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Abstract
Objective. To evaluate the electrochemical properties, biological response, and surface
characterization of an electrodeposited Platinum-Iridium (Pt-Ir) electrode coating on cochlear
implants subjected to chronic stimulation in vivo. Approach. Electrochemical impedance
spectroscopy (EIS), charge storage capacity (CSC), charge injection limit (CIL), and voltage
transient (VT) impedance were measured bench-top before and after implant and in vivo. Coated
Pt-Ir and uncoated Pt electrode arrays were implanted into cochlea of normal hearing rats and
stimulated for ∼4 h d, 5 d week−1 for 5 weeks at levels within the normal clinical range. Neural
function was monitored using electrically-evoked auditory brainstem responses. After explant, the
electrode surfaces were assessed, and cochleae examined histologically. Main results. When
measured on bench-top before and after stimulation, Pt-Ir coated electrodes had significantly
lower VT impedance (p < 0.001) and significantly higher CSC (p < 0.001) and CIL (p < 0.001)
compared to uncoated Pt electrodes. In vivo, the CSC and CIL of Pt-Ir were significantly higher
than Pt throughout the implantation period (p = 0.047 and p < 0.001, respectively); however, the
VT impedance (p = 0.3) was not. There was no difference in foreign body response between
material cohorts, although cochleae implanted with coated electrodes contained small deposits of
Pt-Ir. There was no evidence of increased neural loss or loss of neural function in either group.
Surface examination revealed no Pt corrosion on any electrodes. Significance. Electrodeposited
Pt-Ir electrodes demonstrated significant improvements in electrochemical performance on the
bench-top and in vivo compared to uncoated Pt. Neural function and tissue response to Pt-Ir
electrodes were not different from uncoated Pt, despite small deposits of Pt-Ir in the tissue capsule.
Electrodeposited Pt-Ir coatings offer promise as an improved electrode coating for active neural
prostheses.

1. Introduction:
Cochlear implants provide severe-profoundly deaf
individuals with important auditory cues required to
understand human speech and appreciate environmental sounds [1]. These devices selectively stimulate primary auditory neurons (ANs) via a longitudinal array of platinum (Pt) electrodes located in the
scala tympani [2, 3]. Electrical stimulation activates
nearby ANs, providing a tonotopic sensation of sound
to the user. Cochlear implants typically contain Pt
© 2020 IOP Publishing Ltd

electrodes, as Pt is both biocompatible [4, 5] and electrochemically stable under active conditions [6].
Although current cochlear implant systems are
successful in improving the quality of life in people
with a severe-profound hearing loss, users have reported difficulty in understanding speech in noisy environments and exhibit poor music perception [7, 8].
This is attributed, in part, to current spread resulting in the activation of a large number of ANs
with a single electrode [9–11]. Improving the stimulation strategy, reducing the size of electrodes, and
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increasing the number of electrodes along the cochlear array, may reduce the current spread to provide
more accurate frequency discrimination to users by
more precisely activating the target tissue [12, 13].
Reducing the size of the electrode increases the
electrode impedance and charge density, as greater
charge per unit area is required to activate ANs.
Higher charge densities increase the risk of exceeding the water window for safe stimulation [6]. An
option that could mitigate these risks and enable the
use of more and/or smaller electrodes is the use of a
high surface area conductive coating over the metal
electrode surface. Conductive coatings can modify
the performance of both: (i) recording electrodes by
reducing both the impedance of the recording site and
the level of thermal noise [14, 15]; and (ii) stimulating
electrodes by reducing the impedance while increasing the charge storage capacity (CSC) and the charge
injection limit (CIL) of the electrode [15–18].
A variety of approaches, including the application of conductive polymers [14–17, 19–22] or high
surface area, low impedance metal coatings (including metals, such as iridium (Ir), with high oxidation
states) using sputtering [23, 24], electrophoretic [25]
or electrodeposition [26] techniques have been evaluated in vitro and in vivo. While many of these coatings
provide significant improvement in the electrochemical performance of stimulating and recording electrodes in vitro, there are a number of significant challenges to be overcome before they can be considered
suitable for clinical application [27, 28]. These challenges include evidence of delamination of the coating [17, 26, 29], and an increase in electrode impedance in vivo [15, 16, 30] attributed to the effects of
the tissue encapsulation of the electrode dominating
the impedance by reducing the exposed electrode surface area, thereby reducing the capacitance of the conductive coating [16].
Electrodeposited Pt-Ir is a coating that has been
shown to lower impedance and increase the CSC by
increasing the effective area of the electrode surface
[31, 32]. It has been successfully coated on cochlear
implant electrodes [32] and maintained an electrochemical advantage over uncoated Pt electrodes after
an in vitro accelerated aging protocol [33]. Moreover,
Pt-Ir coated micro-recording electrodes chronically
implanted into the brain of rats over a period of
12 weeks displayed substantially lower impedance at
1 kHz and increased signal-to-noise ratio compared
to uncoated electrodes [34]. This study also showed
no significant difference in the immune response
between Pt-Ir coated and uncoated electrodes.
High surface area Pt-Ir coatings have the potential to improve cochlear implant and other neural
interfaces by reducing the electrode impedance while
increasing both the CSC and CIL. Therefore, we
evaluated the performance of electrodeposited PtIr coatings on cochlear implant electrodes in a
chronic active in vivo setting by comparing the
2

electrochemical performance, electrode surface features, and the biological response of electrodeposited
Pt-Ir coatings with conventional Pt electrodes.

2. Methods:
2.1. Experimental subjects
This study was performed using a total of 10
healthy young adult Sprague Dawley rats. The animals weighed 346 ± 18 g (mean ± standard deviation)
at the time of surgery. The timeline for experiments
performed in this study is illustrated in figure 1. All
procedures were conducted with approval from the
Bionics Institute Animal Research and Ethics Committee, and were performed in accordance with the
Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes (8th Edition, 2013)
and followed the principles of the US National Institutes of Health guidelines regarding the care and use
of animals for experimental procedures.
2.2. Cochlear electrode array and electrodeposition
of Pt-Ir
Cochlear implant electrode arrays were manufactured
in-house (Bionics Institute, Melbourne, Australia)
using the same biomaterials as used in clinical devices.
Briefly, four Pt ring electrodes (E1 to E4; figure 1),
each 0.3 mm in width, with an inter-electrode separation of 0.45 mm, were located near the tip of a medical grade silicone carrier [35]. The tip electrode had
a diameter of 0.31 mm, tapering to 0.37 mm at the
fourth electrode. Insulated Pt-Ir (90/10) wire (25 µm
in diameter) connected each Pt ring to a percutaneous
connector designed to be mounted on the animal’s
skull (figure 1). Each implant assembly was ultrasonically cleaned in a Pyroneg/distilled water solution
(15 min), two rinses in distilled water (5 min each),
96% ethanol (10 min) followed by two additional two
rinses in distilled water (5 min each). Six devices were
shipped to Platinum Group Coatings LLC (Pasadena,
CA, USA) for Pt-Ir coating.
High surface area Pt-Ir was electrodeposited onto
the Pt surface of the electrodes from six cochlear
arrays using previously described methods [31, 36].
A pre-implant image of the cochlear array implanted
in PtIr03 is shown in figure 1(a). Small regions were
devoid of Pt-Ir where the base metal was not coated.
Uncoated regions are possibly due to non-conductive
regions on the electrode surface which prevented the
electrodeposition of Pt-Ir.
2.3. Bench-top electrochemical measurements
Before implantation and after removal of the cochlear
arrays following the 5-week implantation program, a
conventional 3 electrode setup was used for benchtop electrochemical measurements (figure 1(b)).
These recordings consisted of the cochlear array containing the active electrodes (E1-E4), a Ag|AgCl reference electrode (Ionode, Australia), and a large Pt foil
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Figure 1. Study overview. (a) Coated cochlear electrode array (PtIr03) with four electrodes (E1-E4) and skull-mounted
percutaneous connector. The arrow indicates a small region devoid of Pt-Ir coating pre-implant due to an absence of conductivity
on that portion of the base metal. Scale bar = 0.3 mm. (b) Timeline for recordings and stimulation. A 3-electrode setup
(illustrated) was used to record electrochemical impedance spectroscopy (EIS), cyclic voltammograms (CVs), charge injection
limit (CIL) and voltage transient (VT) impedances prior to implantation and after explantation. Immediately after implant and
on completion of the stimulation protocol, electrically-evoked auditory brainstem responses (EABRs) and VT impedances were
recorded. Stimulation was delivered for 4 to 6 h every weekday (indicated by lightning bolts) for 5 weeks (repeated
stimulation/recording in weeks 3–5 indicated by blue dots). Rat illustrations indicate in vivo recordings.

counter electrode (Ionode, Australia). All measurements were made in Dulbecco’s phosphate-buffered
saline (DPBS; ThermoFisher Scientific; Massachusetts, USA) at room temperature (∼22 ◦ C). Explanted
arrays were rinsed with DPBS, and the electrode
region of the array was left to soak overnight in DPBS
to allow for equilibrium at the electrode-electrolyte
interface and drying of the connector.
Electrochemical impedance spectroscopy (EIS)
was performed using a potentiostat (Interface 1000E,
Gamry Instruments, USA). The frequency values
ranged from 100 000 to 1 Hz at 10 points/decade
and an AC voltage of 50 mV rms. Cyclic voltammetry (CV) followed the EIS measurements and was
also performed using the potentiostat. The electrode
potential cycled between −0.6 and 0.8 V at a sweep
rate of 150 mV s−1 for 10 cycles. To calculate the CSC,
the average of cycles 2 through 10 were averaged, then
the absolute value of the anodic and cathodic phases
was integrated. This value was then divided by the
geometric surface area of the electrode (which ranged
from 0.29 to 0.35 mm2 ) to produce the charge density for the CSC. Voltage transient (VT) waveforms
were collected and used to compute the CIL and
impedance of each electrode (USB-6353, National
Instruments, USA). The CIL is the charge that can
be delivered to produce a maximum cathodal voltage
(Emc ) equal to the cathodal limit of the water window
(−0.6 V) [6, 37]. The CIL was computed by analysing
the voltage response to biphasic, cathodic-first current pulses with a pulse width of 100 µs and current
amplitudes from 50 µA to 2 mA in steps of 50 µA. The
Emc of the response was determined by subtracting
the access voltage (Va ) from the maximum negative
3

potential. The CIL was computed using the current
value just below the level that caused the Emc to exceed
the cathodal polarization limit of −0.6 V, up to a
maximum of 2 mA. The VT impedance was computed by recording the peak voltage in response to
current injection during the first phase of a single
biphasic, cathodic-first current pulse with a pulse
width of 100 µs and amplitude of 100 µA. The lowest
possible impedance value that could be recorded was
equal to 1.23 kΩ due to the internal resistance of the
stimulating device.
2.4. Surgical procedure
Animals were randomly selected to receive either a
Pt electrode array or an electrode array where the
Pt electrodes were electrodeposited with a coating
of Pt-Ir. Each animal was anesthetized with isoflurane 2% to 3% in oxygen (1 l min−1 ). Surgery was
performed under sterile conditions with the animal’s
temperature monitored using a rectal probe and
maintained at 37 ◦ C using a heating pad. Following administration of analgesics (0.3 ml of lignocaine hydrochloride, topical; Troy Laboratories, Australia; and carprofen, 5 mg kg−1 , subcutaneous; Norbrook, Australia), the nasal region of the skull was
exposed, and the percutaneous connector was mounted onto the skull using stainless steel screws and
dental cement (Paladur, Germany). A left postauricular approach was used to expose the auditory bulla
and the round window of the cochlea. After cauterizing the stapedial artery [35], the round window
membrane was incised via a small cochleostomy in
the lower basal turn, and the electrode array was
inserted ∼5 mm into the scala tympani. The round
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window was sealed with muscle followed by fascia,
and the lead-wire proximal to the electrode array was
fixed inside the bulla with Kwik-Cast elastomer (WPI
Inc. USA) and carboxylate cement (Durelon, Germany). The distal end of the lead-wire was tunnelled
subcutaneously to the percutaneous connector. The
wounds were sutured in two layers with Visorb 3/0
(CP Medical, USA). Each animal received Hartmann’s solution (10 ml kg−1 , subcutaneous) and
the analgesic Temgesic (0.03 mg kg−1 , subcutaneous;
Reckitt-Benckiser, UK) immediately after surgery to
aid with recovery. No surgery was performed on the
right cochlea.
2.5. EABRs and impedances
Electrically-evoked auditory brainstem responses
(EABRs) were recorded to confirm array placement in
the cochlea and to monitor neural function. EABRs
were recorded immediately following implant surgery and on completion of the 5-week stimulation
protocol. All recordings were performed with the
animal under general anesthesia (isoflurane 1.5% to
2.5% in oxygen, 1 l min−1 ). Briefly, biphasic current pulses (300 µs per phase; 50 µs interphase gap)
were used to stimulate the electrode configuration
used in the 5-week stimulation protocol. Scalp recorded responses from subcutaneous needle electrodes
(vertex positive; neck negative; thorax ground) were
recorded to a computer and averaged over 100 trials [38]. Recordings were made at intensity intervals
presented randomly from below threshold to a maximum of 260 Current Level (CL; where the current in
µA = 17.5 ×100CL/255 ).
2.6. Chronic stimulation program
Rats were given several days to recover from surgery prior to commencing chronic stimulation,
which began on the Monday following the surgery
(figure 1(b)). The rats were stimulated for 4 to 6 h
per day for 5 d per week using a custom-built stimulator [39]. Stimulation was delivered using chargebalanced biphasic current pulses at 300 µs phase−1 at
100 pulses per second (pps) up to 200 µA in a tripolar
configuration [38]. Charge balance was achieved
using electrode shorting and capacitive coupling [40].
In this configuration, a cathodic-first current pulse
was delivered to the electrode at the centre of the
tripole, with the two adjacent electrodes connected
together to provide a return path. All currents were
then reversed in the second phase of the pulse. The
fourth electrode on the array (E1) was not stimulated
and served as a control. A maximum current amplitude of 200 µA was presented to the centre electrode (E3) of the tripole delivering a charge density
of 19.3 µC cm−2 phase−1 while the flanker electrodes
(E2 and E4) received approximately half this charge
density.
A tripolar configuration was chosen since it
recruits less auditory neurons per charge/phase than
4

conventional monopolar stimulation [41]; because
this evokes a quieter percept it is more accepted by the
animals. If the animal exhibited an adverse response
to a stimulus amplitude of 200 µA the level was
reduced to 100 µA (n = 1 animal; table 1). Finally, if
stimulation using the tripolar configuration was not
possible, for example due to high electrode impedance (>20 kΩ) or lead wire breakage, a bipolar configuration was used whereby one electrode served as the
active electrode and another as the return electrode
(n = 2 animals; table 1).
2.7. In vivo electrochemical measurements
At the beginning of each week up to 5 weeks postimplantation, EIS, CV, and CIL were recorded in vivo
(figure 1(b)). Since a 3-electrode recording configuration was not feasible in vivo, the electrochemical measurements were made using the same recording equipment as in the 3-electrode set-up, but
with the tripolar or bipolar configuration that was
used for delivering stimulation. The frequency values in the EIS ranged from 100 000 to 100 Hz at 10
points/decade and an AC voltage of 50 mV rms. The
low frequency value was increased from 1 to 100 Hz
compared to the bench-top recordings to avoid the
possibility of DC-induced tissue damage. EIS measurements were followed by CV, where the electrode
potential cycled between − 0.6 and 0.8 V at a sweep
rate of 150 mV s−1 for 10 cycles. The CIL for the tripolar electrode configuration was measured using the
same technique as the bench-top measurement. VT
impedances for each electrode were collected before
and after stimulation each weekday. If any electrodes
had a VT impedance greater than 20 kΩ, that electrode was considered open circuit and prompted a
change in the electrode configuration from tripolar
to bipolar (table 1) and were excluded from electrochemical analysis beyond that time point.
2.8. Histology
On completion of the stimulation protocol all animals
were euthanized with an overdose of sodium pentobarbitone (Intraperitoneal; Virbac, Australia) and
systemically perfused with heparinized normal saline
at 37 ◦ C followed by 10% neutral buffered formalin (NBF) at 4 ◦ C. The electrode array was removed
for examination under a scanning electron microscope (SEM; see below) and the cochleae were postfixed for 1 h in NBF and then washed three times in
0.1 M phosphate buffered saline at room temperature.
Cochleae were decalcified in 10% (wt vol)−1 ethylene
diamine tetra-acetic acid, cryoprotected with 15%,
then 30% sucrose overnight, before being infiltrated
and embedded in Tissue-Tek O.C.T. cryosectioning
compound (Sakura, Japan), snap frozen and stored
at −80 ◦ C. Cochleae were sectioned at 12 µm using
a CM 1850 cryostat (Leica, Germany) at −22 ◦ C
and sections were mounted onto Superfrost-Plus
slides (Menzel-Gläser, Germany). A representative
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Table 1. Summary of animal groups and stimulation parameters. Changes in stimulation configuration and parameters during the
implant period are separated by a semi-colon. Inclusion for analysis was based on electrical integrity of the array and confirmation that
the array was located in the cochlea using histology and electrically-evoked auditory brainstem responses (EABRs). Group data are
represented by mean (± standard deviation). TP = tripolar; BP = bipolar.

Animal ID

Implant
duration (days)

Hours
Stimulated

Days
Stimulated

Stimulation
Configuration

Current
Amplitude (mA)

Charge Density
(µC cm−2 phase)

Pt01
Pt02
Pt03
Pt04
Pt05
PtIr01
PtIr02
PtIr03
PtIr04
PtIr05

34
33
34
32
35
35
35
35
35
35

81.1
100.3
100.7
100
102.4
92.5
92.8
26.7; 65.1
103.2
105.2

17
21
22
21
23
23
22
7; 14
23
23

TP E3
TP E3
TP E3
TP E3
TP E3
TP E3
BP E1-E2
TP E3; BP E3-E4
TP E3
TP E3

0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.2
0.2
0.2

19.3
19.3
19.3
19.3
19.3
19.3
9.1
19.3
19.3
19.3

Pt
Pt-Ir

33.6 ± 1.1
35 ± 0

96.9 ± 8.9
97.1 ± 6.5

20.8 ± 2.3
22.4 ± 0.9

TP E3
TP and BP

0.2 ± 0
0.18 ± 0.04

19.3 ± 0
17.3 ± 4.6

histological series were stained with Mayer’s haemotoxylin and Putt’s eosin (H&E) for examination.
The extent of auditory nerve survival (measured
as AN density) and the foreign body tissue response
within the scala tympani of the upper basal (UB) turn
close to the stimulating electrodes were quantified
for each animal. The AN density was determined by
digitally imaging Rosenthal’s canal at ×20 magnification using a Zeiss AxioLab microscope. Using Image
J software (Image J [42];), ANs were identified within
Rosenthal’s canal and counted within the UB turn of
the cochlea by a single observer blinded to the experimental cohorts. The area of Rosenthal’s canal was
then measured and the AN density determined [38].
The AN density was averaged from 4 sections spaced
at least 72 µm apart to ensure that no AN was counted
twice.
The foreign body response in the cochlea was
measured in H&E stained sections at four locations
along the electrode array in the UB turn. An image of
the scala tympani at ×10 was captured and its area
measured. The ‘Triangle’ algorithm in Image J was
used to threshold the image in order to quantify the
tissue response. The area of scala tympani, excluding
the area of the electrode array, was measured and the
proportion of the scala tympani occupied by the tissue response calculated [43]. The tissue capsule was
also qualitatively examined for evidence of particulate material within the tissue capsule and H&E sections were used to examine the response of macrophages to electrodeposited Pt-Ir. Finally, a number of
unstained histological sections from cochleae exhibiting particulate material were examined under the
SEM and energy dispersive x-ray spectroscopy (EDS)
was used to identify the material (see below).
2.9. Scanning electron microscopy
2.9.1. Electrode surface characterization
Following removal from the cochlea, each electrode
array was rinsed in distilled water then stored in 70%
ethanol before being examined for evidence of surface
5

coating delamination and Pt corrosion using a FEI
QUANTA 200 SEM. All 4 electrodes on each electrode array were photographed at low (×600) and
medium (×2000) magnification. A region of each
electrode surface was then randomly selected and
photographed at ×4000 by a microscopist naïve to the
experiment. The surface condition of each electrode
was evaluated by an investigator blinded to the experimental groups. Morphological features and grayscale
discolouration that could indicate mechanical damage, pitting corrosion, intergranular corrosion and
surface deposits were evaluated and the severity of
base metal Pt corrosion was graded from 0 (no corrosion) to 5 (severe and extensive corrosion) [38]. The
coverage of Pt-Ir was also visually assessed.
2.9.2. Particulate matter in tissue
Representative unstained cochlear sections were
examined under the SEM to identify particulate
matter observed within the fibrous tissue capsule of
some cochleae. Specific sites associated with the tissue capsule were selected for elemental analysis using
an INCA X-Act SDD EDS system with an Oxford
Aztec Microanalysis System (3.1) [38]. Regions of
the fibrous tissue capsule containing the particulate
material were compared with regions only containing
fibrous tissue.
2.10. Statistical analysis
For all comparisons, Shapiro-Wilk was used to test
normality and Brown-Forsythe tested the homogeneity of variance. p ≤ 0.05 was used to indicate significance for all tests. Data are presented as median and
quartiles unless otherwise stated.
Electrochemical measurements including EIS,
CSC, and VT impedance before implant and after
explant (bench-top 3 electrode recording) and at
week 1 and week 5 (in vivo tripolar recording), as well
as EABR thresholds after surgery and at termination
were compared using two-way repeated measures
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analysis of variance (ANOVA). CIL in vivo was compared between materials using a linear mixed model
to include all 5 weeks of recordings. CSC, CIL and
VT impedance were compared across different stimulation charge densities using a one-way ANOVA.
All pairwise comparisons were performed using the
Holm-Sidak method if the ANOVA was significant.
The area of the scala tympani occupied by fibrous tissue was compared for the two material groups using
the Mann-Whitney test. AN density was compared
for the two material groups using the Student’s t-test.
Correlations between the stimulation charge density
and the coating coverage, CSC, CIL, and VT impedance were made using the Pearson Product-Moment
correlation.

3. Results:
The present results were based on data from five rats
implanted with Pt and five rats implanted with PtIr coated electrode arrays (table 1). The rats were
implanted for 32 to 35 d and received between 81.1
and 105.2 h of stimulation. All rats from the Pt group
and three out of five rats from the Pt-Ir group were
stimulated using a tripolar configuration at 200 µA
for the entire implant duration. One rat from the PtIr group was stimulated using a bipolar configuration
at 100 µA and one rat received tripolar stimulation
for the first week, followed by bipolar stimulation for
the remaining implant duration; both configurations
with a stimulation amplitude of 200 µA. Note that
data from the Pt control cohort were also used in [44].
3.1. Bench-top electrochemical measurements
pre- and post-stimulation
Bench-top electrochemical measurements using a 3electrode setup were performed before implantation
of the arrays and after they were explanted from
the cochlea. Pt-Ir coated electrodes had significantly
lower impedance than Pt at 1 Hz, 1 kHz, and 100 kHz
before implantation and following their removal from
the cochleae (p < 0.001; figure 2(a)). The impedance magnitudes at 1 Hz for both Pt and Pt-Ir
did not change significantly over time; however, the
impedance magnitudes of both materials significantly
differed with time at 1 kHz (p < 0.001) and at 100 kHz
(p < 0.001). The phase of the Pt-Ir coated electrodes
after explantation approached zero at a lower frequency than they did pre-implantation (figure 2(b)).
The CSC of Pt-Ir remained significantly greater than
the CSC for Pt after explant (p < 0.001), despite
significantly decreasing from the pre-implant value
(p < 0.001; figures 2(c)–(d). Pt-Ir coated electrodes
had a significantly higher CIL before implantation
(p < 0.001) and after explantation (p < 0.001) compared to Pt (figure 2(e)). Both Pt and Pt-Ir electrodes
had a significant increase in the CIL after explantation
compared to before implantation (p < 0.001). The VT
6

impedances of Pt-Ir coated electrodes were significantly lower than Pt electrodes both before implantation and after explantation (p < 0.001; figure 2(f)).
The VT impedance of both Pt and Pt-Ir electrodes
measured after explantation did not significantly differ from their pre-implantation values. Overall, Pt-Ir
coated electrodes exhibited significant electrochemical advantage over Pt electrodes both before implantation and following explantation.
3.2. Electrically-evoked responses
EABRs were recorded immediately after surgery and
at the completion of the 5-week stimulation protocol and were used to verify that the arrays were
within the cochlea as well as to monitor the status of
the ANs (figure 3). The EABR threshold for Pt and
Pt-Ir coated electrodes was not significantly different, nor did thresholds differ significantly over time
(Mean endpoint thresholds: ThreshPt = 179 ± 19 CL;
ThreshPtIr = 167 ± 40 CL).
3.3. Electrochemical performance during chronic
implantation and electrical stimulation
Since two of the five animals in the Pt-Ir group
received bipolar rather than tripolar stimulation
(table 1), tripolar electrochemical recordings were not
collected at all time points during the implant period.
If the electrochemical data for bipolar versus tripolar
Pt-Ir electrodes were not statistically different at in
vivo week 1, indicated by an independent samples ttest, then the data were grouped together for statistical
analyses.
The magnitude of the EIS impedance at 100 Hz
during the first week was significantly lower for Pt-Ir
coated versus Pt electrodes (p = 0.006; figure 4(a)).
At 5 weeks post-implantation there was no significant difference between Pt-Ir and Pt electrodes at
100 Hz. Differences in the impedance magnitudes
at other frequencies were not compared statistically
between the two electrode surfaces because there were
significant differences between the values recorded
using tripolar versus bipolar configurations for PtIr electrodes. Overall, the CSC of Pt-Ir coated electrodes was significantly greater than Pt electrodes
(p = 0.047) and did not differ significantly between
week 1 and week 5 (figures 4(c)–(d), although there
were some large individual differences in CSC over
the implant period among both Pt-Ir and Pt electrodes (figure 4(e)).
The CIL of Pt-Ir coated electrodes was significantly higher than Pt electrodes as measured across
all 5 weeks in vivo (p < 0.001; figure 5(a); linear
mixed model statistics). Individually, three of the
five coated electrode arrays maintained a high CIL;
however, the CIL of two arrays decreased to values close to those of Pt (PtIr01, 02; figure 5(c)).
In addition, one Pt CIL measurement during the
first week was 13× higher than the next highest
Pt CIL value for any week (Pt05). VT impedances
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Figure 2. Bench-top electrochemical measurements recorded using a 3-electrode setup before implantation (pre) and after
explantation (post). (a) Mean impedance (Z) magnitude from electrochemical impedance spectroscopy (EIS) for all electrodes of
each material. (b) Mean impedance phase from EIS for all electrodes of each material. Pt data are dashed lines; Pt-Ir data are solid
lines. (c) Representative cyclic voltammograms (CV) for each material. (d) Median, interquartile range and 95% confidence limits
of the total charge storage capacity (CSC) calculated from the CV curves for each material. (e) Median, interquartile range, and
95% confidence limits of the charge injection limit (CIL) for each material. (f) Median, interquartile range, and 95% confidence
limits for of the voltage transient (VT) impedance for each coating material. The horizontal red dashed line at 1.23 kΩ represents
the lowest possible impedance of the recording device. In box and whiskers plots: ×= mean, ⃝ = raw data points. ∗ p ≤ 0.05;
∗∗ p ≤ 0.01; ∗∗∗ p ≤ 0.001; #p ≤ 0.05; ##p ≤ 0.01; ###p ≤ 0.001. ∗ symbol denotes comparisons between materials at a single
timepoint; # symbol denotes comparisons of the same material over time.

recorded from Pt-Ir electrodes immediately after
surgery were significantly lower that Pt electrodes
(p < 0.001; figure 5(b)); however, the VT impedance
of the coated electrodes increased significantly during
the implant period (p < 0.001) and were not significantly different from Pt electrodes following 5 weeks
of implantation (p = 0.3). The majority of change in
VT impedance of coated electrodes occurred within
the first 7 d of implantation (figure 5(d)).
3.4. Cochlear histopathology
3.4.1. Tissue response
There was no evidence of electrode insertion trauma
in the UB turn of any implanted cochlea. Therefore,
7

any tissue reaction at this site was evoked by the biomaterials associated with the electrode array and/or
the electrical stimulation, i.e. the tissue response
was not masked by insertion trauma. Representative examples of the tissue response for both electrode
materials are illustrated in figures 6 (a)–(b). This typically took the form of a thin, mature tissue capsule
surrounding the electrode array, with loose mature
fibrous tissue occupying the remainder of the scala
tympani. The area of the scala tympani occupied by
fibrous tissue did not significantly differ between Pt
(10.2 ± 8.7%) and Pt-Ir electrodes (16.4 ± 22.7%;
p = 1.0) (figure 6(c)). However, one implant array
(PtIr02) had a much greater tissue response compared
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roughness or variations in conductivity evidenced by
differences in image grayscale intensity. No electrodes
used in the present study exhibited evidence of corrosion or degradation of the underlying Pt. Some
explanted electrodes had small amounts of tissue or
other organic material (e.g. protein) on the surface
(figures 7(a)–(c). The majority of Pt-Ir coated electrodes contained small areas devoid of the Pt-Ir coating (e.g. ×; figure 7(d)). Post-implantation quantification of the coated regions of the electrodes that were
imaged at x 4000 indicated that one electrode was
completely coated, 13 electrodes had 90% or more of
the surface area coated, five electrodes had ∼80% of
the electrode coated, and one electrode had approximately half its area coated (figure 7(e)). A similar
analysis was not done prior to implantation for comparison, although qualitative light microscope imaging of the Pt-Ir coated electrode arrays prior to
implantation revealed that some electrodes did not
receive complete coating coverage (figure 1(a)). The
presence of regions devoid of Pt-Ir on the coated
samples was independent of whether or not the electrode had been stimulated (R2 = 0.11). Additionally,
there was no relationship between the coating coverage and the electrochemical performance of the electrodes after explant (R2 < 0.01 for all measures).

Figure 3. Representative electrically-evoked auditory
brainstem responses (EABRs) recorded from PtIr01 (a)
immediately after surgery and (b) at the completion of the
5-week stimulation protocol. The stimulation artefact has
been removed. The EABR trace corresponding to the
threshold current level (CL) is indicated in blue.

to the other arrays in the Pt-Ir cohort. This array also
demonstrated the largest VT impedance in vivo (figure 5(d)). There was a strong correlation between the
tissue response and the VT impedance at 5 weeks for
Pt-Ir coated electrodes (R2 = 0.93) but not for Pt
electrodes (R2 = 0.03). This correlation was largely
affected by PtIr02, which had the greatest tissue
response and VT impedance of all electrode arrays.
3.4.2. Auditory neuron survival
Representative micrographs of Rosenthal’s canal
illustrating ANs adjacent to Pt-Ir and Pt electrodes
are illustrated in figures 6 (d)–(e). There was no significant difference in AN density between animals
stimulated using Pt electrodes versus Pt-Ir electrodes
(p = 0.088; figure 6(f)).
3.5. Electrode coating properties
3.5.1. Surface characterization of the electrodes
The surface of each electrode was graded by a blinded
observer for corrosion or other features of mechanical
damage of the underlying Pt. Here, corrosion was
defined as a visible appearance of irregular surface
8

3.5.2. Relationship with electrochemical measurements
The effect of the degree of stimulation, measured
as charge density, on the electrochemical characteristics of the electrodes recorded using the 3 electrode bench-top set-up after the 5-week stimulation protocol was determined. The CSC of Pt electrodes differed significantly between unstimulated
and centre electrodes (p = 0.049) but did not significantly differ for any of the Pt-Ir coated electrodes
(p = 0.873; figure 7(f)). The CIL of Pt-Ir coated
electrodes at the centre of the tripole (i.e. highest
charge density) was significantly greater than the CIL
of unstimulated electrodes (p = 0.043), with no difference in the CIL for Pt electrodes (p = 0.167;
figure 7(g)). The VT impedance of flanking Pt electrodes was significantly lower than the VT impedance of unstimulated Pt electrodes (p = 0.018). Additionally, both Pt and Pt-Ir coated centre electrodes
had a significantly lower VT impedance than unstimulated electrodes (Pt: p = 0.006; Pt-Ir: p = 0.011;
figure 7(h)).
3.5.3. Particulate matter in tissue
Particulate matter of a metallic nature was observed
in the tissue capsule of the stimulated cochleae of all
animals with Pt-Ir coated electrodes. A representative example is illustrated in figure 8. EDS recordings
under SEM confirmed the presence of Pt and Ir in
the selected regions of the fibrous tissue containing
the particulate matter and the absence of Pt and Ir
in regions not containing the particulate matter (data
not illustrated).
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Figure 4. Weekly (w) electrochemical measurements recorded in vivo. (a) Representative magnitude of the impedance (Z) from
electrochemical impedance spectroscopy (EIS). (b) Representative phase of the impedance from EIS. Pt data are dashed lines;
Pt-Ir data are solid lines. (c) Same representative cyclic voltammograms (CV). (Representative data from Pt05, PtIr01). (d)
Median, interquartile range and 95% confidence limits of for the total charge storage capacity (CSC) calculated from the area of
the CV curves. (e) CSC for each animal throughout the implant duration. In box and whiskers plots: ×= mean, ⃝ = raw data
points. ∗ p ≤ 0.05; ∗∗ p ≤ 0.01.

4. Discussion:
High surface area Pt-Ir was electrodeposited onto Pt
cochlear electrodes, chronically implanted into rat
cochleae and electrically stimulated at levels typically used clinically. The Pt-Ir coated electrodes were
compared to conventional Pt electrodes using benchtop and in vivo electrochemical recordings. Tissue
response, neural survival, and an evaluation of the
electrode surface were undertaken to assess the biological response to chronic stimulation. The high surface area Pt-Ir coating displayed a significantly higher
CSC and CIL and significantly lower impedance compared to Pt electrodes in bench-top recordings taken
before and on completion of the implant period.
In vivo electrochemical measurements of CSC and
CIL for Pt-Ir electrodes made over the implantation
period were significantly higher than Pt electrodes;
however, VT impedance values were no longer significantly different from Pt electrodes by the fifth
week of implantation. Histologically, Pt-Ir electrodes
9

evoked a similar tissue response to that of Pt electrodes. There was no evidence of neural loss or
loss of neural function associated with this coating;
however, small amounts of particulate Pt-Ir were
present in histological sections. This is the first in
vivo evaluation of this coating under conditions of
chronic electrical stimulation and serves as a preclinical assessment for future applications in neural
prostheses.
4.1. Electrochemical performance of Pt-Ir
electrodes:
In vivo, CIL and CSC remained significantly higher
for Pt-Ir coated electrodes; however, VT impedance,
which was significantly lower for Pt-Ir coated electrodes immediately following implantation, was no
longer statistically different from Pt electrodes by the
end of the implantation most likely due to an increase
in tissue resistance surrounding the electrodes for
both the coated and uncoated electrode arrays.
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Figure 5. Electrochemical measurements recorded in vivo. (a) Median, interquartile range, and 95% confidence limits of the
charge injection limit (CIL) calculated from the VT at all 5 weeks combined. (b) Median, interquartile range, and 95% confidence
limits for the voltage transient (VT) impedances immediately after surgery (Surg) and on completion of the stimulation protocol
(End). The horizontal red dashed line at 1.23 kΩ represents the lowest possible impedance of the recording device. (c) Weekly CIL
for each animal throughout the implant duration. (d) Daily VT impedance for each animal after stimulation throughout the
implantation period, smoothed using a moving average filter. Pt data are dashed lines; Pt-Ir data are solid lines. In box and
whiskers plots: ×= mean, ⃝ = raw data points. ∗∗∗ p ≤ 0.001; ###p ≤ 0.001. ∗ symbol denotes comparisons between materials
at a single timepoint; # symbol denotes comparisons of the same material over time.

The increase in VT impedance for cochlear
implant electrodes after implantation is well documented [45, 46] and consists of a gradual increase in
access resistance which is associated with the formation of a tissue capsule around the electrode array,
and a polarization impedance which increases in the
absence of stimulation but decreases following stimulation. Novel high surface area/low impedance coatings generally have lower polarization impedance but
similar access resistance compared to uncoated controls [32]. Therefore, when testing novel coatings
in vivo, it is common for the access resistance (correlated with the extent of tissue response in the region
of the electrodes) to increase for both novel and traditional electrodes and eliminate the statistical difference in the VT impedance (the access resistance plus
the polarization impedance), while the polarization
impedance of the novel electrode remains significantly lower than the uncoated electrode [30]. When
these electrodes are removed from the tissue and
measured in a low resistance solution (such as saline),
10

the access resistance decreases due to the absence of a
tissue capsule.
The electrodes in the current study followed this
pattern and placing the array in saline (DPBS) following its removal from the cochlea significantly reduced
the VT impedance to its pre-implant level. These
findings suggest that while the polarization impedance of the Pt-Ir electrodes remained low during
implantation period, the access resistance increased
likely due to tissue encapsulation for both the coated
and uncoated electrodes. Because the access resistance
was large compared to the polarization impedance,
it dominated the VT impedance and eliminated the
significant difference present at the beginning of the
study and on the bench top before and after implantation. The influence of the cellular response around
the implanted electrode has also been described
for chronically implanted microelectrodes monitored
using EIS [16, 47].
Investigators examining the electrochemical performance of conductive polymer coated electrodes
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Figure 6. Tissue response to chronic stimulation. Representative tissue response in the upper basal turn of a cochlea stimulated
using (a) uncoated Pt electrodes and (b) Pt-Ir coated electrodes. The tissue capsule is indicated with arrowheads. (c)
Quantification of area of scala tympani (ST) occupied by fibrous tissue for all stimulated cochleae in each material cohort
(mean ± standard deviation). Representative micrograph of Rosenthal’s canal containing auditory neurons (ANs; e.g. arrows)
from a rat with (d) uncoated Pt electrodes and (e) Pt-Ir coated electrodes. (f) Quantification of AN density for all stimulated
cochleae in each cohort (mean ± standard deviation).

in vivo have also reported findings consistent with
the present results, including an increase in electrode
impedance while maintaining a high CSC compared
with uncoated electrodes [14–16, 48]. Alba and colleagues [16] considered that these in vivo changes
were a result of a reduction in surface capacitance
of the electrode due to protein and cellular processes encapsulating and interpenetrating the porous
coating.
We observed that the electrochemical performance of both Pt and Pt-Ir electrodes measured benchtop on completion of the implantation period was
dependent on the stimulation history of the electrode. Electrodes with a high charge density exhibited favorable electrochemical measures compared
to unstimulated electrodes including increased CSC
(Pt), increased CIL (Pt-Ir), and decreased impedance
(Pt and Pt-Ir). Since there was no evidence of corrosion determined using SEM, it is not certain why the
stimulated electrodes had more favorable measures;
however, an increase in CIL and CSC and decrease in
impedance has been shown to occur as a result of cycling current through electrodes (either as a bi-product
of stimulation [49] or deliberate ‘rejuvenation’ [34]).
Pt [50] and especially Ir [51] have multiple oxidative
states that become activated by cycling through positive and negative potentials in vitro [52]. Lower impedance, higher CSC, and improved signal-to-noise ratio
has also been reported after stimulating Ir microelectrodes [53]. The electrodes were stimulated for
20–30 h per week, whereas they were cycled during
CV measurements for only few minutes each week,
11

using the same configuration. Both processes maintained a potential within the water window; therefore,
it is reasonable to conclude that stimulation may contributed more to the change in impedance, and CIL
values compared to CV measurements.
Two rats in the Pt-Ir cohort were stimulated with a
bipolar instead of a tripolar configuration. We speculate that the loss of some electrodes on the Pt-Ir arrays
was due to the additional handling and manipulation
of these relatively delicate arrays during coating and
shipping. We have reported a similar finding using an
alternative coating [44], and are therefore confident
that this effect is not related to the application of PtIr per se.
4.2. The biological response of the cochlea to Pt-Ir
electrodes
Both Pt-Ir and Pt electrodes evoked a mild foreign body response that, after 5 weeks of implantation, typically consisted of a thin, mature fibrous tissue capsule. Although a foreign body response may
have contributed to the partial reduction in electrochemical performance of the Pt-Ir coating in vivo,
the extent of the tissue response observed in the
Pt-Ir implanted cochleae was similar to that associated with Pt electrodes. This finding, using macroelectrodes implanted in the cochlea, are consistent
with those of Cassar et al [34], who reported no significant difference in the immune response between
Pt-Ir coated and uncoated micro-electrodes passively
implanted in the brain, nor did they report evidence
of Pt-Ir coating removal during the implant period.
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Figure 7. Effects of stimulation level on electrode surface characteristics and electrochemical performance examined after
explantation. (a) Low magnification Pt electrode with some tissue remnants. (b) High magnification Pt electrode showing
manufacturing marks but no evidence of surface corrosion. (c) Low magnification Pt-Ir coated electrode with some tissue
remnants. (d) High magnification Pt-Ir coated electrode showing a region of exposed Pt base metal (×). (e) Extent of coating
coverage on Pt-Ir electrodes. Effect of charge density on (f) charge storage capacity, (g) charge injection limit, and (h) voltage
transient impedance. Mean Pt data are dashed lines; mean Pt-Ir data are dotted lines. Charge density = 0 µC cm−2 phase for
unstimulated electrodes, ∼10 µC cm−2 phase for flanking electrodes, ∼20 µC cm−2 phase for centre electrodes. ∗ p ≤ 0.05;
∗∗ p ≤ 0.01; asterisks indicating significance are colour-coordinated by material.

Importantly, the Pt-Ir coated electrode arrays
showed no adverse effects on AN density or neural
thresholds compared to Pt electrodes, supporting the
general biocompatible nature of the Pt-Ir coating.

4.3. Adhesion of Pt-Ir coating on the electrode
surface
Although a major issue associated with conductive
coatings has been the extensive delamination
observed following chronic in vivo implantation
12

[28, 54], we have previously reported that electroplated Pt-Ir was a mechanically stable coating evaluated using an in vitro adhesion test [33]. In the
present study we observed small regions without
Pt-Ir on the surface of the majority of Pt-Ir electrodes; however, because there were small regions
devoid of Pt-Ir observed directly after coating (figure 7(e)) and no SEM images were taken prior to
implantation (figure 1(a)), it is unclear whether
any of these regions appeared during the course of
the implantation period or were all present before
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Figure 8. (a) Photomicrograph of the lower basal turn of chronically implanted and stimulated cochlea from PtIr05. Particulate
material localized to the electrode tissue capsule (arrowhead). Scale bar = 200 µm. (ai) Inset illustrates higher magnification of a
region of the tissue capsule with sub-micron particles that have been phagocytosed by cells lining the tissue capsule. Scale
bar = 25 µm.

implantation. Regardless, the extent of Pt-Ir noncoverage was small and unrelated to the extent of
electrical stimulation and was not correlated with
electrochemical performance.
Particulate Pt-Ir was identified in the majority
of cochleae implanted with Pt-Ir coated electrodes.
These particles were incorporated into the tissue capsule, with sub-micron particles undergoing phagocytosis. These histological observations indicate that
the particulate Pt-Ir was introduced into the cochlea during, or shortly after, the insertion of the electrode array rather than in the course of its removal on
completion of the stimulation program. The amount
of Pt-Ir in the tissue was not quantified; therefore, a
correlation between the amount of Pt-Ir in the tissues and the coverage of Pt-Ir seen under SEM (figure
7(e)) was not established.
There are a number of potential sources for the
origin of Pt-Ir particles within the cochlea: (i) PtIr particles were released from the coating during
the insertion of the array; (ii) Pt-Ir particles on the
silicone carrier proximal to the electrodes dislodged
during insertion; and/or (iii) traces of silicone that
remained on the electrode surface following manufacturing contained Pt-Ir particles and this material was removed during the insertion [55]. Given
that there was evidence of loss of Pt-Ir particles in
the tissue and we did not observe silicone within
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the implanted cochlea, it is most likely some Pt-Ir
particles were removed from cochlear implant during electrode insertion. We note that the aperture of
the round window, the entry site for the electrode
array, is narrow in the rat; it is possible that the surface of the electrode array contacted the bony rim
of the round window during insertion of the array.
If this observation is correct, it would be possible
to enlarge the opening into the cochlea during surgery. Alternatively, the Pt-Ir coating could be temporarily protected using a biodegradable film such as
gelatin that is applied to the electrode array prior to
insertion [56].
Finally, recent studies have demonstrated evidence of Pt particulates in the cochleae following longterm use of commercially available cochlear implants
[57–60]. While not desirable, we recently showed no
evidence of neural loss or impaired neural function in
cochleae exhibiting particulate Pt as a result of electrode corrosion [38].
Overall the Pt-Ir coating evaluated in the present
study performed well in vivo. Although the electrochemical performance was variable, the coating did
not evoke an adverse tissue response or a reduction in
neural function. Moreover, Pt-Ir coatings have potential application in other neural prostheses such as retinal prostheses [61], deep brain stimulation [62] and
intraspinal microstimulation [63].
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5. Conclusion

ORCID iDs

Chronic implantation and electrical stimulation of
electrodeposited Pt-Ir coated electrodes in rat cochleae demonstrated significant increases in CSC and
CIL and significant decreases in impedance in benchtop testing before and on completion of the stimulation program compared to uncoated Pt electrodes.
In vivo, CSC and CIL of Pt-Ir electrodes remained
significantly higher than Pt electrodes. VT impedance (the sum of the access resistance and polarization impedance) for Pt-Ir electrodes was significantly
lower than Pt during the first few days of stimulation but increased over the 5 week implantation
period. The increase in VT impedance can be accounted for with an increase in tissue resistance, which
was similar for both coated and uncoated electrodes.
The similar increase in tissue resistance is consistent with the comparable tissue responses seen in the
histology, which showed that Pt and Pt-Ir coated
electrodes evoked a mild tissue response that typically consisted of mature fibroblasts. Furthermore,
there was no evidence of increased neural loss or loss
of neural function in cochleae implanted with PtIr electrodes, even though a small number of Pt-Ir
particles were evident in histological sections. While
further research to reduce the release of Pt-Ir particles
into the tissue during implantation is desirable, electrodeposited Pt-Ir shows promise as an improved
electrode coating material for use in active neural
prostheses.
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