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Abstract

Reliable single unit neuron recordings from chronically implanted microelectrode arrays (MEAs) 

are essential tools in the field of neural engineering. However, following implantation, MEAs 

undergo a foreign body response that functionally isolates them from the brain and reduces the 

useful longevity of the array. We tested a novel electrodeposited platinum-iridium coating (EPIC) 

on penetrating recording MEAs to determine if it improved recording performance. We 

chronically implanted the arrays in rats and used electrophysiological and histological 

measurements to compare quantitatively the single unit recording performance of coated vs. 

uncoated electrodes over a 12-week period. The coated electrodes had substantially lower 

impedance at 1 kHz and reduced noise, increased signal-to-noise ratio, and increased number of 

discernible units per electrode as compared to uncoated electrodes. Post-mortem 

immunohistochemistry showed no significant differences in the immune response between coated 

and uncoated electrodes. Overall, the EPIC arrays provided superior recording performance than 

uncoated arrays, likely due to lower electrode impedance and reduced noise.
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1. Introduction

Chronically implanted microelectrode arrays (MEAs) to record from multiple single neurons 

are essential for brain-machine interfaces and electrophysiological research. Devices have a 

diverse range of recording capabilities, insertion depths, and electrode numbers [1–6] and 

are used for many applications, including motor control [7,8], visual prostheses [9,10], and 

analyzing the neural response to deep brain stimulation [11–15]. However, limited functional 

longevity is a persistent challenge, and electrode failure can occur due to material failure, 

mechanical issues, or biological failure due to the foreign body response (FBR) to the 

electrode [16–24]. Recording electrodes should be designed with a low electrochemical 

impedance per surface area, as a higher impedance increases thermal noise and signal 

shunting [25,26], and to minimize the FBR, which results in a glial and astrocytic scar that 

functionally isolates the electrodes from the brain. This isolation leads to decreased 

electrode unit yield over time and increased electrode impedance [1,18,19,22,27–30]. The 

optimal recording electrode material thus should have both a low electrochemical impedance 

and generate a minimal FBR, and both iridium and iridium oxide have been used for 

implantable microelectrodes because they meet these criteria [31].

Three approaches are used to produce thin film iridium based microelectrode arrays: 

sputtered iridium oxide films (SIROF), activated iridium oxide films (AIROF), and 

electrodeposited iridium oxide films (EIROF). SIROF electrodes are produced by magnetron 

sputtering and typically have some texture which increases with increasing film thickness 

[32]. AIROF electrodes are produced by taking an iridium or iridium oxide microelectrode 

and subjecting it to a series of controlled electrochemical biphasic pulses, which reversibly 

oxidize and reduce the metallic thin film [33]. Like SIROF, the surface morphology/

topology of these thin films may have some roughness [34]. Finally, EIROF electrodes are 

produced by electrochemically depositing thin films of iridium oxide formed by 

electrochemical reduction of iridium ions in solution into iridium oxide on the 

microelectrode contact base [35,36]. This technique can result in the highest surface area 

morphologies of the three approaches [37].

All iridium electrodes benefit from high charge injection capacities per unit of real surface 

area due to the large reversible capacitances of the multiple valence oxides that iridium can 

form. However, each of these iridium oxide thin films have distinct disadvantages associated 

with them. First, iridium is well-known to have low ductility and is subject to brittle fracture 

when mechanically strained [38]. Iridium cracking in thicker deposits have been reported 

[39]. Second, SIROF and AIROF both use sputtering, which is a stencil-based, line-of-site 

deposition process. Thickness uniformity is easily attained on two dimensional surfaces, but 

deposition is challenging on complex, non-planar surfaces or devices where films must be 

applied on facets with different orientations. Third, these stencil-based processes apply the 
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noble metal across the entire area of the chamber, and subsequently use lithographic lift-off 

to leave iridium only on the targeted locations. These approaches are inefficient with noble 

metal consumption.

In this study we investigated the use of an electrodeposited platinum-iridium coating (EPIC) 

as an alternative to these conventional iridium-oxide thin film microelectrodes. EPIC 

contains platinum and iridium in a ratio of approximately 60:40 (Pt:Ir) molar fraction and is 

intended to leverage advantages of electrochemical processing as well as physical properties 

of the two component metals to produce an enhanced microelectrode [40,41]. Similar to 

EIROF, EPIC uses electrodeposition to deposit noble metals onto only the targeted locations, 

thus minimizing waste. Also like EIROF, the EPIC plating process creates high surface area 

topologies [37]. The additional surface area helps to increase the overall charge injection 

capacitance and reduce the impedance of these microelectrodes [42]. Although some of the 

valence oxide capacitance may be lost by substituting a significant portion of the iridium 

atoms with platinum atoms, the increased surface area is intended to compensate for this 

tradeoff. While the platinum in EPIC may reduce the iridium oxide capacitance contribution 

to charge transfer, the lower elastic modulus and more ductile characteristics of platinum 

increase the mechanical strength of EPIC compared to EIROF and allow it to be grown 

thicker than EIROF without cracking [39]. Ductility and hardness studies of EPIC thin films 

suggested that EPIC is more resistant to fracture than iridium and iridium oxide. Finally, 

platinum-iridium composite microelectrodes have been used extensively in both in vivo and 

clinical devices, therefore establishing a good foundation of biocompatibility.

We evaluated the in vivo performance of EPIC by chronically implanting 16 channel Pt-Ir 

microwire arrays, with approximately half of the electrodes randomly chosen to be coated 

with EPIC and the other half left uncoated. The arrays were implanted in the basal ganglia in 

the unilateral 6-hydroxydopamine (6-OHDA) lesioned rat model of Parkinson’s disease, 

which is an established model of chronic single-unit neural recording for studying the effects 

and mechanisms of deep brain stimulation [12–15]. We compared quantitatively the 

performance of coated and uncoated electrodes and found that the EPIC electrodes exhibited 

improved single unit recording capabilities.

2. Materials and Methods

Female Sprague Dawley rats (n = 8, 250–300 g) were implanted unilaterally with recording 

microelectrodes in the substantia nigra pars reticulata (SNr). At regular intervals following 

implantation we measured the electrode impedance at 1 kHz and recorded single units to 

quantify unit yield, unit amplitude, noise, and signal-to-noise ratio (SNR). The rats were 

rendered hemiparkinsonian via unilateral infusion of 6-OHDA into the medial forebrain 

bundle (MFB). Post-mortem immunohistochemistry was used to quantify the tissue response 

to the implanted electrodes.

2.1. Electrode Arrays

Commercially available, 16-electrode microwire arrays (Microprobes for Life Science, 

Gaithersburg MD; platinum-iridium, 13 mm length, 75 μm diameter, 0.25 mm interelectrode 

spacing, ~500 kΩ impedance) were used for this study (Figure 1a). These were selected 
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because of the team’s experience with these devices and the known reliability/robustness of 

their construction. Many other studies have shown their structural longevity [43] including 

one performed by the FDA [44]. Each device constituted a 4×4 arrangement of Pt-Ir 

microwires that were insulated with a layer of chemical vapor deposition Parylene-C over 

each microwire’s entire surface, followed by an overlayer of polyimide tubing around the 

base of the wires to provide additional insulation and protection. At the base, the microwires 

were mated to a printed circuit board which split the leads out to an 18-channel interconnect 

header (Omnetics). Once assembled, each electrode tip was exposed by electropolishing 

away the Parylene-C insulation to a predetermined impedance. For this study, the 

electropolishing was performed to produce electrode tips approximately 10 μm in length. 

These fabricated devices were then finished by electrochemical deposition of EPIC 

(Platinum Group Coatings, Pasadena CA) on selected microwires to create a checkboard-

like pattern of coated and uncoated electrodes on each array (Figure 1b,c). This was 

accomplished by making a custom busbar to connect to approximately half of the electrodes 

during electrodeposition. The other half of microelectrodes were left as open circuits and 

therefore not coated with EPIC. The coating pattern was randomized between electrodes and 

the investigators conducting the impedance measurements, neural recordings, and 

histological data collection were blinded to the electrode coating key. We previously 

reported on EPIC on a variety of different microelectrode constructs [41,45–47] which 

demonstrated our ability to apply the coating uniformly across many different platforms. 

Prior to implantation, each array underwent electrochemical characterization in vitro, 

including electrochemical impedance spectroscopy (±10 mV vs Ag|AgCl) and cyclic 

voltammetry (CV) (0.8 V to - 0.6 V vs Ag|AgCl) in room temperature phosphate buffered 

saline (PBS). The cathodic charge storage capacity (CSCc) was also quantified by taking the 

time interval of the cathodic current during the anodic to cathodic sweep of the CV [48]. 

Arrays were also imaged with a scanning electron microscope (SEM) prior to implantation 

(Figure 1). Each microelectrode array was mounted onto an aluminum SEM stub and plasma 

coated with Au (Cressington 108 Sputter Coater). Imaging was performed using a field 

emissions SEM (Joel JSM-7001) at 15kV.

2.2. Electrode Implantation and 6-OHDA Lesioning

All animal care and experimental procedures were approved by the Duke University 

Institutional Animal Care and Use Committee (IACUC). We conducted stereotactic surgery 

under 3.0 – 3.5% sevoflurane anesthesia using aseptic technique and coordinates obtained 

from a rat brain atlas [49]. The cannula and electrodes were implanted unilaterally and 

ipsilateral to each other, with the hemisphere randomized between the rats. Implantations 

were performed using a stereotaxic electrode manipulator (Stoelting 51600) and inserted 

manually at a rate of approximately 100 μm/sec. One 4×4 recording MEA (see Section 2.1) 

was implanted in the SNr [5.8 mm posterior (P), 2.3 mm mediolateral (ML) from bregma; 

7.2 mm dorsoventral (DV) from surface of brain]. The target depth was determined by 

performing simultaneous intraoperative recordings to find the location within the SNr with 

the greatest number of discernible single units. The ground wire of the MEA was attached to 

two stainless steel bone screws inserted in the skull above the cerebellum. A cannula was 

placed in the MFB [2.0 mm P, 2.0 mm ML from bregma; 8.5 mm from surface of skull]. In 

addition, one 2×2 stimulating MEA (Microprobes, Gaithersburg, MD; platinum-iridium, 13 
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mm length, 75 μm diameter, 0.3 mm interelectrode spacing, 10 kΩ impedance) was 

implanted in the subthalamic nucleus (STN) [3.6 mm P, 2.6 mm ML from bregma; 6.6 – 6.9 

mm DV from surface of brain]. This array was not used in the current evaluation, but rather 

was used as part of another parallel study. The implanted arrays and cannula were secured 

using dental acrylic attached to stainless steel bone screws anchored to the skull.

At five weeks post-implantation (p.i.), rats were lesioned under 3.0 – 3.5% sevoflurane 

anesthesia to cause unilateral degeneration of dopaminergic neurons in the substantia nigra 

pars compacta (SNc). Thirty minutes before lesioning, the rats were pretreated with 50 

mg/kg pargyline and 5 mg/kg desipramine injected intraperitoneally (IP). The 6-OHDA 

(Sigma-Aldrich; 5 mg 6-OHDA / 2 mL 0.9% NaCl) solution was prepared immediately 

before use, and 10 μL was infused through the cannula at a rate of 2 μL/min. Rats were left 

to recover at least one week before any additional measurements.

2.3 Recording MEA Measurements and Neural Recordings

Weekly measurements were conducted during the first two weeks after implantation and 

then repeated every two weeks until week twelve. The impedance at 1 kHz was measured for 

each recording electrode between the electrode and the ground wire (BAK Electronics, 

Germantown, MD). Single-unit neural activity was recorded using a multichannel 

acquisition processor system (Plexon). The data were sampled at 40 kHz. Spikes were 

detected by applying a band-pass filter (150 Hz – 9 kHz) to raw traces and a threshold of 

−4*standard deviation. Waveforms of 800 μs were extracted. Spikes were further sorted 

using Offline Sorter (Plexon) and single-unit activity was isolated on the basis of principal 

component analysis. Only single-unit activity with a clear separation from noise was used 

for the analysis.

All 16 channels were recorded simultaneously while the rats were awake and resting inside a 

Faraday cage. Recording sessions were five minutes long. In each recording session, we 

quantified the discernible units per electrode (unit yield), as well as per-unit amplitude, 

noise, and SNR. The amplitude was calculated as the root mean square (r.m.s.) of the peak-

to-peak amplitudes of each spike, the noise was calculated as the r.m.s. of the first 50 μs of 

each waveform recording, and the SNR was the ratio of these two.

2.4 Electrode Rejuvenation

Applying a dc voltage to implanted electrodes, termed rejuvenation, can reduce electrode 

impedance and increase SNR [50–52]. In select animals, at various points past the week 12 

time point, we conducted electrode rejuvenation experiments, with at least 2 weeks between 

each rejuvenation procedure. In three rats (N coated = 21, N uncoated = 20) we applied a 

stepped rejuvenation signal on select electrodes of equivalent starting impedance, 

constituting a stepped series of 4 s long dc voltage pulses from 0.25 to 2.0 V, with steps of 

0.25 V and ~10 minutes between steps, recording the impedance after each 10 minute mark. 

In two rats (N coated = 13, N uncoated = 17) we also performed a standard rejuvenation [1.5 

V, 4 seconds] as well as a ramped rejuvenation procedure [−0.8 – 0.6 V, 500 mV/sec, 20 

cycles]. We measured both electrode impedance and single unit characteristics before and 

after rejuvenation. However, one of the rats had no discernible units and the other only had 
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seven units (N coated = 4, N uncoated = 3), so there was little statistical power for the single 

unit responses. Electrodes with 1 kHz impedances greater than 4 MΩ were excluded due to 

likely electrode damage.

2.5 Histology

After the completion of experiments, rats were deeply anesthetized with urethane (1.8 g/kg, 

i.p.) and perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde in 0.1 M 

PBS. The brain was post-fixed overnight in 4% paraformaldehyde and then transferred to 

30% sucrose. The brains were cut into 50 μm sections in either the coronal (N brains = 2) or 

horizontal (N brains = 6) planes using a cryostat (CM3050S, Leica Microsystems) and 

processed for three sets of staining. Tyrosine hydroxylase (TH) immunohistochemistry was 

used to verify the extent of degeneration of dopaminergic neurons in the SNc [53–55]. 

Briefly, after three rinses in PBS, brain sections were first incubated for 10 min in 3% 

hydrogen peroxide. The sections were rinsed and blocked for 1 h at room temperature in 

blocking solution containing 10% goat serum. The sections were then incubated in anti-

tyrosine hydroxylase antibody (AB152; 1:1000, Vector Laboratories) overnight at 4°C in 

PBS with 10% goat serum and 0.25% Trion X-100. After three rinses in PBS, the sections 

were incubated with biotinylated goat anti-rabbit secondary antibody (BA-1000, 1:250, 

Vector Laboratories) with 10% goat serum and 0.25% Trion X-100 in PBS for 1 h at room 

temperature. After rinsing, the sections were incubated in a VECTASTAIN Elite ABC kit 

(Vector Laboratories) solution for 1 h and then visualized using DAB solution. Cresyl violet 

counter staining was used to verify electrode locations.

To examine brain tissue immunoreaction to the electrodes, adjacent brain sections were 

immunostained for GFAP and ED1 to visualize reactive astrocytes and activated microglia/

macrophages, respectively [24]. In brief, the sections were blocked for 1 h at room 

temperature in blocking solution containing 8% normal goat serum with 0.1% Triton-X. The 

sections were then rinsed and incubated in primary antibodies (ED1, MCA341GA; 1:1000, 

Bio-Rad; GFAP, Z0334; 1:2000, Dako) overnight at 4°C in solution with blocking solution. 

After three washes in PBS, the sections were incubated in secondary antibodies including 

goat anti-rabbit IgG Alexa 488 (1:500, Life Technologies) and goat anti-mouse IgG1 Alexa 

594 (1:500, Life Technologies) for 1 h at room temperature. After rinsing, all sections were 

mounted with DAPI-FluoroMount-G (SouthernBiotech). Imaging was conducted and 

captured at 10 × with a Nikon Eclipse TE2000-U and at 1.25 × with a Zeiss AxioPlan 2 

Microscope.

2.6 Quantitative Analysis of Immunohistochemistry

We conducted image quantification for the section nearest each electrode tip. For each 

electrode within the array we quantified the deepest section that had a visible “hole,” 

indicative of the electrode track (Figure 2a,b). These sections were not the same for every 

electrode in a given array, as the horizontal sectioning may not be perpendicular to the 

electrode array (Figure 2c). In addition, electrodes with tips residing in a ventricle were 

excluded from analysis. Electrode track fluorescence intensity was then quantified using a 

method similar to that in Winslow and Tresco [56]. The outline of each electrode “hole” was 

traced in MATLAB (r2018a, The Mathworks Inc.) to represent the electrode-tissue interface. 
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The fluorescence intensity was measured along line profiles every 10°, extending from the 

interface outwards to a radius of 110 μm. The intensity profile was then averaged across the 

lines and binned into five annuli of 22 μm widths for comparison (changing the number of 

radial bins to 3, 10, or 20 had no effect on the reported results). To normalize the profiles, 

we selected two additional regions per section: an area adjacent to the electrodes to obtain 

the background fluorescence, and an area encompassing all of the electrodes to obtain the 

maximum fluorescence. Each profile was then normalized by subtracting the median 

fluorescence intensity of the background region and then normalizing to the 99th percentile 

of the intensity in the region containing the electrodes.

2.7 Animal Summary

The in vivo work, including number of animals, implant duration, challenges encountered, 

etc. is summarized in Table 1. Two (2/8) rats were excluded from all recording array 

analysis, one due to its recording electrodes being exposed to a large dc bias and the second 

due to a broken ground wire that prevented impedance measurements and unit recordings. 

The remaining 6/8 rats were used for impedance measurements, although one rat missed its 

measurements between weeks 0–4, and a second rat was euthanized after week 6 to prevent 

imminent failure of the acrylic headcap. Overall, 4/8 rats had complete impedance 

measurements (N coated = 31, N uncoated = 33), while 2/8 had partial measurements (N 

coated = 17, N uncoated = 15).

For neural recordings, one rat’s array was at an improper depth and missed the SNr, and it 

was excluded, leaving 5/8 rats. Of those, the rat that was euthanized early only had 

recordings through week 4. Overall, 4/8 rats had the complete 12 weeks of neural recordings 

(N coated = 31, N uncoated = 33), and 1/8 had partial recordings (N coated = 10, N 

uncoated = 6).

For histology, two rats were sliced coronally, and as such could not have the quantitative 

track analysis performed. In addition, one rat had the electrode tracks merge following 

electrode explantation and sectioning, while another had early headcap failure that excluded 

it from analysis. Overall, 4/8 rats underwent quantitative tissue analysis.

Following the 12 week experiment, most rats were used for subsequent experiments with the 

implanted stimulating electrodes in the STN. These experiments should have no impact on 

the recording electrode performance metrics reported here, but they did postpone sacrificing 

the animals and performing the subsequent histology. In addition, electrodes that underwent 

a rejuvenation experiment within two weeks of perfusion (N = 6) were excluded from the 

quantitative tissue analysis.

2.8 Statistical Analysis

Statistical significance between conditions was determined using a two or three-way 

repeated measures analysis of covariance (RM-ANCOVA) for multiple comparisons. 

Normality was tested by performing the Shapiro-Wilk Test on the residuals of each model 

and was found to be significant for all tests reported. When a significant factor was found, 

we performed a post hoc one-way RM-ANCOVA or ANOVA. All ANCOVA or ANOVA 

tests incorporated the electrode contact nested within the animal number as a random effect. 
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For single comparisons between groups an F-test was first used to test equivalency in 

variance, and two sample Student’s t-tests were used for groups with equal variances while 

Welch’s unequal variances t-tests were used for groups with unequal variances. One sample 

Student’s t-tests were used for determining the difference with a hypothesized mean. 

Pearson’s product-moment correlation (PPMC) was used for tests of correlation. All 

statistical tests were performed in JMP (SAS Institute Inc.). All results are presented as 

mean ± standard error (SE) and were considered significant at p < 0.05. The data necessary 

to reproduce these results can be found at [57].

3. Results

3.1 In Vitro Electrochemical Characterization

Prior to implantation, each electrode underwent in vitro electrochemical characterization. 

The impedance spectrograms (Figure 3a) show a substantially reduced impedance for coated 

electrodes across all frequencies. The impedance at 1 kHz (Figure 3b) was significantly 

lower for coated electrodes (80 ± 18 kΩ) than uncoated electrodes (534 ± 57 kΩ; Welch’s t-
test, p < 0.001). Representative CVs are shown in Figures 3c (coated, N=6) and 3d 

(uncoated, N=8). Due to the lower impedance of the coated electrodes, the CV drew a higher 

current for the coated electrodes than the uncoated electrodes during the voltage sweep. The 

coated electrodes (1091 ± 100 nC) had a significantly higher CSCc (Figure 3e) than the 

uncoated electrodes (49 ± 17 nC; Welch’s t-test, p < 0.001).

3.2 Effect of Coating on Electrode Recording Performance

Single units were isolated and recorded at each time point (Figure 4), and the number of 

discernible units per electrode was quantified for each electrode in each array. To determine 

if there was an effect of electrode location within the array, we first examined the average 

unit yield for each electrode position in the array, normalized by the hemisphere in which 

the array was implanted (Figure 5a). This revealed a trend of decreasing unit yield on the 

lateral, posterior edge of the array, which anatomically likely corresponds to those electrodes 

being outside of the SNr and instead lying within the cerebral peduncle or the fissure 

between the cerebral peduncle and the dentate gyrus [49]. To quantify the effect of electrode 

location, we created an independent location variable, defined as the mean of the medial-

lateral location and the anterior-posterior location, each with a value from 1 – 4 with 1 being 

most lateral/posterior and 4 being most medial/anterior (Figure 5b). We then performed a 

three-way RM-ANCOVA to determine the contributions to unit yield of three independent 

variables: coating, location, and week number (Figure 5c,d). There was a significant effect 

of coating (p < 0.0291), with coated electrodes exhibiting a higher unit yield, and of location 

(p < 0.0020), with electrodes with larger location values (i.e., more medial/anterior) having 

higher unit yields. However, there was no significant interaction between location and 

coating or week, indicating that the effect of coating was independent of the location. 

Finally, there was a significant interaction between week and coating (p < 0.0071), 

prompting subsequent subdivision by coating. The unit yield for coated electrodes increased 

over time (one-way RM-ANCOVA, slope = +0.029 units/week, p < 0.0122) while there was 

no detectable change in unit yield over time on uncoated electrodes (slope = −0.017 units/

week, p < 0.1596).
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The impedance at 1 kHz for each electrode was also tracked over time (Figure 5e). The 

three-way RM-ANCOVA test revealed no detectable interaction between location and week 

or coating. There were strong main effects of week (p < 0.0001) and coating (p < 0.0001) on 

the impedance, with the coated electrodes having lower impedance at 1 kHz than the 

uncoated electrodes. In addition, there was a significant interaction between coating and 

week (p < 0.0255), prompting subdivision by coating. Across weeks, both the coated and 

uncoated electrode impedances increased over time (one-way RM-ANCOVA, coated slope = 

+14.7 kΩ/week, p < 0.0039; uncoated slope = +31.1 kΩ/week, p < 0.0001), with the 

significant interaction term indicating that the slope for the uncoated electrodes was 

significantly greater than the slope for the coated electrodes.

3.3 Effect of Coating on Single Unit Characteristics

The unit SNR, unit amplitude, and noise of each discernible single unit were tracked over 

time for each electrode (Figure 6). For each metric we performed a three-way RM-

ANCOVA, testing the effect of coating, week, and electrode location. For SNR (Figure 6a), 

there was a significant main effect of location (p < 0.0001), with greater locations having 

higher SNR. However, there were no detectable interactions between location and any other 

variable. There was a significant interaction between week and coating (p < 0.0197), 

prompting subdivision by coating. The SNR for coated electrodes began lower than that of 

the uncoated electrodes but increased over time (one-way RM-ANCOVA, slope = +0.11 per 

week, p < 0.0018), while the SNR of the uncoated electrodes began higher but decreased 

over time (slope = −0.15 per week, p < 0.0056).

For unit amplitude (Figure 6b), there were no detectable main effects or interactions in the 

three-way RM-ANCOVA. From visual observation of the data, the unit amplitude for the 

coated electrodes appeared to increase over the first six weeks, after which it decreased 

slightly until week 12. The unit amplitude for the uncoated electrodes had a nearly opposite 

trend, with a decreasing amplitude over the first four weeks followed by a steady increase 

over the remaining eight. Overall, the coating did not result in a conclusive change in unit 

amplitude.

Finally, for electrode noise (Figure 6c) there was a significant main effect of coating (three-

way RMANCOVA, p < 0.0009), with coated electrodes having less noise than uncoated 

electrodes. In addition, there was a significant interaction between week and coating (p < 

0.0271). Subsequent division by coating revealed that the noise for the coated electrodes 

showed no detectable change over time (one-way RM-ANCOVA, slope = −0.03 μA/week, p 

< 0.7561) while the noise for the uncoated electrodes increased over time (slope = +0.40 μA/

week, p < 0.0022).

3.4 Effects of Rejuvenation on Electrode Performance

The pre-rejuvenation impedance at 1 kHz varied dramatically between the coated (514 ± 116 

kΩ) and uncoated electrodes (1493 ± 102 kΩ). As such, all reported changes in impedance 

due to rejuvenation were represented as the impedance normalized to its pre-rejuvenation 

value. For stepped rejuvenation there was a significant effect of both coating (two-way RM-

ANCOVA, p < 0.0001) and applied voltage (p < 0.0001) (Figure 7a). Coated electrodes 

Cassar et al. Page 9

Biomaterials. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exhibited a greater reduction in impedance than uncoated electrodes, and higher applied 

voltages produced larger reductions in impedance. The interaction between coating and 

applied voltage was not significant (p < 0.3720), indicating that the effect of coating did not 

change across the range of applied voltages.

Following standard rejuvenation, both the coated (one sample t-test, p < 0.0001) and 

uncoated (p < 0.0198) electrode impedances decreased from baseline (Figure 7b), and the 

coated electrode impedance was lower than the uncoated electrode impedance (two sample 

t-test, p < 0.0016). Ramped rejuvenation reduced the impedance of both the coated (one 

sample t-test, p < 0.0010) and uncoated (p < 0.0010) electrodes from baseline. However, 

there was no detectable difference in reduction between the coated and uncoated electrodes 

(two sample t-test, p < 0.0858). Neither dc rejuvenation nor ramped rejuvenation had any 

detectable effects on unit yield, SNR, unit amplitude, or noise (data not shown), when 

comparing recording epochs conducted immediately before and after rejuvenation.

3.5 Comparison of the Tissue Response Around Coated and Uncoated Microelectrodes

The average normalized fluorescence intensity was quantified for five binned annuli out 

from the electrode-tissue interface (Figure 8a,b), excluding those electrodes that underwent 

rejuvenation within two weeks of perfusion. For both ED1 and GFAP immunoreactivity, the 

coated electrodes appeared on average to have a higher fluorescent intensity than the 

uncoated electrodes. However, there were no regions with a statistically significant 

difference in fluorescence between coated and uncoated electrodes for either stain (two 

sample t-test). This analysis was repeated after changing the number of radial bins to 3, 10, 

and 20, yet there remained no detectable differences in fluorescence. The analysis was also 

repeated by excluding the electrodes that underwent rejuvenation at any time point (as 

opposed to just within two weeks of sacrifice), and once again there were no significant 

differences in fluorescence.

We also performed a Pearson’s product-moment correlation analysis between the 

immunofluorescence intensity and the recording performance metrics for each electrode at 

the first, second, and last week of recording (Figure S1), similar to the analysis conducted by 

McCreery et al. [58], and these results are provided in the supplementary material.

4. Discussion

We quantified the recording performance of 16-channel Pt-Ir microwire arrays coated with 

electrodeposited platinum-iridium and compared them to uncoated electrodes on the same 

array. The innovative checkboard arrays, interspersing coated and uncoated electrodes, 

allowed us to compare recoding performance within animal and thereby reduce one source 

of variance. The coated electrodes exhibited superior recording performance to the uncoated 

electrodes over the 12 week observation period, including measures of unit yield, SNR, 

noise, and electrode impedance. Quantitative immunohistochemical analysis of the tissue 

response to the electrodes did not show any substantial difference in ED1 or GFAP 

immunofluorescence intensity between the coated and uncoated electrodes, suggesting that 

the improved performance was likely not due to a reduced foreign body response. Rather, 
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the increase in performance is likely due to the reduced impedance of the coated electrodes, 

which exhibited reduced noise and increased SNR, making it easier to discern single units.

4.1 EPIC improved single unit recording performance

The recording performance of the coated electrodes was superior to that of the uncoated 

electrodes for the three primary metrics of recording quality: unit yield, SNR, and 

impedance at 1 kHz. The reduced impedance is not surprising, as the coating increased the 

electrode surface area [40] which directly reduces the impedance. However, it is noteworthy 

that the increase in impedance typically observed p.i. [22,29,30,59,60] was significantly 

reduced with the coating. Electrode modeling and in vitro measurements suggest that the 

increased electrode impedance at 1 kHz is likely due to protein adsorption, or biofouling, on 

the electrode tip [59,61], and the coating may reduce such biofouling.

A lower impedance is thought to improve recording performance by reducing thermal noise 

and signal shunting [25,26], and the stable, low impedance of the coated electrodes resulted 

in both reduced noise and an increased SNR. The noise of both the coated and uncoated 

electrodes began at similar levels, but significantly increased over time for the uncoated 

electrodes while remaining stable for the coated electrodes. The increased SNR for coated 

electrodes in later weeks apparently stemmed from this reduction in noise. Alternatively, the 

reduced SNR of coated electrodes in the early weeks appeared to be due to smaller unit 

amplitudes than those of the uncoated electrodes. However, modeling work predicts that the 

impedance at 1 kHz has a relatively weak effect on unit amplitude [59], so these amplitude 

differences between the coated and uncoated electrodes are likely unrelated to the 

impedance reduction from the coating.

The third, and arguably most important, metric of recording performance is the number of 

discernible units per electrode, or unit yield. Typically, unit yield either decreases or remains 

constant following implantation [1,19,22,30,60]. While the unit yield of the coated and 

uncoated electrodes began at approximately the same level, yield substantially increased 

over time for the coated electrodes while slightly decreasing for the uncoated electrodes. 

This trend may be at least partially explained by the noise data. As the noise increases, a 

higher unit amplitude is necessary to discern a unit, or, in other words, the amplitude 

threshold increases. Because the noise for the uncoated electrodes increased over time 

relative to the coated electrodes, the difference in amplitude thresholds should result in fewer 

discernible units for the uncoated than the coated electrodes. This may explain why the unit 

amplitude appears to increase for the uncoated electrodes from weeks 4–12; the lower 

amplitude units can no longer be discriminated. Although this likely explains the widening 

difference in unit yield over time between the coated and uncoated electrodes, it does not 

account for the observed increase in unit yield for the coated electrodes over time. This may 

be due to the observed increase in SNR over time for the coated electrodes, but the large 

SNR for the uncoated electrodes in the early weeks did not similarly correspond to a higher 

unit yield. With these disparities, we may not be able to account entirely for the increase in 

unit yield with solely electrophysiological measurements.
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4.2 Immunohistochemistry exhibited little relationship with recording performance

Given that the improvement in unit yield could not be fully explained with the unit noise, 

unit amplitude, or SNR measurements, a plausible explanation could be a reduced FBR that 

led to reduced neural death surrounding the electrode tip. However, immunohistochemical 

staining of ED1 and GFAP did not support this theory, and we observed no significant 

differences in fluorescence between coated and uncoated electrodes. This remained true 

regardless of the bin size used or whether rejuvenated electrodes were included in the 

analysis. Because the majority of the animals used in the histology study were sacrificed 

more than 25 weeks after implantation, the final measurements may be less sensitive to 

differences in the time course of the FBR for coated and uncoated electrodes. However, one 

of the four animals was sacrificed at eight weeks p.i. and it did not show any difference in 

FBR between coated and uncoated electrodes. Thus, these data suggest that the coating did 

not reduce the long-term foreign body response to the electrodes.

Despite a lack of difference between coated and uncoated electrodes, a correlation analysis 

could provide potential insight into the contribution of the FBR to the electrode performance 

metrics. Previous studies showed a positive correlation between GFAP density and 1 kHz 

impedance [24], and between GFAP and NeuN density and unit amplitude and SNR 

measurements [58]. However, the large time difference between animal sacrifice and the 

conclusion of our 12 week study introduced uncertainty to whether a correlation study 

would be informative. The previously reported time course of tissue encapsulation shows a 

sustained response that develops over at least the first 12 weeks p.i., with continuous 

changes occurring throughout [16,17]. Although our correlation results did show positive 

correlations between ED1 fluorescence and SNR, unit amplitude, noise, and 1 kHz 

impedance (Figure S1), it is unclear that the immunofluorescence at > 25 weeks p.i. is 

representative of the conditions during unit recordings. Regardless, we did not observe any 

stark differences between correlations with the coated and uncoated electrodes, further 

indicating that it is unlikely that differences in the FBR contributed to the observed 

improvements in electrode performance with the EPIC coating.

It is not entirely surprising that the immunohistochemical metrics failed to provide 

substantial insight into the mechanisms by which the electrode coating affected unit yield, 

unit amplitude, noise, and SNR. A recent study by Michelson et al. [21] performed a highly 

controlled, multi-modal analysis on the brain response to implanted electrode arrays, and 

they were unable to show a relationship between standard histological metrics of FBR and 

electrophysiological outcomes. Instead, their results indicated that the neural environment 

around an implant is highly complex and dynamic, depending on changes in vasculature, 

cellular damage, ion channel expression, and neurite morphology. Such changes can result in 

neural silencing and changes in network activity that can be difficult to discern with 

classically used histological and electrophysiological measurements.

4.3 Rejuvenation was effective in EPIC electrodes

It has been observed that conventional, charge balanced stimulation causes a reduction in 

impedance of stimulating electrodes, and this may be due to electroporation and/or changes 

in cellular adhesion [62–64]. However, less is known about the effects of “rejuvenating” 
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signals on single unit recording performance. Standard 1.5 V dc rejuvenation reduces 

impedance, increases SNR, and increases CSC in chronically implanted microelectrodes 

[50–52]. Although the mechanisms of rejuvenation are unclear, the impedance reduction for 

iridium electrodes is thought to be due to the formation of a hydrous oxide monolayer that 

helps remove protein and cellular buildup on the electrode [50,65]. Additionally, a 1.5 V dc 

bias will cause electrolysis of water [48,66,67] and can create a gas bubble around the 

electrode site that results in mechanical strain and deformation of the surrounding tissue 

[68]. In vivo calcium imaging also demonstrated alterations in neuronal activity following 

rejuvenation, with both silencing of previously active neurons and activation of previously 

silent neurons [68]. It is uncertain how each of these factors may contribute to the observed 

improvement in electrode performance following rejuvenation, but since each involve 

electrochemical processes, it is informative to test rejuvenation with alternative electrode 

materials that may exhibit different electrochemical properties.

In the current study, both standard and revised rejuvenation protocols produced significant 

and substantial reductions in electrode impedance for both the EPIC coated and uncoated Pt-

Ir electrodes. Although these results are not dissimilar to those seen with iridium electrodes 

[50–52], they indicate that rejuvenation can effectively reduce 1 kHz impedance in electrode 

materials other than iridium. The coated electrodes exhibited a greater proportional 

reduction in impedance than the uncoated electrodes, but the absolute difference in 

impedance was similar between them. The mechanism may thus be the same for both 

electrode types, resulting in a similar net reduction in impedance. Ultimately, it is unclear 

whether there is a functional difference between the absolute and proportional reduction in 

impedance as there was no observable change in recorded unit yield, SNR, unit amplitude or 

noise following either rejuvenation protocol. However, the number of units was quite small 

and thus the statistical power was limited. Literature on rejuvenation has shown the 

reduction in electrode impedance is approximately proportional to the increase in SNR [51], 

suggesting that both the coated and uncoated electrodes may have exhibited an increase in 

SNR if the sample size was larger.

4.4 Limitations

This study has limitations in the extent to which the electrophysiological recording 

properties of the electrode arrays were characterized. The noise was calculated from the 

initial 50 μs of each recorded waveform, which should be indicative of the baseline noise in 

the channel [22,69]. However, a better method would be to record the continuous signal to 

determine the r.m.s. noise. Additionally, we only measured the impedance at 1 kHz, while 

more comprehensive impedance spectroscopy may be more informative as to how recording 

properties change over time [29,60,70,71]. For the rejuvenation experiments, we did not test 

enough animals with discernible units to determine adequately the effects of rejuvenation on 

single unit characteristics. Finally, the immunohistochemical analysis was limited to only 

ED1 and GFAP, and staining for additional markers such as NeuN and IgG could have 

provided a more complete picture of the FBR around the electrode tip [21,58,72]. We were 

also limited by the distance between sections, as the ideal section would be at the electrode 

tip but sections for each marker were taken every 200 μm.
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An additional factor that must be considered is the potential impact of the other implanted 

hardware in the brain. In addition to the 16 channel recording array, which was the focus of 

this study, a second 4 channel stimulating array and a cannula were both implanted in each 

rat. The direct impact of these implants on the FBR of the recording array should be 

negligible, as the implants are approximately 2.2 and 3.8 mm away, respectively, and 

astrogliosis does not appear to extend beyond 500 – 600 μm from the implantation site 

[16,17]. However, recent work indicates that standard astrogliosis measurements do not 

adequately capture the additional subcellular and network effects of implants on the brain 

[20,21,68], which leaves open the possibility that these additional implants may have some 

impact on the results. Additionally, the 6-OHDA lesion induces parkinsonian symptoms in 

rats, which is characterized by widespread changes in neural firing patterns in the basal 

ganglia [13,14]. Although these widespread effects may limit the ability to compare these 

results against other recording stability studies, the use of interspersed coated and uncoated 

electrodes within each array allowed us to quantify the effect of the EPIC coating 

independent of these potential sources of variation.

5. Conclusion

The recording performance of microelectrode arrays functionalized with EPIC was superior 

to that of standard, uncoated Pt-Ir arrays. The coating resulted in lower impedance at 1 kHz, 

reduced noise, increased SNR, and increased unit yield, and these differences were 

maintained at 12 weeks p.i. The increase in SNR and unit yield is likely a product of the 

lower impedance leading to reduced noise in the recordings. Post-mortem 

immunohistochemistry showed no apparent reduction in glial scarring; however, the 

immunohistochemical measurements used in this study may not account for all potential 

variations in the immune response between the coated and uncoated electrodes. Finally, 

standard rejuvenation techniques produced greater proportional reductions in impedance of 

the coated electrodes than the uncoated electrodes. This may indicate the potential for 

effective electrode rejuvenation with the coated electrodes, thereby increasing further the 

functional longevity of the EPIC arrays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scanning electron micrographs of an example Pt-Ir microelectrode array prior to 

implantation. a) Each MEA had 16 recording electrodes and an additional 17th reference 

electrode. Each array had a checkerboard-like pattern of coated and uncoated electrodes. b) 
Example uncoated Pt-Ir electrode. c) Example EPIC coated electrode. Note the rougher 

surface than the uncoated electrode in b.
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Figure 2. 
Immunohistochemistry example. a) Sample GFAP section near electrode tip for animal A4. 

b) Sample ED1 section near electrode tip for animal A7. a,b) Solid white inner circles 

represent electrode “holes” while dotted white inner circles represent “filled” electrodes, 

which are likely below the electrode tip. Blue outer circles are coated arrays while red outer 

circles are uncoated. c) Visualization of the method of post-mortem histology sectioning 

along the tips of the electrode arrays illustrating how a given section may have both “holes” 

and “filled” profiles. Tissue was sliced every 50 μm, but GFAP and ED1 were only stained 

for at every fourth slice, resulting in a distance of 200 μm between slices.
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Figure 3. 
In vitro electrochemical characterization of electrodes prior to implantation. a) Mean values 

of full spectrum impedance ± standard error of coated electrodes (squares) compared to 

uncoated electrodes (circles). The coated electrodes show a substantially reduced impedance 

across all frequencies. b) The impedance at 1 kHz for coated and uncoated electrodes. 

Coated electrodes have a significantly lower impedance than the uncoated electrodes 

(Welch’s t-test, p < 0.0001). c,d) Representative cyclic voltammograms from animal A5 for 

the coated (c) and uncoated (d) electrodes. The coated electrodes drew a significantly higher 

current than the uncoated electrodes (note the difference in axes), likely due to the lower 

impedance of the coated electrodes. e) The cathodic charge storage capacity of the coated 

and uncoated electrodes calculated from the anodic to cathodic sweep of the cyclic 

voltammetry. The coated electrodes have a significantly higher CSCc than the uncoated 

electrodes (Welch’s t-test, p < 0.0001).
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Figure 4. 
Example of single unit recordings at week 4 for each animal (row) and each electrode 

(column). Red and blue traces represent different single units recorded at a single electrode. 

Dark grey and light grey tiles indicate uncoated vs coated electrodes, respectively.
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Figure 5. 
Electrode recording performance across time post-implantation and location. a) Average 

number of discernible units per electrode across electrode locations within the array. Unit 

yield was higher for electrodes located more medial and anterior. b) Definition of a location 

metric based upon the trend observed in a. c,d) Discernible units per electrode across time 

(c) and location (d) for coated vs. uncoated electrodes. The three-way RM-ANCOVA 

revealed significant effects of coating (p<0.0291), location (p<0.0020), and coating*week 

(p<0.0071). Subdividing by coating, one-way RM-ANCOVA for coated electrodes had a 

slope of 0.029 units/week (p<0.0122) while there was no significant slope for the uncoated 

electrodes (p<0.1596). e) The impedance at 1 kHz of each electrode across time post-
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implantation. The three-way RM-ANCOVA revealed significant effects of week (p<0.0001), 

coating (p<0.0001), and coating*week (p<0.0255). Subdividing by coating, one-way RM-

ANCOVA for coated electrodes had a slope of 14.7 kΩ/week (p<0.0039) and for uncoated 

electrodes had a slope of 31.1 kΩ/week (p<0.0001).
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Figure 6. 
Single-unit recording performance across time for the coated and uncoated electrodes. a) 
Signal to noise ratio of coated and uncoated electrodes. The three-way RM-ANCOVA 

revealed significant effects of location (p<0.0001) and coating*week (p<0.0197). 

Subdividing by coating, one-way RM-ANCOVA gave slopes of 0.11 (p<0.0018) and −0.15 

(p<0.0056) per week for coated and uncoated electrodes, respectively. b) Unit amplitude 

calculated as the r.m.s. of the peak-to-peak amplitude of single units. The three-way RM-

ANCOVA had no significant effects or interactions. c) Average noise calculated as the r.m.s. 

voltage of the first 50 μs of each waveform. The three-way RM-ANCOVA revealed a 

significant effect of coating (p<0.0009) and coating*week (p<0.0271). Subdividing by 
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coating, oneway RM-ANCOVA gave slopes of −0.03 μA/week (p<0.7561) and 0.40 μA/

week (p<0.0022) for coated and uncoated electrodes, respectively.
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Figure 7. 
Changes in electrode impedance as a result of rejuvenation with applied voltages. a) Stepped 

rejuvenation experiment, which applied a stepped series of 4 second dc voltage pulses from 

0.25 to 2.0V, with steps of 0.25V. Electrode impedance was normalized to its starting value. 

The two-way RM-ANCOVA revealed significant effects of coating (p<0.0001) and applied 

voltage (p<0.0001). b) Standard rejuvenation experiments. On the left a 1.5V dc pulse was 

applied for four seconds. On the right a ramped procedure was applied [−0.8 – 0.6 V, 500 

mV/sec, 20 cycles]. The resulting impedance, normalized to its starting value, is displayed 

for each method. A single * above a bar represents a significant difference from baseline 
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(one sample t-test), while a bracket with an * represents a significant difference between the 

two distributions (two sample t-test).
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Figure 8. 
Quantification of immunofluorescence intensity around coated and uncoated electrodes. a) 
Average ED1 and b) GFAP immunofluorescence intensity around the electrode-tissue 

interface, binned into five 22 μm regions. No radial bins for either stain had a significant 

difference between the coated and uncoated electrodes (two sample t-tests).
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