinnest coating [51]. This center voiding 

phenomenon is also seen in figure 9(d).
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4. Discussion

4.1 Accelerated Aging Evaluation

This work first sought to validate a new site tip coating for the carbon fiber arrays. 

Accelerated soak tests were implemented to rapidly assess the viability of PEDOT:pTS as 

compared to PEDOT:PSS. For the first 70 simulated days, the impedances of both sets of 

fibers remained similar. After this time point the PEDOT:PSS fibers saw a more rapid 

increase in impedance as compared to the PEDOT:pTS coated fibers. The overall increase in 

impedance can be attributed to the slow degradation of both PEDOT formulations [45,55]. 

This is corroborated by SEM images which show a lack of PEDOT in the center of the 

electrodes. The greater stability of the PEDOT:pTS coating agrees well with results seen by 

others [45] and led to the decision to switch to a different formulation of PEDOT for the site 

coating. Using even more stable formulations of PEDOT such as those that use carbon 

nanotubes [56] will be explored in future studies. In addition, the use of electroplated metals 

such as platinum [57–60], gold [61], or iridium [62], may also serve as a more stable 

coating.

4.2 In Vivo Assessment of Carbon Fibers and Silicon Electrodes

Impedance levels for both probe types increased dramatically over the course of the first 

three weeks. These results are typical for chronically implanted electrodes [43,55,63–66]. 

Historically, this increase in impedance has been largely attributed to the glial scar creating a 

resistive layer around the probe [28,65,67]. Unfortunately, the lack of a macroscopic scar 

seen in previous carbon fiber work [41] and confirmed here, makes it difficult to account for 

the impedance increase seen with the carbon fibers. We propose a more nuanced model, 

which argues that even the largest of glial scars cannot fully account for the impedance rise 

seen in implanted Utah arrays [68], which are made of stable materials [69], have similar 

impedance values to the carbon fiber arrays, and in our own case where the carbon fibers do 

not create a traditional macroscopic scarring response [41]. Instead, dramatic increases in 

impedance can best be accounted for by an extremely thin resistive layer (∼0.5 μm) made up 

of biological material, such as cells or proteins, that is directly adhering to the recording 

site's surface [68].

Determining a first order approximation of this hypothesized thin layer's resistivity can be 

accomplished using the following equation:

(3)

where R = impedance at 1 kHz, ρ = resistivity, L = length or thickness, and A = area of the 

probe interface. It can be assumed that the probes' own internal resistances are unchanging 

in the first three weeks, which is a reasonable approximation for implanted metal electrodes 

and for the carbon fiber site coatings given the results from the soak test. Therefore, any 

change in resistance can be attributed to the thin adherence layer. The area of the carbon 

fiber electrodes was scaled by a factor of 10 to conservatively account for the PEDOT:pTS 
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coating's increase on effective surface area [70]. This may be particularly true for porous 

electrode materials such as PEDOT, where its increased electrochemical surface area can be 

decreased by biofouling, which clogs the porous matrix [71]. Calculating the resistivity from 

our own results [68], leads to the values seen in table 2.

Across all probe types the resistivity of the adherence layer is within the same order of 

magnitude and similar in value. The leveling off of all impedance values after approximately 

the 3rd week is likely due to the adherence layer reaching a steady state in thickness and 

coverage. The large unit amplitudes seen immediately and well after week 3 on the carbon 

fiber electrodes indicate that this thin adhesion layer is not severely affecting the ability of 

the fibers to record activity.

Baseline activity levels rose in a similar time course to that of the 1 kHz impedance values 

for both probe types, though the increase was more pronounced for the carbon fibers, which 

is counterintuitive given the lower impedance of the carbon fibers over time. This however, 

can be explained by separating the elements that contribute to overall background activity. 

Baseline activity is a combination of thermal and biological sources [72,73]. The lower 

overall impedance of the carbon fiber electrodes should lead to a lower thermal noise level; 

however, the overall baseline level for the fibers is larger than that of the silicon electrodes. 

This indicates the presence of a biological component that is larger for the carbon fiber 

electrodes which also points to a greater survival rate of neurons around the carbon fibers as 

compared to the silicon electrodes. This is also reflected by the carbon fibers' consistent 

ability to detect unit activity. The greater number of neurons around the carbon fiber 

electrodes may not always be detected as individual units, but can still contribute to the 

overall baseline activity, indicating a healthier local tissue environment. This is also 

supported by the sparse number of units detected on the silicon probes, which may possibly 

be suffering from mechanical failures [74]. Additionally, the silicon probes used here had 

small site sizes of 177 μm2, which other works have also demonstrated as having limited 

ability to detect unit activity [53]. This is in contrast to previous studies which used 703 μm2 

[43] or 1250 μm2 [41] site sizes that were able to chronically detect unit activity. 

Nevertheless, on average, the amplitude of single units detected on the silicon probes was 

stable, albeit smaller than those detected on the carbon fibers during the 90 day implantation 

period.

The high unit amplitudes and relatively low baseline activity levels also contribute to a high 

SNR on the carbon fiber electrodes. This SNR remained stable for the first three months 

after an initial drop off. This drop off was caused by an increasing baseline activity level 

(figure 7(a)) and not decreasing unit amplitude, which was rising during the same period 

(figure 6(b)). Overall, the carbon fiber arrays were able to detect unit activity until day 112, 

or week 16, after which no more activity was detected. This can be partially attributed to the 

low number of animals (n=2) at the later time point. In addition, explanted brains from many 

of the animals showed swelling of the cortex into the craniotomy which likely caused the 

electrodes to move and not record from their target layer. Unfortunately, this swelling also 

made it difficult to separate the headcap from the brain without damaging the tissue, which 

ultimately led to a much lower number of animals that were available for histology.
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It is important to note however, that the large unit amplitudes detected on the carbon fiber 

electrodes point to a minimal if not non-existent scar around the electrode. This is further 

corroborated by histology analysis in figure 8. These images show the formation of a scar 

around the silicon electrodes coupled with some decreased neuronal density and no evident 

scar around the carbon fiber arrays coupled with a healthy neuronal population. It is possible 

that the neuronal density in the bin immediately adjacent to the carbon fiber probe is slightly 

elevated due to the volumetric displacement of the tissue caused by the carbon fiber probes 

(figure 8(i)). In this case, large standard deviations in the 0-25 μm bin around the carbon 

fiber probes suggests that this only occurs in a percentage of probe tracks when the probe 

displaced the neuron. The decreases in the error bars in subsequent bins suggest that the 

tissue strain around the carbon fiber probes dramatically decreases by the 25-50 μm bin, and 

is indistinguishable by a 50 μm radius. Similar results can be observed in previous in vivo 
neurons around carbon fiber implants [37]. This reduced strain in the tissue and neurons may 

contribute to the improved recording performance, since it is understood that tissue strain 

adversely impacts neuronal health [35]. While previous studies show that histology can be a 

poor predictor of electrophysiological performance [37], these histology results correlate 

well with the electrophysiology results seen in this study.

5. Conclusions

This work has demonstrated the ability of carbon fiber electrodes to chronically record unit 

activity in the rat motor cortex up to 16 weeks. The units detected were of large amplitude 

and showed a high SNR. The carbon fibers greatly outperformed silicon electrodes with 

comparable site sizes and were also shown to detect a larger level of biological noise, 

indicating a healthier local tissue environment. This is also corroborated by the quality of 

detected unit activity. It is important to note that the stability of detected unit activity was not 

tracked across time as this was beyond the scope of the current study, but more analysis will 

be needed in this area to assess the viability of these electrodes for BMI applications. In 

addition, while both electrode types were implanted directly in the motor cortex no specific 

muscle group or region was targeted. This in turn may have led to a lower yield as this study 

relied on spontaneous awake activity and not activity associated with a specific task, which 

may have resulted in a higher electrode yield.

Further work will seek to improve the performance of the PEDOT and parylene-c coatings. 

Methods to reduce brain swelling and shield the carbon fibers from mechanical damage are 

being explored with improved array packaging and fabrication. Improvements in all of these 

areas could lead to high density recording arrays that cause minimal damage to the 

surrounding tissue and record high quality unit activity for many years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Soak test probe assembly and setup
(a) Areas between and surrounding the bond pads have been roughened. (b) Silver epoxy on 

each bond pad for the carbon fibers. (c) Exposed bond pads with carbon fibers are covered 

with insulating epoxy. (d) Four PCBs with functionalized fibers are secured to the underside 

of the soak jar's lid. (e) Lids are secured to jars containing 1× PBS. Jars are then placed in a 

heated water bath.
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Figure 2. Images of implanted electrodes
(a) Carbon fiber array used in implants. (b) Silicon probe, NeuroNexus 

A1×16-3mm-50-177-HZ16_21mm, with sixteen 177 μm2 iridium sites spaced 50 μm apart, 

used in implants.
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Figure 3. PEDOT soak test
Impedance values (mean ± standard error of the mean) at 1 kHz for PEDOT:PSS and 

PEDOT:pTS coated carbon fiber electrodes over the simulated time from the accelerated 

soak test.
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Figure 4. SEM images of PEDOT coated and soak tested fibers
(a) SEM image of a PEDOT:pTS coated carbon fiber aged to simulated day 172.2 showing 

PEDOT still at the tip, but with a possible void or loss of PEDOT:pTS in the center. (b) SEM 

image of a PEDOT:PSS coated carbon fiber aged to simulated day 172.2 showing similar 

properties to that of the PEDOT:pTS coated fiber.
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Figure 5. Chronic implant impedances
(a) Impedance values (mean ± standard error of the mean) for each probe type across time. 

Both electrode types saw an approximately 2 MΩ increase in impedance within the first two 

weeks. Values for the carbon fibers then leveled off while the silicon electrode values 

dropped before leveling off. Impedance values for 177 um2 silicon sites coated with PEDOT 

are shown in green [53]. The number of channels used for impedance analysis at each time 

point can be seen in figure S1. (b) Impedance values scaled by geometric surface area (mean 

± standard error of the mean) for each probe type across time. Carbon fibers increased to 

approximately 80,000 kΩ·μm2 before leveling off, while the silicon electrode values peaked 

at about 650,000 kΩ·μm2 before steadying at approximately 500,000 kΩ·μm2. Similar to (a), 

values for 177 um2 silicon sites coated with PEDOT are shown in green [53].
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Figure 6. Chronic unit amplitudes and percentage of channels with units
(a) On average 20% to 40% of viable carbon fiber electrodes detected unit activity across 

time, while silicon electrodes did so with a peak of 9.5% at day 10 and most other days 

detecting no unit activity. After day 91 only two rats remained in the study and the loss of 

their unit activity is likely explained by brain tissue swelling into the craniotomy which was 

discovered post mortem. The exact number of channels used for calculating the percentage 

of channels with units at each time point can be seen in figure S2. (b) Carbon fiber 

electrodes detected an average unit amplitude of 200 μV across three months. Units detected 

on silicon electrodes had a mean amplitude of 50 – 100 μV. All values are mean ± standard 

error of the mean. The exact number of units detected and used for amplitude analysis at 

each time point can be seen in figure S3. (c) Representative time course of detected unit 

activity on two different channels, one for each electrode type. (d) The mean of the largest 

unit detected on each carbon fiber or silicon electrode was calculated for each time point.
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Figure 7. Chronic baseline activity and SNR
(a) Recorded baseline activity levels (mean ± standard error of the mean) for both carbon 

fiber and silicon electrodes for the first 91 days. Both baseline trends rise during the first two 

weeks of recording and then level off to steady state values. Carbon fibers demonstrate a 

higher overall recorded baseline level than silicon, which can be explained by a larger 

biological background contribution as evidenced by the high amplitude recordings reported 

in previous sections. (b) The SNR (mean ± standard error of the mean) for all units detected 

on the carbon fiber electrodes for the first 91 days. After an initial drop-off within the first 

week, values level off and hold between 3.5 and 5. The exact number of channels used for 

calculating the noise levels and SNR at each time point can be seen in figure S2.
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Figure 8. Chronic histology images and analysis
(a) & (b) Iba1 (microglia) staining around the implanted carbon fiber array and silicon 

electrode in ZCR19. Formation of a scar is well defined around the silicon electrode but no 

so around the carbon fiber array. Yellow rectangles show location and approximate size of 

implanted electrodes. (c) & (d) GFAP (astrocyte) staining around the implanted carbon fiber 

array and silicon electrode in ZCR19. Increased glial activity can be observed surrounding 

the silicon electrode with no obvious uptick in activity around the carbon fiber array. (e) & 

(f) NeuN (neuron) staining around the implanted carbon fiber array and silicon electrode in 

ZCR19. Neural density appears much more diminished around the silicon electrode as 

compared to the carbon fiber array. (g) Signal-to-noise intensity ratio of Iba1 staining around 

each electrode type (n=2 images/electrode type). Compared to the carbon fiber arrays the 

silicon electrodes maintain a more elevated level of Iba1 activity for almost all distances. (h) 

Signal intensity analysis of GFAP staining around each electrode type (n=2 images/electrode 
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type). Similar to (g), the silicon electrodes show more GFAP activity as far out as 1000 μm 

from the implant site. (i) Normalized neural density around each electrode type (n=2 images/

electrode type), illustrating the healthy neuronal population surrounding the carbon fiber 

arrays and a lack of neurons around the silicon electrodes. *indicates significance at p<0.05.
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Figure 9. SEM images of chronically implanted carbon fibers
(a) & (b) SEM images of chronically implanted carbon fibers that may be experiencing 

parylene-c delamination. (c) & (d) SEM images of chronically implanted carbon fiber with a 

loss of surface roughness at the electrode tip indicating a loss of PEDOT in the center, the 

attachment of a thin adherence layer, or a combination of both.
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Table 1
Animal implant information

Probe implant depth and duration for each animal.

Animal Name Carbon Fiber Depth Silicon Probe Depth Days in study

ZCR16 1.56 mm No Implant 154

ZCR17 1.505 mm No Implant 154

ZCR18 1.505 mm No Implant 91

ZCR19 1.495 mm 1.45 mm 91

ZCR22 1.45 mm 1.45 mm 73

ZCR28 1.5 mm 1.5 mm 91

ZCR29 No Implant 1.5 mm 91

ZCR30 No Implant 1.5 mm 91
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