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Abstract

Penetrating microelectrode arrays with 2000 μm2 sputtered iridium oxide (SIROF) electrode sites 

were implanted in cat cerebral cortex, and their long-term electrochemical performance evaluated 

in vivo by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and current 

pulsing. Measurements were made from days 33 to 328 postimplantation. The CV-defined charge 

storage capacity, measured at 50 mV/s, increased linearly with time over the course of 

implantation for two arrays and was unchanged for one array. A modest decrease in 1 kHz 

impedance was also observed. These results suggest an ongoing increase in the apparent 

electrochemical surface area of the electrodes, which is attributed to electrical leakage pathways 

arising from cracking of Parylene insulation observed by SEM of explanted arrays. During current 

pulsing with a 0.0 V interpulse bias, the electrodes readily delivered 8 nC/phase in vitro, but some 

channels approached or exceeded the water reduction potential during in vivo pulsing. The charge 

injection capacity in vivo increased linearly with the interpulse bias (0–0.6 V Ag∣AgCl) from 11.5 

to 21.8 nC/ph and with pulse width (150–500 μs) from 8.8 to 14 nC/ph (at 0.0 V bias). These 

values are lower than those determined from measurements in buffered physiological saline, 

emphasizing the importance of in vivo measurements in assessing chronic electrode performance. 

The consequence of current leakage pathways on the charge-injection measurements is also 

discussed.
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I. Introduction

MICROELECTRODES chronically implanted in the central nervous system are being 

developed for neural recording and stimulation in sensory and motor prostheses. For brain-

machine applications, recording electrodes capable of resolving signal-unit neural activity 

will be implanted in the cortex to provide signals for prostheses that allow patients to 

volitionally control external devices. Typically, the recording electrodes will have a 

geometric surface area (GSA) of < 1000 μm2 and, to facilitate signal processing, must record 

neuronal action potentials with a signal-to-noise ratio (SNR) of greater than about 5:1 [1]. 

Cortical microelectrodes are also used for neural stimulation to modulate disease symptoms 

or restore lost sensory function, such as hearing and vision. Studies by McCreery et al. [2], 

[3] in cat cortex and Schmidt et al. [4] in human cortex suggest that functional charge 

thresholds for microelectrode stimulation are on the order of 1–3 nC/phase. To achieve 

focused stimulation of a small cortical volume, an electrode GSA of ~2000 μm2 has been 

employed, resulting in threshold charge densities of 50–100 μC/cm2 [5].

A critical factor in the success of these prostheses is maintaining stable long-term 

communication between the electrodes and nearby neurons. This is particularly important 

for single-unit recording, where microelectrodes cannot record from neurons greater than 

about 100 μm away [6]. Loss of communication may occur by several mechanisms, 

including peri-electrode gliosis [1], [7] and neuronal death or inactivity [8], [9]. Both are 

likely related to the local inflammatory response. Tissue encapsulation also reduces the 

charge injection capacity of stimulation electrodes by limiting the transport of counterions to 

the electrode [10].

Given the importance of the chronic stability of the electrode–tissue interface for both 

recording and stimulation, the goal of this study was to characterize the evolution of the in 
vivo electrochemical properties of the microelectrodes over the course of a long-term 

implantation (>300 days) in cat cerebral cortex. The microelectrodes were based on the Utah 

Array [11], [12] and were coated with sputtered iridium oxide (SIROF) as a low-impedance, 

high-charge injection capacity coating [13]. Cyclic voltammetry (CV), impedance 

spectroscopy, and voltage transients during current pulsing were used to characterize the 

electrodes in vivo as well as in buffered physiological saline prior to implantation.

II. Methods

A. Microelectrode Arrays

Penetrating microelectrode arrays were fabricated by Black- rock Microsystems using 

methods that have been described in detail [14], [15]. As shown in Fig. 1, each array has 16 

1.0-mm-long electrode shafts in a 4 × 4 arrangement with a tip-to-tip separation of 400 μm. 

The electrode tips were coated at EIC Laboratories with 300-nm-thick SIROF as a low-
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impedance coating. The details of the SIROF deposition process have been reported 

previously [13]. The SIROF was deposited on the electrode tips and at least 100 μm down 

each shaft using an aluminum foil mask to occlude the remainder of the array. The array was 

then encapsulated with Parylene-C at Blackrock Microsystems. SIROF electrode sites with a 

nominal GSA of 2000 μm2 were created by plasma etching the Parylene-C using an 

aluminum foil mask that extended about 50 μm down the electrode shafts. Previous studies 

have shown that the exposed area of these electrodes is variable due to the difficulty in 

achieving uniform masking across the array, although the SIROF electrodes exhibited 

suitably low impedance and high charge injection capacities for neural applications [16]. 

Each implant was comprised of two 16-channel arrays attached to a single head-mounted 

percutaneous CerePort connector (Blackrock) as shown in Fig. 2. Prior to implantation, the 

implants were sterilized by autoclaving or ethylene oxide.

B. Implantation

Male domestic cats, age 11–18 months, were employed in the study. The animal protocol 

was approved by the Institutional Animal Care and Use Committee at Huntington Medical 

Research Institutes. The implant assembly was fixed to each animal’s skull and one array 

placed in the cerebral cortex on each side of the brain. In preparation for the implantation, 

the cats received ketamine-acepromazine preanesthesia, and then anesthesia was induced 

with intravenous propofol. The cats were intubated, anesthetized with a mixture of oxygen 

and isofluorane, and ventilated with a positive-pressure ventilator during the surgery. The 

electrocardiogram, end–tidal pCO2, and rectal temperature were monitored continuously. 

The cat’s head was mounted in a stereotaxic frame. Local anesthetic (bupivicaine) was 

applied to the margins of the skin incision. A midline scalp incision was made, and the 

temporalis muscles and periosteum were reflected. Craniectomies were made over both 

cerebral hemispheres. The dura mater was opened, and microelectrode arrays were inserted 

into the left and right postcruciate gyrus of the sensorimotor cerebral cortex using a high-

speed inserter tool designed for inserting Blackrock intracortical arrays. The dura was closed 

over the arrays with 7-0 polyfilament sutures and covered with a sheet of fascia resected 

from the perispinal muscles. The CerePort connector was secured on the skull with bone 

screws and bone cement. Finally, the muscles and fascia were closed with polydioxanone 

absorbable monofilament sutures and the skin closed around the percutaneous connector 

with nonabsorbable nylon sutures. The cat was transferred to an isolette and its recovery 

from anesthesia monitored and recorded every 15 min until sternal recumbency was 

recovered.

C. Electrochemistry

Prior to implantation, electrochemical measurements on the arrays were performed at 37 °C 

in an inorganic model of interstitial fluid (model ISF) with a composition of 110 mM NaCl, 

28 mM NaHCO3, 7.5 mM KHCO3, 2 mM Na2HPO4·7H2O, and 0.5 mM each of 

NaH2PO4·H2O, MgSO4, MgCl2, and CaCl2 [17]. The pH of the model ISF was maintained 

at 7.4 by bubbling a mixture of 5% CO2, 6% O2, and 89% N2 gas through the electrolyte. 

Electrochemical measurements were made with a Gamry potentiostat in a three-electrode 

cell using a large-area platinum counterelectrode and a Ag∣AgCl reference electrode. All 

potentials are reported with respect to Ag∣AgCl.
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In vivo electrochemistry was performed 33–328 days after array implantation on cats lightly 

anesthetized with ketamine–acepromazine. A chloridized silver foil reference electrode and 

a platinum mesh counterelectrode were placed on opposite sides of a shaved foreleg and 

connected to the animal with saline-soaked gauze secured by an elastic wrap. The potential 

of the chloridized silver foil electrode was checked periodically against a commercial 

Ag∣AgCl reference electrode (Bioanalytical Systems, RE-5B). The placement of the 

reference electrode on the foreleg provides a secure electrical connection to the animal. A 

secure connection is necessary to avoid delivering catastrophically large currents to the 

implanted electrodes should the reference signal be inadvertently interrupted during three-

electrode measurements with a potentiostat. This remote placement does not affect the 

electrochemical measurements because the majority of the voltage drop in the tissue occurs 

close to the microelectrodes [18]. The procedures and equipment for acquiring in vivo CVs, 

electrochemical impedance spectroscopy (EIS), and voltage transient data were otherwise 

identical to the in vitro measurements.

Three arrays denoted 8-2, 9-1, and 12-1 were evaluated, each in a different animal. Each 

array was tested three times over the course of the study, although not all arrays were tested 

at the same time points. The contralateral arrays in these cats were further coated with 

poly(ethylene glycol)-b-lactic acid (PEG-PLA), with and without nerve growth factor, and 

the results from these arrays will be reported elsewhere. While there were potentially 16 

electrodes available for study on each array, some electrodes occasionally appeared 

electrically open-circuit, probably due to intermittently open contacts in the head-mounted 

connector. Different electrodes were open during different measurement sessions. Therefore, 

at each time point we selected from each array approximately eight electrodes that exhibited 

robust neural spiking activity (a large number of neuronal action potentials with high SNRs). 

The electrochemical measurements, therefore, pertain only to electrodes exhibiting good 

neural recordings.

In vitro and in vivo, cyclic voltammograms (CVs) were acquired over a −0.6 V to 0.8 V 

potential range at a sweep rate of 50 mV/s and 50 000 mV/s. Each electrode was cycled 

three times at 50 mV/s and 20 times at 50 000 mV/s, and the anodic and cathodic charge 

storage capacities (CSCa and CSCc, respectively) were calculated by integrating the anodic 

and cathodic currents on the third full CV cycle at 50 mV/s and the 19th CV cycle at 50 000 

mV/s. EIS were measured over a 1–105 Hz range using a 10-mV RMS sinusoidal excitation 

voltage centered at the open-circuit potential. Both CV and EIS measurements were made 

with Gamry potentiostats.

The charge injection capacity of the SIROF for neural stimulation was determined using 

monophasic cathodal current pulses with an amplitude of 20 μA and a pulse width of 400 μs 

(8 nC/phase) from a potentiostatically controlled interpulse potential (Vipp) of 0.0–0.6 V 

using a Sigenics stimulator (Sigenics, Chicago, IL, USA). This strategy maintains charge 

balance by reestablishing the bias potential in the interpulse period using an anodic recharge 

current that is sufficient to establish the bias within a few milliseconds after the end of the 

cathodal pulse [10], [19]. The stimulator was designed to limit the charge recovery current 

so that the microelectrode is not polarized more positive than the 0.8 V (versus Ag∣AgCl) 

water oxidation potential for iridium oxide electrodes. An interphase period of 1.1 ms 
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between the end of the cathodal pulse and the onset of the anodic recharge current was 

employed to facilitate analysis of the voltage transients. Pulses were delivered at a frequency 

of 50 Hz. For analysis, the maximum cathodal potential excursion Emc was defined as the 

electrode potential measured 35 μs after the cathodal current pulse decayed to zero so that 

the voltage transient no longer included contributions from ohmic voltage drops in the 

tissue.

The effect of interpulse bias (0.0–0.6 V versus Ag∣AgCl) and pulse width (150–500 μs) on 

the in vivo charge injection capacity Qinj was also determined for three electrodes on one 

array at day 154 after implantation. The maximum Qinj was defined as the charge density, 

based on a 2000 μm2 electrode area, that polarized the SIROF to the water reduction 

potential of −0.6 V [13], [16].

Regressions and correlations were performed with Stata/IC 12.0. Slopes were considered 

significantly different from 0 (which signifies that there was no relationship between the 

time and electrochemical metric) if p < 0.05.

III. Results

A. Cyclic Voltammetry

Fig. 3 shows the 50 mV/s CV behavior of a representative electrode in model ISF (day 0) 

and at three in vivo time points up to day 154. The anodic and cathodic CSC increased from 

26 and 27 mC/cm2, respectively, in model ISF to 62 and 49 mC/cm2 at day 154 in vivo. A 

significant increase in oxidation current was also observed for the in vivo CVs at potentials 

positive of approximately 0.5 V. This current increased with implantation time and 

contributed to a large imbalance in the anodic and cathodic charge storage capacities, 

indicating that the oxidation reactions were not reversed. During repeated CV cycling, the 

oxidation current decreased on successive cycles while the cathodic response was 

unchanged. The oxidation, therefore, appears to be irreversible and reactant-limited. This 

phenomenon has not been observed in prior implantations in cat cortex and subretinally in 

pig using iridium oxide electrodes (unpublished).

At a sweep rate of 50 mV/s, the in vivo anodic and cathodic charge storage capacities of the 

electrodes on two of the three arrays (8-2 and 12-1) increased over the course of the 

implantation. The evolution of CSCc for the three arrays is shown in Fig. 4. The regression 

slopes and confidence intervals for CSCc and CSCa are provided in Table I. The 50 mV/s 

CSC of electrodes from array 9-1 did not change significantly with time in vivo (p > 0.05). 

Linear regression of the charge storage capacity over time for arrays 8-2 and 12-1 showed 

that the cathodic CSC increased by 0.118 and 0.064 mC/cm2·day, respectively. The 

irreversible oxidation reaction accounted for the larger relative increase in CSCa compared 

to CSCc.

Changes in the CSCc measured at 50 000 mV/s are shown in Fig. 5. The CSC of the 

electrodes on all arrays decreased from preimplantation measurements in model ISF, which 

is expected due to higher resistivity and reduced ion transport in the fluid and tissue 

encapsulating the electrodes in vivo. The slopes of the CSCc and CSCa regression lines were 
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not significantly different from zero for all three arrays. The oxidation reaction observed in 

the 50 mV/s CVs was not apparent at 50 000 mV/s.

B. Impedance Spectroscopy

The effect of implantation on electrode impedance is illustrated by the Nyquist and Bode 

plots in Fig. 6. All measurements are from the same electrode, first in model ISF and then in 
vivo at days 33, 84, and 154. The model-ISF impedance is similar to that observed for metal 

electrodes in which the electrode–electrolyte interface can be represented by a constant 

phase element [20]. After implantation, all electrodes exhibited an increase in impedance 

and most developed a semicircular arc in their Nyquist plots. The in vivo impedance was 

similar to that observed by Williams et al. [21] with tungsten microelectrodes implanted in 

rat cortex for up to 20 days. The appearance of the arc reflects the introduction of an 

additional time constant for charge transfer in vivo and has been attributed to biomolecule 

absorption and encapsulation of the electrode with poorly conductive tissue [20], [22]. 

Williams et al. [21] examined impedance spectroscopy and histology from the same 

electrodes and observed that electrodes exhibiting larger semicircular arcs in their Nyquist 

plots had more pronounced peri-electrode gliosis. In this study, the semicircular arc was 

largest on the first day of measurement (day 33) and similar to those reported by Williams et 
al. [21] although their data were acquired at shorter implant times. At the longer time points, 

days 84 and 154, the impedance decreased from the day 33 level, but remained substantially 

greater than in vitro. These data are also shown in a Bode plot of impedance magnitude 

versus frequency in Fig. 6(b) which more clearly illustrates the frequency dependence of the 

impedance changes.

Fig. 7 shows the 1 kHz impedance magnitude for all tested electrodes at all time points. 

There were no statistically significant trends in these data. The impedance of the electrodes 

on arrays 8-2 and 12-1 appeared to decrease with implantation time as shown by the 

regression lines in Fig. 7 (−0.1 kΩ/day (p = 0.16) and −0.27 kΩ/day (p = 0.21), respectively). 

While not significant, these trends are consistent with the observed increase in CSC of the 

electrodes (see Figs. 4 and 5). The impedance of array 9-1 increased with a slope of 0.24 

kΩ/day (p = 0.09).

Scanning electron microscopy of explanted arrays showed cracking of the Parylene 

insulation at the base of the electrode shafts (see Fig. 8). These cracks were most apparent 

on arrays 12-1 and 8-2, which exhibited an increase in CSC and a decrease in impedance. 

The trend in impedance is similar to that observed by Rousche and Normann, which they 

also attributed to degradation of the insulating material [23]. On array 9-1, cracks were 

visible, but less prominent. The electrode shown in Fig. 8 exhibited a 50 mV/s CSCc of 95 

mC/cm2 at day 328 in vivo compared with a model-ISF CSCc of 32 mC/cm2. Consistent 

with the model that leakage pathway effects are highly dependent on frequency [10], [24], 

the 50 000 mV/s CSCc showed the opposite behavior, decreasing from 15 mC/cm2 in model 

ISF to 7 mC/cm2 in vivo (day 328). Examination of arrays that had not been implanted 

revealed no evidence of the cracking observed in the explanted arrays.
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C. Voltage Transients

Fig. 9 shows the values of Emc for all implanted electrodes as the implantations progressed. 

The potential for reduction of water on SIROF is shown by the dashed line at −0.6 V.

Since many electrodes approached or exceeded the water reduction potential when pulsed at 

8 nC/phase using a 0.0 V interpulse bias, a study was performed on three electrodes at day 

154 to quantify the effects of interpulse bias from 0.0 to 0.6 V. The use of an anodic bias in 

the interpulse period is an established method of increasing the cathodal charge injection 

capacity of iridium oxide electrodes [13], although, to our knowledge, the effects of Vipp on 

charge injection capacity have not been reported for chronic in vivo studies.

As shown in Fig. 10, a more positive Vipp resulted in a substantial increase in charge 

capacity from 11.5 ± 2.2 nC/ph (0.58 ± 0.11 mC/cm2) at a 0.0 V bias to 21.8 ± 2.0 nC/ph 

(1.09 ± 0.1 mC/cm2) at 0.6 V. The charge capacity increased linearly with bias, with a slope 

of 16.3 nC/phase-V (R2 = 0.992) at a pulse width of 400 μs. However, as shown by the 

comparison in Fig. 10, the charge injection capacity in vivo was greatly reduced compared to 

SIROF microelectrodes tested in model ISF [16]. Using the Emc = −0.6 V (versus Ag∣AgCl) 

criterion, the maximum charge capacity in vivo was reduced by a factor of 2–3, with the 

larger reduction observed at more positive bias levels. At day 154 postimplantation, the 

mean open-circuit potential of the SIROF electrodes on this array was 0.006 ± 0.033 V (n = 

8), suggesting that without active control of the interpulse bias, the maximum in vivo charge 

injection capacity for a 400 μs pulse, with these microelectrodes, will be less than 12 nC/ph 

(0.6 mC/cm2).

The effect of pulse width on charge injection capacity at bias levels of 0.0 and 0.6 V is 

shown in Fig. 11 for the same three electrodes. For both bias levels, the maximum charge 

injection capacity increased by approximately 50% as the pulse width was increased from 

150 to 500 μs, which is similar to results reported for SIROF in buffered physiological saline 

[13].

IV. Discussion

CV at 50 mV/s showed that the charge storage capacity of two of the arrays increased 

linearly with time over 11 months in vivo. The increase in CSCc and CSCa appears to result 

from the formation of leakage pathways through extensive cracks in the Parylene insulation, 

which were visualized by SEM after the arrays were explanted. Other mechanisms that 

might result in increased CSC, such as deterioration of the bulk insulating properties of 

polymer encapsulants due to water absorption, separation of the Parylene from the SIROF at 

the electrode tip, or leakage between conductors in the cable between the electrode array and 

head connector, cannot be excluded. The linear increase in CSC over time suggests that the 

leakage pathways were forming throughout the implantation period, implying that the 

cracking was an ongoing process that started soon after implantation. Since there are no 

SEM data for shorter implantation times, we cannot confirm that cracking occurred before 

day 225, the earliest explanation time (array 12-1).
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There was considerable intraarray variation in the 1 kHz in vivo impedance data. This 

variation was not observed in vitro and, therefore, may suggest that different tissue 

responses occurred around different electrodes, a result that has been observed before [21]. 

As a result of this variation, the decrease in impedance was not statistically significant for 

either array 8-2 or 12-1. The observed trends in impedance and CSC are consistent with the 

hypothesis that the available surface area for the electrodes on these arrays is increasing with 

implantation time.

The charge storage capacities and 1 kHz impedance for array 9-1 did not show a statistically 

significant dependence on implantation time. This result is consistent with the qualitative 

observation by SEM that cracking in the Parylene insulation was least evident on array 9-1, 

although not absent. The observation also suggests that the changes in the electrochemistry 

of arrays 8-2 and 12-1 are not due to changes in the SIROF electrode coating, which was the 

same for all three arrays.

Voltage transients in response to 8 nC/phase pulsing on array 12-1, represented by Emc, 

increased in magnitude from day 33 to day 154 (see Fig. 9). There was a corresponding 

increase in the percentage of tested electrodes that exceeded the −0.6 V water electrolysis 

limit, reaching a maximum of 50% of eight electrodes pulsed on array 12-1 on day 154. For 

array 8-2 which was examined only at longer implantation periods, Emc was less negative 

and no electrodes on this array exceeded the safe stimulation threshold when delivering 8 

nC/phase at days 277 and 328. Array 9-1, which did not exhibit evidence of current leakage 

in CV and impedance measurements, showed a negative shift in Emc between days 160 and 

279, suggesting a decrease in charge injection capacity for the electrodes on this array. We 

suspect that arrays 8-2 and 12-1 represent electrodes with charge-injection capacities that 

increase after about day 150 due to leakage pathways; however, the Emc data are sparse, and 

the results are, therefore, not definitive. Likewise, the increasingly negative Emc observed 

with array 9-1 requires a longer measurement time to establish the trend with confidence.

The current pulsing measurements at day 154 on array 12-1 showed that the charge injection 

capacity increased linearly with both bias and pulse width, suggesting that either approach 

could be used to overcome the loss in charge injection capacity in brain tissue. A concern, 

however, with the charge injection results is the likelihood that a portion of the current 

delivered during pulsing is shunted to tissue through a pathway other than the intended 

electrode. The extent to which this happens cannot be determined from these data, but any 

current shunting results in an overestimation of the in vivo charge injection capacity of the 

electrodes, which is already significantly reduced compared with model-ISF values.

Although this study included only three arrays with a total of 48 electrodes, four additional 

arrays, coated with PEG-PLA or PEG-PLA and nerve growth factor, were also evaluated. 

The CV and impedance results for the additional arrays, which will be presented separately, 

showed very similar long-term trends. Endpoint histology and neural recording results from 

these animals may offer additional insight into the chronic response and performance of the 

arrays.

Kane et al. Page 8

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



V. Conclusion

Electrochemical characterization of SIROF-coated penetrating microelectrode arrays 

implanted in cat cortex for up to 328 days showed large changes in device performance and 

variability among electrodes and electrode arrays. The variability was attributed, at least in 

part, to cracking of Parylene insulation, which may be responsible for the near linear 

increase in charge storage capacity observed with implantation time. The cracking is 

presumed to result in current leakage pathways that increase the effective area of the 

electrodes. While most electrodes were capable of injecting 8 nC/phase, well above expected 

functional thresholds for cortical stimulation with indwelling microelectrodes [4], [5], the 

leakage clearly shunts a portion of the imposed current to tissue via pathways other than the 

intended electrode tip. This results in an overestimation of the charge injection capabilities 

of the electrodes. The modest charge injection capacity of these electrodes compared to in 
vitro values reflects the importance of in vivo characterization and the need to more fully 

understand mechanisms by which the tissue environment reduces the charge-injection 

capabilities of stimulation electrodes.

In planning future studies, it is essential to improve the mechanical and electrical stability of 

multielectrode arrays to avoid the confounding effects of electrical leakage pathways on the 

determination of the electrochemical properties and functional performance of electrodes 

implanted for long periods. For this study, the contribution of leakage current pathways 

undoubtedly limits the interpretation of the data. It is suspected that other researchers, 

performing long-term chronic recording and stimulation studies, will experience difficulty 

with interpretation of experimental results due to hardware reliability issues. It is important 

to note that while deterioration of the implanted devices, in this study, was evident, robust 

single-unit recordings were obtained throughout the respective implantation periods for all 

three arrays for which data are reported.
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Fig. 1. 
Scanning electron micrograph of a 16-electrode array. The SIROF coating appears as the 

light-colored tip at the end of each pyramidal electrode shaft. The geometry of the electrode 

tip is shown in more detail in the inset.
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Fig. 2. 
Dual-array implant with a head-mounted connector. The arrays were implanted into the left 

and right postcruciate gyrus of the sensorimotor cerebral cortex.
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Fig. 3. 
Representative 50 mV/s CVs in model ISF and in vivo at days 33, 84, and 154 

postimplantation (array 12-1). The anodic and cathodic charge storage capacities increased 

with implantation time, and an irreversible oxidation process appeared at potentials above 

~0.5 V.
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Fig. 4. 
Cathodic charge storage capacities for each array in model ISF and in vivo (days 33–328) 

measured at 50 mV/s. The regression lines for arrays 12-1 and 8-2 indicate an increasing 

CSCc with implantation time. The regression for array 9-1 was not significantly different 

from zero.
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Fig. 5. 
Cathodic charge storage capacities for each array in model ISF (day 0) and in vivo, 
measured at a sweep rate of 50 000 mV/s. The CSCa and CSCc are essentially equal at this 

sweep rate.
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Fig. 6. 
(a) Nyquist plot of the real and imaginary impedances of a single electrode in model ISF and 

at days 33, 84, and 154 postimplantation. The insert highlights the high-frequency shift to 

lower impedance with implantation time. (b) Bode plot of the same impedance data showing 

the impedance magnitude as a function of frequency.
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Fig. 7. 
Effect of implantation time on the 1 kHz impedance magnitude. The regression lines suggest 

trends in the data but are not statistically significant.
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Fig. 8. 
SEM image of insulation cracks at the base of an electrode shaft from array 8-2 implanted 

for 537 days. The arrow with the * label points longitudinally along the electrode shaft to the 

tip.
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Fig. 9. 
Effect of implantation time on Emc for electrodes pulsed at 8 nC/ph. The potential for 

reduction of water on SIROF is shown by the dashed line at −0.6 V.
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Fig. 10. 
Effect of interpulse bias on the maximum charge injection capacity of SIROF electrodes 

pulsed cathodally with 400 μs current pulses. The plot shows the mean and standard 

deviation of measurements made on three electrodes from the same array at day 154 in vivo, 
along with linear fits to the data. Model-ISF data for SIROF [16] and Pt [25] are included for 

comparison.
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Fig. 11. 
Effect of pulse width on the maximum charge injection capacity of SIROF electrodes pulsed 

cathodally with an interpulse bias of 0.0 and 0.6 V versus Ag∣AgCl. The plot shows the 

mean and standard deviation of measurements made on three electrodes from the same array 

at day 154 in vivo, along with linear fits to the data.
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TABLE I

Regression Slopes (mC/cm2 -day) and 95% Confidence Intervals for CSCc and CSCa Measured at 50 mV/s

Array CSCc/CSCa Slope 95% Conf. Int. p, %

12-1 CSCc 0.064 0.005 / 0.124 0.03

12-1 CSCa 0.272 0.198 / 0.346 <0.001

9-1 CSCc −0.015 −0.116 / 0.087 0.769

9-1 CSCa 0.013 −0.122 / 0.148 0.842

8-2 CSCc 0.118 0.029 / 0.208 0.013

8-2 CSCa 0.237 0.142 / 0.332 <0.001
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