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Abstract
Objective. Evaluate electrochemical properties, biological response, and surface characterization of
a conductive hydrogel (CH) coating following chronic in vivo stimulation. Approach. Coated CH or
uncoated smooth platinum (Pt) electrode arrays were implanted into the cochlea of rats and
stimulated over a 5 week period with more than 57 million biphasic current pulses.
Electrochemical impedance spectroscopy (EIS), charge storage capacity (CSC), charge injection
limit (CIL), and voltage transient (VT) impedance were measured on the bench before and after
stimulation, and in vivo during the stimulation program. Electrically-evoked auditory brainstem
responses were recorded to monitor neural function. Following explant, the cochleae were
examined histologically and electrodes were examined using scanning electron microscopy.Main
results. CH coated electrodes demonstrated a bench-top electrochemical advantage over Pt
electrodes before and after the electrical stimulation program. In vivo, CH coated electrodes also
had a significant advantage over Pt electrodes throughout the stimulation program, exhibiting
higher CSC (p= 0.002), larger CIL (p= 0.002), and lower VT impedance (p < 0.001). The CH
cohort exhibited a greater tissue response (p= 0.003) with small deposits of particulate material
within the tissue capsule. There was no loss in auditory neuron density or change in neural
response thresholds in any cochleae. Examination of the electrode surface revealed that most CH
electrodes exhibited some coating loss; however, there was no evidence of corrosion in the
underlying Pt. Significance. CH coated electrodes demonstrated significant electrochemical
advantages on the bench-top and in vivo and maintained neural function despite an increased
tissue response and coating loss. While further research is required to understand the cause of the
coating loss, CH electrodes provide promise for use in neural prostheses.

1. Introduction

Neural prostheses are active implantable devices that
provide therapeutic intervention, sensory feedback,
and/or improved motor control via electrical stim-
ulation to restore function after trauma or disease.
These devices, which include cochlear implants, deep
brain stimulators, and spinal cord stimulators, typ-
ically use platinum (Pt) and/or iridium (Ir) elec-
trodes. Pt in particular has been shown to be biocom-
patible in these applications (Shepherd et al 1990,

Mccreery 2004) and is electrochemically stable under
well-defined active conditions (Cogan 2008).

The implantation of electrodes into neural tissue
can evoke a local neuro-inflammatory response that
includes a foreign body reaction and neural degener-
ation proximal to the electrode array (Jorfi et al 2015).
The extent of this reaction depends on many factors
including the implant site, surgical technique, and
the biocompatibility and mechanical compliance of
the electrodes (Polikov et al 2005). The nature of the
tissue response also varies over time as acute edema
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and the proliferation of reactive inflammatory cells
are replaced by scar tissue around the implant (Thelin
et al 2011). This neuro-inflammatory response can
play a critical role in the long-term performance of
neural prostheses and can lead to: (i) a reduction in
the ability to record from the local neural population
(Polikov et al 2005, Jorfi et al 2015); and (ii) a reduc-
tion in the electrochemical performance of stimulat-
ing electrodes including an increase in impedance and
a decrease in charge injection capacity (Kane et al
2013).

Conductive polymers (CPs) can be coated onto
metal electrodes to improve the electrochemical
properties of the neural interface (Green et al 2008,
Wilks et al 2009, Venkatraman et al 2011). Specific-
ally, state-of-the-art and commercially available tech-
nologies such as AmplicoatTM (Boehler et al 2019,
HERAEUS 2020) use CPs such as poly(3,4 ethylene
dioxythiophene) (PEDOT) to improve the electro-
chemical performance of metallic electrodes. These
conductive coatings may also improve the electrode’s
interaction with nearby cells by: (i) reducing the
mechanical mismatch between the electrode and the
adjacent tissue; and (ii) loading the polymer with
biological factors such as anti-inflammatory agents
and growth factors (Wadhwa et al 2006, Green et al
2008, 2012b, Richardson et al 2009). While prom-
ising, many of these conductive coatings have been
shown to experience delamination from the underly-
ing metal substrate during long-term electrical stim-
ulation, resulting in a loss of their electrochemical
advantage under in vitro (Green et al 2012a, Boehler
et al 2017, Ouyang et al 2017) or in vivo conditions
(Vara and Collazos-castro 2019).

Enhanced mechanical compliance of CPs has
been achieved through incorporation of soft hydro-
gels (Green et al 2012b). Through covalent immob-
ilization of a biocompatible doping agent (taur-
ine) within a poly(vinyl alcohol) polymeric network,
PEDOT can be grown within a hydrogel matrix
to form a conductive hydrogel (CH) (Goding et al
2017a). In addition to an improved electrochem-
ical performance, CHs have been shown to increase
neural cell attachment and growth in vitro (Green et al
2012b). CHs are soft due to their high water content,
making them potentially more mechanically compli-
ant to target tissues (Green et al 2012b). Moreover,
CHs have been shown to bemechanically stable when
coated onto cochlear implant electrodes (Hassarati
et al 2014), and have potential as a drug delivery vec-
tor by incorporating biologics in the hydrogel matrix
(Mario Cheong et al 2014). Additionally, CHs have
been reported to present anti-fouling properties and
allow for versatile chemical functionalization (Nafea
et al 2015). Comparative in vitro studies with smooth
Pt (Pt) electrodes have shown that CH coated elec-
trodes exhibit significantly lower impedances with
increased charge storage and charge injection capacity
(Hassarati et al 2014, Dalrymple et al 2019).

In the present study we evaluated the perform-
ance of CH coated electrodes in an active chronic in
vivo setting by comparing the electrochemical per-
formance, electrode surface features, and the biolo-
gical response of the cochlea to CH versus conven-
tional Pt electrodes.

2. Methods

2.1. Experimental subjects
This study was performed using a total of 10 healthy
young adult male Sprague Dawley rats. The animals
weighed 365 ± 41 g (mean ± standard deviation) at
surgery. The timeline for experiments performed in
this study is illustrated in figure 1. All procedureswere
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 Sci-
entific 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 coating process
Cochlear implant electrode arraysweremanufactured
in-house using the same injection moulding tech-
niques and materials used in clinical devices (Bion-
ics Institute, Melbourne, Australia). Four platinum
(Pt) ring electrodes were positioned near the tip of a
medical-grade silicone carrier (E1 to E4; figure 1(a)).
The geometric surface area the electrodes ranged
from 0.29 to 0.35 mm2, from E4 to E1, respect-
ively. Each electrode was 0.3 mm wide with an
inter-electrode distance of 0.45 mm. The electrode
diameters tapered with the carrier; electrode E1 had a
diameter of 0.37mm and E4—the tip electrode—had
a diameter of 0.31 mm. Insulated Pt-Ir (90/10) wire
(25 µm in diameter) was resistance welded to each
Pt ring and to a percutaneous connector designed
to be mounted on the animal’s skull (figure 1(a)).
Each array was ultrasonically cleaned and 8 arrays
were shipped to the Graduate School of Biomedical
Engineering, University of New South Wales for CH
coating.

2.2.1. Conductive hydrogel coating process.
The synthesis and fabrication of CH was per-
formed using a two-stage process as described pre-
viously (Goding et al 2017b). First, a pre-coat
layer of PEDOT doped with para-toluene sulfon-
ate (PEDOT/pTS) was applied to the electrodes. The
pre-coat layer is used to mediate the mechanical
integration of the CP component to the metallic
substrate. An electrolyte solution containing 0.1 M
EDOT and 0.05 M pTS dissolved in a 1:1 ratio
of deionised (DI) water to acetonitrile was used
to deposit PEDOT/pTS galvanostatically onto the
implant electrodes. Electrodeposition was performed
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Figure 1. (a) The cochlear implant electrode array consisted of four CH-coated electrodes on a medical grade silicone carrier.
Each electrode was connected via a leadwire assembly to a skull mounted percutaneous connector. (b) Experimental timeline for
recordings and stimulation. A 3-electrode cell (illustrated) was used to record electrochemical impedance spectroscopy (EIS),
cyclic voltammograms (CVs), charge injection limit (CIL) and voltage transient impedances (VTI) before implantation and after
explantation of the cochlear arrays on the bench-top. Electrically-evoked auditory brainstem responses (EABRs) and VT
impedances were recorded immediately after implantation of the cochlear array and prior to euthanization. Stimulation was
delivered (indicated in yellow) and VT impedances recorded every weekday over a period of 5 weeks. In vivo EIS, CV, and CIL
were measured every Monday during the stimulation program. Time points between the rat illustrations indicate when in vivo
recordings took place. Scale bar in (a) is 0.3 mm.

using a 2-electrode cell and potentiostat system oper-
ating in galvanostatic mode (eDAQ, Australia), with
a large Pt wire (1–2 cm long, 1 mm in diameter)
as a reference and counter electrode, to deposit the
CP for 1 min at 1 mA cm−2. The cochlear arrays
were rinsed with DI water to remove excess monomer
solution and left overnight in a laminar flow cab-
inet to dry. For the second phase, polyvinyl alcohol
(PVA, 13–23 kDa, Sigma-Aldrich, USA) was chemic-
ally modified to incorporate 5 methacrylate groups
and 20 taurine residues per PVA chain (PVA-tau)
according previous methods (Goding et al 2017a).
A 20 wt% macromer solution of the PVA-tau was
dissolved in Dulbecco’s phosphate buffered solution
(DPBS) at 80 ◦C. A photo-initiator (Irgacure 2959,
Sigma-Aldrich, USA) was added to the macromer
solution to reach a final concentration of 0.1 wt%.
The macromer solution was then left to reach room
temperature (~22 ◦C). Once at room temperat-
ure, the cochlear arrays were dipped in PVA-taurine
and immediately crosslinked under ultraviolet light
(70 mW cm−2, 336 nm) for 3 min. Following photo-
polymerization, an EDOT solution (0.01 M in DI
water) was deposited galvanostatically through the
hydrogel for 20 min at 0.5 mA cm−2. The arrays were
rinsed twice and subsequently soaked in DI water for
24 h to remove any unreacted products. The result-
ing CH coating was up to 60 µm thick (figure 1(a)).
CH coated cochlear arrays were then left to dry in
a laminar flow cabinet for at least 24 h prior to
sterilization.

2.3. Sterilization efficacy
While both Pt and CH electrode arrays can be ster-
ilized via an autoclave, a component of this study
was to explore the safety and efficacy of using ethyl-
ene oxide (ETO) sterilization on CH coated electrode
arrays. This is due to conventional sterilization within
the bionics industry being ETO to protect heat sens-
itive electronic components that are typically used in
clinical implants. It was therefore important to estab-
lish that upondegassing, theCHcoating containedno
cytotoxic substances such as residual ETO. The effect
of ETO sterilization of CH coated Pt on live cells was
tested using a cell growth inhibition (CGI) test. All
samples were prepared in triplicates and the CGI test
was repeated three times.

CH was coated onto Pt discs with 0.1–0.2 g
of PEDOT/PVA-tau per ml of extraction vehicle in
accordance with AS ISO 10993 (ISO-10993-5, 2009).
This is equivalent to a CH coating thickness of
approximately 1 mm on the Pt disc, which is roughly
two orders ofmagnitudemorematerial than the coat-
ing on the cochlear electrodes. These discs were ster-
ilized with ETO at The Prince of Wales Hospital
(Sydney, NSW, Australia) and allowed 7 d to degas as
per standard protocol. Leachants were extracted from
these samples at 37 ◦C for 72 h in complete media
(Eagle’s minimum essential media, Sigma-Aldrich,
USA) supplemented with 10 v/v% fetal bovine serum
(BovogenBiologicals Pty Ltd, Australia) and 1%peni-
cillin/streptomycin (5000 units/5 mg per ml, Sigma-
Aldrich, USA). A control group of CH coated discs
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were steam-sterilized at 121 ◦C for 20 min. Complete
media, bare Pt discs, and medical grade silicone were
included as negative controls, and ethanol solutions
were used as positive controls. A fibroblast mono-
layer (L929 mouse fibroblasts, 85 011 425, Sigma-
Aldrich, USA) was prepared by seeding 105 cells ml−1

in 2ml of completemedia using 35mmtissue culture-
treated dishes. Cells were incubated for 24 h at 37 ◦C
and 5% CO2. Following removal of the media, 1 ml
of extraction fluid was applied to the cell mono-
layers and incubated for 48 h. Null samples were
replenished with fresh completemedia and incubated
under identical conditions. After incubation, cells
were rinsed twice with Dulbecco’s phosphate buf-
fer solution (DPBS; pH = 7.4, Sigma-Aldrich, USA)
and detached by a 2–3-min incubation with trypsin-
versene (1x, 1 ml/25 cm2, Sigma-Aldrich, USA). The
total cell number was determined using a Vi-CELLTM

XR cell Viability Analyzer (Beckman Coulter Inc.
USA). To determine the percentage level of CGI, the
average cell count of each sample was compared to
the null control. In accordance with the Interna-
tional Standard protocol ISO 10993-5, a decrease in
cell numbers more than 30% is considered cytotoxic
(ISO-10993-5, 2009):

CGI%=
[
Test solutionaverage

Null average − 1
]
× (−100%) (1)

2.4. Bench-top electrochemical measurements
Before implantation and after explantation of the
cochlear arrays, a 3-electrode cell was used for elec-
trochemical measurements. Since the CH electrodes
were coated, characterized, and sterilized at one loc-
ation, while the Pt electrodes were characterized and
sterilized at a second location, there were slight meth-
odological variations in the recording method for the
two materials.

2.4.1. Bench-top measurements of CH coated
electrodes.
The CH coated cochlear electrodes served as the act-
ive electrodes, a large Pt foil was used as a counter
electrode (99.95% Pt, Surepure Chemetals, USA),
and a Ag|AgCl electrode was used as a reference
(eDAQ, Australia). Measurements were performed in
degassed DPBS at room temperature (~22 ◦C).

Electrochemical impedance spectroscopy (EIS)
was performed using a potentiostat (eDAQ, Aus-
tralia) at a frequency range from 1 to 50 000 Hz at
10 points/decade with an AC peak-to-peak voltage
of 100 mV. Cyclic voltammetry (CV) was performed
using the same potentiostat and an eCorder (eDAQ,
Australia). The potential was cycled between −0.6 V
and 0.8 V for 20 cycles at a rate of 150 mV s−1.
The eDAQ eChem software was used to calculate the
charge storage capacity (CSC). First, the average of
cycles 2 through 20was determined, then the absolute

value of the anodic and cathodic phases was integ-
rated over time. Charge injection limit (CIL) was cal-
culated by delivering biphasic pulses with variable
current amplitude (up to 17 mA) and pulse width
with a fixed interphase gap (10 µs). The 3-electrode
cell was used to record voltage transients (VTs) via
an isolated oscilloscope (Tektronix, USA). The CIL
was defined as the quantity of the charge that polar-
izes the electrode interface to the potential for water
reduction (Emc = −0.6 V) (Cogan 2008, Leung et al
2015). Oscilloscope traces were used to measure the
maximum residual potential (Emc), which was calcu-
lated by subtracting the access voltage (Va) associ-
ated with the ohmic resistance of the electrolyte from
the maximum negative voltage (Vt). An inter-phase
delay of 100 µs was applied to increase the accur-
acy of this measurement. Cathodic first pulses were
increased from 0.01 to 17 mA to obtain the CIL. A
single biphasic, cathodic-first current pulse with a
pulse width of 100 µs and amplitude of 100 µA was
delivered, and the peak VT during the first phase of
the response was used to compute the VT impedance.

2.4.2. Bench-top measurements of Pt electrodes.
The uncoated Pt electrodes served as the active elec-
trodes, a large Pt foil was used as a counter electrode
(Ionode, AUS), and a Ag|AgCl electrode was used as
a reference (Ionode, AUS). Measurements were per-
formed in DPBS at room temperature (~22 ◦C).

EIS and CV were recorded using a potentiostat
(Interface 1000E, Gamry Instruments, USA). EIS fre-
quency values ranged from 1 to 100 000 Hz at 10
points/decade and an AC rms voltage of 50 mV.
For recording CVs, the electrode potential was cycled
between−0.6 and 0.8 V at a sweep rate of 150mV s−1

for 10 cycles. To calculate the CSC, first, the aver-
age of cycles 2 through 10 was determined, then the
absolute value of the anodic and cathodic phases was
integrated over time. The methods for measuring
the CIL of Pt electrodes differed from the methods
used for CH coated electrodes (see section: In Vivo
Electrochemical Measurements); therefore, comparis-
ons betweenmaterials were notmade for thismeasure
for bench-top recordings.

2.5. Surgical procedure
Animals were randomly selected to receive either an
uncoated Pt electrode array or a CH coated elec-
trode array. Each animal was anesthetized with iso-
flurane 2%–3% in oxygen (1 l min−1). Surgery was
performed under aseptic conditions and the animal’s
temperature was maintained at 37 ◦C using a heating
pad and a rectal probe. Analgesia was provided topic-
ally (0.3 ml of lignocaine hydrochloride; Troy Labor-
atories, Australia) and subcutaneously (Carprofen,
5 mg kg−1, subcutaneous; Norbrook, Australia). The
nasal region of the skull was exposed, and the per-
cutaneous connector was mounted to the skull using
stainless steel screws and dental cement (Paladur,
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Germany). The auditory bulla and the round win-
dow of the cochlea were exposed using a left dorsal
bulla approach. The stapedial artery was cauterized
and the round window membrane was incised using
a fine probe to marginally extend the aperture of
the round window niche (Lu et al 2005). The coch-
lear array was carefully inserted ~5 mm into the
scala tympani until the fourth electrode (E1) was
within the lower basal turn. The round window was
covered with muscle followed by fascia, and the lead-
wire carrier proximal to the electrodes was secured
inside the bulla using Kwik-Cast elastomer (WPI Inc.
USA) and carboxylate cement (Durelon, Germany).
The distal part of the lead-wire carrier was tunnelled
subcutaneously to the skull-mounted connector. The
wounds were sutured closed in two layers (Visorb
3/0, CP Medical, USA). Each animal was given Hart-
mann’s solution (10 ml kg−1; subcutaneous) and
the analgesic Temgesic (0.03 mg kg−1, subcutaneous;
Reckitt-Benckiser, UK) after surgery and on the fol-
lowing day. No procedure was performed on the right
cochlea.

2.6. Electrically-evoked auditory brainstem
responses
Electrically-evoked auditory brainstem responses
(EABRs)were recorded under general anesthesia (iso-
flurane 2%–2.5% in oxygen (1 l min−1)) immediately
following implant surgery and on completion of the
5-week electrical stimulation program (see below) to
monitor neural function and to confirm that the array
was located within the cochlea. Briefly, biphasic cur-
rent pulses (300 µs/phase; 50 µs interphase gap) were
delivered to the same electrode configuration used
during the chronic stimulation program. Stimulus
intensity was randomly varied from below threshold
to a maximum of 260 Current Level (CL; where the
current in µA at a given CL is 17.5× 100CL/255) which
corresponds to 1.92 mA. Responses were recorded
from the scalp using subcutaneous needle electrodes
(vertex: positive; neck: negative; thorax: ground) and
averaged over 100 trials (Shepherd et al 2019).

2.7. Chronic stimulation program
The stimulation program began 4–6 d following
surgery to allow for recovery (figure 1(b)). Stimu-
lation was delivered for 4–6 h per weekday over
the 5 week implant program using a custom-built
stimulator (Senn 2015). Stimuli comprised charge-
balanced biphasic current pulses at 300 µs/phase at
100 pulses per second (pps) up to 200 µA in a tri-
polar configuration (Shepherd et al 2019), resulting
in the delivery of more than 57 million biphasic cur-
rent pulses per active electrode. Charge balance was
achieved through electrode shorting and capacitive
coupling (Patrick et al 1990). In the tripolar configur-
ation, a cathodic-first current pulse was delivered to
the active electrode at the centre of the tripole (E3),
and two flanking electrodes were shorted together for

a return path (E2 and E4). The currents were then
reversed in the second phase of the pulse. The fourth
electrode on the array (E1) served as an unstim-
ulated control. A maximum current amplitude of
200 µA was delivered to the centre electrode of the
tripole (E3), developing a charge density of 19.3
µCcm−2/phase, while the flanking electrodes (E2 and
E4) received half this charge density. These levels are
within the clinical range typically used in cochlear
implants (Shepherd et al 2019).

A tripolar configuration was chosen as it activates
fewer auditory neurons per charge/phase (George
et al 2015). It is also perceived as a quieter stimu-
lus than monopolar stimulation at the same stimulus
level and is therefore more tolerable. In cases where
a tripolar configuration was not possible (e.g. a lead
wire breakage or high impedance (>20 kΩ)), a bipolar
configuration was used and the current amplitude
reduced to an acceptable level (100 µA, n= 1 animal;
table 1).

2.8. In vivo electrochemical measurements
All in vivo electrochemical measurements made for
both Pt and CH were made using the same meth-
ods. Each week for 5 weeks, EIS, CV, and CIL were
recorded in vivo using the tripolar or bipolar config-
uration that was used for delivering stimulation as
a 3-electrode cell recording was not feasible in vivo.
EIS and CV were recorded in the awake animal using
a potentiostat (Interface 1000E, Gamry Instruments,
USA). EIS frequency values ranged from 100 to
100 000Hz at 10 points/decade and anAC rms voltage
of 50 mV. The low frequency value (100 Hz) was
increased compared to bench-top recordings (1 Hz)
to avoid the potential of DC-induced tissue dam-
age. The CVs were recorded using the same potentio-
stat following the EIS measurements. The electrode
potential was cycled between −0.6 and 0.8 V at a
sweep rate of 150 mV s−1 for 10 cycles. To calcu-
late the CSC, first, the average of cycles 2 through
10 was determined, then the absolute value of the
anodic and cathodic phases was integrated over time.
The CIL was measured using VT waveforms from
a biphasic, cathodic-first current pulse with a pulse
width of 100 µs and current intensities ranging from
50 µA to 2 mA in steps of 50 µA (USB-6353, National
Instruments, USA). Before and after daily stimula-
tion, the VT impedances weremeasured for each elec-
trode. TheVT consisted of a single biphasic, cathodic-
first current pulse with a pulse width of 100 µs and
an intensity of 100 µA. The peak VT potential during
the first phase of the response was used to calculate
the VT impedance. Any electrodes with a VT imped-
ance greater than 20 kΩwas considered to be an open
circuit. If an electrode became open circuit during
the stimulation program, the stimulation configura-
tion was changed from tripolar to bipolar (table 1).
Open circuit electrodes were also excluded from elec-
trochemical analysis for all following time-points.
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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 electrochemical 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).
Additional animals included for histological analysis had damaged lead-wires but the arrays resided in the cochlea. TP= tripolar;
BP= bipolar; E= electrode number.

Animal ID

Implant
duration
(days)

Hours
Stimulated

Days
Stimulated

Stimulation
Config-
uration

Current
Amplitude

(mA)

Charge Density
(µC cm−2/
phase) E-chem Histol

Pt01 34 81.1 17 TP E3 0.2 19.3 4 4

Pt02 33 100.3 21 TP E3 0.2 19.3 4 4

Pt03 34 100.7 22 TP E3 0.2 19.3 4 4

Pt04 32 100 21 TP E3 0.2 19.3 4 4

Pt05 35 102.4 23 TP E3 0.2 19.3 4 4

CH01 36 101 24 TP E3 0.2 19.3 4 4

CH02 35 85 22 TP E3 0.2 19.3 4 4

CH03 35 96.1 21 TP E3 0.2 19.3 4 4

CH04 35 23.3 5 TP E3 0.2 19.3 8 4

CH05 34 89 12; 4 BP E1/E2;
BP E2/E4

0.1 9.1 4 4

Pt 33.6± 1.1 96.9± 8.9 20.8± 2.3 TP E3 0.2± 0 19.3± 0 5 5
CH 35± 0.8 92.8± 7.2 20.8± 3.4 TP and BP 0.18± 0.05 16.8± 5.1 4 5

2.9. Histology
On completion of the chronic stimulation program
all animals were euthanized with sodium pentobar-
bitone (intraperitoneal; Virbac, Australia) and sys-
temically perfused with heparinized saline at 37 ◦C
followed by 10% neutral buffered formalin (NBF)
at 4 ◦C. The electrode array was carefully removed
from the cochlea for examination under a scan-
ning electron microscope (SEM; see below). Both
cochleae were post-fixed for 1 h in NBF and then
rinsed three times in 0.1 M phosphate-buffered
saline at room temperature. Cochleae were decalci-
fied in 10% (wt/vol) ethylene diamine tetra-acetic
acid. They were then cryoprotected with 15%, then
30% sucrose overnight, followed by infiltration and
embedding in Tissue-Tek O.C.T. cryosectioning com-
pound (Sakura, Japan), and were flash frozen and
stored at−80 ◦C. Cochleae were sectioned at a thick-
ness of 12 µm using a CM 1850 cryostat (Leica, Ger-
many) at −22 ◦C and mounted onto Superfrost-
Plus slides (Menzel-Gläser, Braunschweig, Germany).
A representative series of sections were stained with
Mayer’s haemotoxylin and Putt’s eosin (H&E) for
qualitative and quantitative assessment.

Auditory nerve survival in the upper basal (UB)
turn close to the stimulating electrodes was determ-
ined by measuring auditory neuron (AN) density.
Rosenthal’s canal was digitally imaged at ×20 using
a Zeiss AxioLab microscope. Auditory neurons in the
UB turn were counted by a single observer blind to
the cohorts, the area of Rosenthal’s canal was meas-
ured using Image J software and AN density calcu-
lated (Shepherd et al 2019). The AN density for a
single subject was averaged from four sections that
were at least 72µmapart to ensure that ANswere only
counted once.

The extent of the foreign body response within
the UB turn of the scala tympani was measured at

four locations in H&E stained sections. The ‘Triangle’
algorithm in Image J was used to threshold an image
of the scala tympani at×10magnification to quantify
the degree of tissue response. The area of the scala
tympani minus the area occupied by the electrode
array was measured and used to calculate the propor-
tion of the scala tympani occupied by the foreign body
response (Wise et al 2016). The tissue capsule was
also examined for fragments of CH coating within the
capsule.

2.10. Scanning electronmicroscopy
2.10.1. Electrode surface characterization.
After each electrode array was removed from the
cochlea, it was rinsed in distilled water and stored in
ethanol (70%). The surface of all electrodes on each
array was examined for loss of coating and corrosion
of the underlying Pt using a FEI QUANTA 200 SEM.
Each electrode was photographed at low (×600) and
medium (×2000) magnification. A randomly selec-
ted region was photographed at higher magnifica-
tions (×4000 and ×10 000). Any area of coating loss
was visually estimated and the condition of the Pt
surface of the electrodes was evaluated by an investig-
ator blinded to the experimental groups. Pitting cor-
rosion of the Pt surface, mechanical damage and sur-
face deposits were assessed and the severity of Pt cor-
rosion was graded from 0 (no evidence of corrosion)
to 5 (severe corrosion) (Shepherd et al 2019).

2.11. Statistical analysis
For all comparisons the Brown-Forsythe test was used
to examine the homogeneity of variance and Shapiro-
Wilk tested normality. A p ⩽ 0.05 was used to indic-
ate significance for all statistical tests. The evalu-
ation of ETO sterilization on CH electrodes using
CGI was compared using one-way analysis of vari-
ance (ANOVA). The CIL recorded on the bench using
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3-electrode cell recordings for CH coated electrodes
were compared before implantation and following
explantation using a paired t-test or the Wilcoxon
signed rank test. The VT impedances after explanta-
tion for CH electrodes were compared with Pt elec-
trodes using the Student’s t-test. The CIL and VT
impedances before implantation and after explanta-
tion were not be compared between materials due to
differences in measurement techniques.

EIS and CSC recorded using 3-cell recordings on
the bench-top before implantation and after explant-
ation were made using similar methods between the
two locations and were therefore compared using
two-way repeated measures ANOVA. EIS, CSC, CIL
and VT impedance recorded in vivo using tripolar
recordings at week 1 and week 5, along with EABR
thresholds after surgery and at termination were also
compared using two-way repeatedmeasures ANOVA.
CSC, and CIL were compared across different stim-
ulation charge densities using a one-way ANOVA or
ANOVAon ranks. All pairwise comparisonswere per-
formed using the Holm-Sidak method if the ANOVA
was significant. The area of the scala tympani inhab-
ited by fibrous tissue was compared between Pt and
CH electrodes using the Mann-Whitney test. AN
density was compared within each material group
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

A total of 10 rats were used to complete this study
(table 1). The data from one rat in the CH cohort
(CH04) was used only for histological analysis as
stimulation could not be delivered for the entire
implant duration in this animal due to a leadwire
failure. The rats that received daily stimulation were
implanted for 32–36 d and received between 81.1 and
102.4 h of stimulation over 16–24 d. All rats were
stimulated using a tripolar configuration at 200 µA
except one animal in the CH cohort that received
bipolar stimulation at 100 µA (table 1).

3.1. Sterilization efficacy
The CGI test assesses the cytotoxic effect of a solu-
tion on cell growth. Test solutions with a CGI greater
than 30% are generally regarded as cytotoxic (ISO-
10993-5, 2009). The mean CGI for ETO-sterilized
and steam-sterilized CH coated discs was 14 ± 6%
and 16 ± 7%, respectively, and were not signific-
antly different from one another (p = 1.0), nor were
they significantly different from the negative con-
trols (p> 0.8; figure 2). The positive controls, consist-
ing of ethanol solutions that varied in concentration
from 4% to 7.5%, exhibited CGIs significantly greater
than all other samples tested (p < 0.001; figure 2).

Figure 2.Mean (± standard deviation) cell growth
inhibition (CGI) of CH coated Pt discs sterilized using
ethylene oxide (ETO) or steam, compared to positive
controls (ethanol (EtOH) solutions), negative controls
(media and silicone, Pt sterilized using ETO or steam), and
null. ∗∗∗ p⩽ 0.001.

The mean cellular viability of CH coated samples was
97.0 ± 0.8%, which was similar to the negative con-
trols (97.6± 0.3%). There was, therefore, no evidence
of toxicity associated with residual ETO-sterilized CH
coated electrodes following a 7 day degassing period.

3.2. Bench-top electrochemical measurements
The electrochemical properties of CH coated and
Pt electrodes were assessed before and after chronic
implantation with stimulation. The magnitude of the
impedance from EIS of CH coated electrodes did
not change over time and was significantly lower
than the impedance magnitude of Pt electrodes both
before implantation and after explantation at 1 Hz,
1 kHz, and 10 kHz (figure 3(a); p ⩽ 0.003). The
post-explant impedance magnitude for Pt electrodes
was smaller than the pre-implant values at 1 kHz
(p = 0.002) and 10 kHz (p < 0.001), but not at 1 Hz
(p = 0.255). The phase of the impedance from EIS
for CH coated electrodes approached 0◦ at lower fre-
quencies than Pt electrodes. However, after explant,
the phase approached 90◦ at 50 kHz (figure 3(b)).
The CSC of CH electrodes was significantly higher
than the CSC of Pt electrodes both before implant-
ation and after explantation (p < 0.001 at both time
points), even after a significant reduction in CSC of
CH coated electrodes after explant compared to pre-
implant (p < 0.001; figures 3(c) and (d)). The CIL of
CH coated electrodes was significantly reduced after
explantation compared to pre-implant (p = 0.026;
figure 3(e)). Despite this, the VT impedance was sig-
nificantly lower forCHelectrodes (M= 1.4,Q1= 3.9,
Q3 = 2.2 kΩ) compared to Pt electrodes (M = 4.1,
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Figure 3. Bench-top electrochemical recordings before implant (pre) and after explant (post) measured via a 3-electrode cell
(top-right). (a) Representative impedance (Z) magnitude from electrochemical impedance spectroscopy (EIS) for CH and Pt. (b)
Representative impedance phase from EIS for CH and Pt. (c) Representative cyclic voltammograms (CV) for CH and Pt. (d)
Median, interquartile range and 95% confidence limits of the charge storage capacity (CSC) calculated from the total area of the
CV curves. (e) Median, interquartile range, and 95% confidence limits of the charge injection limit (CIL) for CH only. (f)
Median, and interquartile range, and 95% confidence limits for the voltage transient (VT) impedances post-explant for Pt and
CH coated electrodes. In box and whiskers plots:×=mean, ⃝ = raw data points. #p⩽ 0.05; ###p⩽ 0.001; ∗∗∗p⩽ 0.001.
Representative figures were generated from the same implanted animals.

Q1= 3.9, Q3= 4.7 kΩ) after explantation (p < 0.001;
figure 3(f)).

3.3. Electrically-evoked responses
EABRs were recorded immediately following surgery
and just prior to the completion of the stimulation

program. The EABRs were used to confirm that
the arrays still resided in the cochlea and to mon-
itor the functional status of the auditory nerve
(figure 4). The threshold required to evoke an EABR
did not significantly differ between Pt and CH
coated electrodes (p = 0.824), nor did the thresholds
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Figure 4. Representative electrically-evoked auditory brainstem responses (EABRs) recorded from an animal (Pt04) chronically
stimulated with Pt electrodes (a) intra-operatively and (b) at the conclusion of the chronic stimulation program. The trace
corresponding to the threshold current level (CL) is specified in green. Note the response in (b) occurring at ~4 ms is associated
with a myogenic response. The stimulation artefact was removed from the traces.

significantly change over the course of the stimulation
program (p= 0.56).

3.4. Electrochemical performance during chronic
implantation and electrical stimulation
The in vivo magnitude of the impedance from EIS
was significantly lower for CH coated electrodes than
for Pt electrodes at 100 Hz (p = 0.003) and 1 kHz
(p = 0.012), with no significant effects from implant
duration (figure 5(a)). The Bode plots for Pt and CH
had different shapes, indicating different kinetics at
the electrode-tissue interface (figure 5(b)).

Overall, the CSC of CH coated electrodes
(MCH = 25.4, Q1 = 13.1, Q3 = 28.7 mC cm−2) was
significantly greater (p = 0.002) than the CSC of Pt
electrodes (MPt = 0.5, Q1= 0.3, Q3= 0.5 mC cm−2)
without a significant change over the implant time
(p = 0.264; figures 5(c) and (d)). The stability of the
CSC over the implant duration can also be detected
in the individual animals (figure 5(e)).

The CIL of CH coated electrodes (MCH = 48.8,
Q1 = 31.4, Q3 = 62.7 µC cm−2) was significantly
greater than the CIL of Pt electrodes (MPt = 3.2,
Q1 = 3.2, Q3 = 4.8 µC cm−2; p = 0.002), even after
a significant decrease in the CIL of CH coated elec-
trodes atweek 5 versusweek 1 (p= 0.024; figure 6(a)).
Individual CIL recordings revealed that the time-
related changes observed in CH coated electrodes can
occur within the first week (CH 01 and 02) or at later
time points (CH03 and 05; figure 6(c)).

Finally, VT impedance recorded immediately fol-
lowing surgery and on completion of the stimula-
tion program were significantly lower for CH coated
electrodes (MCH = 2.2, Q1 = 1.2, Q3 = 3.8 kΩ;
p < 0.001) compared to Pt electrodes (MPt = 10.2,
Q1 = 7.9, Q3 = 12.6 kΩ), even after a significant
increase in the VT impedance for CH coated elec-
trodes (p < 0.001; figure 6(b)). Individual VT imped-
ance records for CH all remained below the lowest VT

impedances recorded in Pt electrodes (figure 6(d)).
Overall, CH electrodes had a significant electrochem-
ical advantage over Pt electrodes throughout the 5-
week stimulation and implantation program.

3.5. Cochlear histopathology
3.5.1. Tissue response.
There was no evidence of electrode insertion trauma
within the UB turn of any cochlea in this study; there-
fore, the foreign body response at this site reflected the
response to the biomaterials associated with the elec-
trode array andwere notmasked by insertion trauma.
Both Pt and CH electrodes evoked amild, mature for-
eign body response. Pt electrode arrays resulted in the
formation of a tissue response that occupied 10± 9%
of the scala tympani (figures 7(a)–(c)). In contrast,
there was a significantly greater area of the scala tym-
pani exhibiting a tissue response in cochleae with CH
coated electrodes (45 ± 17%; p = 0.003; figures 7(b)
and (c)).

3.5.2. Spiral ganglion neuron survival.
The density of ANs in Rosenthal’s canal from the
UB turn of the stimulated cochlea was determined
for each animal (figures 7(d) and (e)). AN dens-
ity in animals stimulated using Pt electrodes versus
CH coated electrodes were not significantly different
(p= 0.711; figure 7(f)).

3.6. Effect of stimulation
3.6.1. Electrode surface characterization.
Neither Pt nor CH coated electrodes displayed evid-
ence of corrosion or other damage to the Pt sur-
face (e.g. figures 8(a)–(d)). However, some elec-
trodes had tissue remaining on the surface after
their removal (figure 8(a)). Many of the CH coated
electrodes exhibited some loss of the coating (e.g.
figure 8(c)). Overall, 6 CH electrodes had 90%–
100% of their coating intact, 4 CH electrodes had
between 40% and 80% of the coating intact, while
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Figure 5.Weekly (W) electrochemical measurements recorded in vivo (indicated by rat graphic). (a) Representative impedance
(Z) magnitude from electrochemical impedance spectroscopy (EIS). (b) Representative impedance phase from EIS. (c)
Representative cyclic voltammograms (CV). (d) Median, interquartile range and 95% confidence limits of for the charge storage
capacity (CSC) calculated from the total 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. Symbols indicating significance are
colour-coordinated by material. Representative figures were generated from the same implanted animals.

a further 6 CH electrodes had 0%–20% of the coat-
ing remaining (figure 8(e)). There was no relation-
ship between the level of stimulation and the amount
of coating remaining on the electrode. There was
also no relationship between the amount of coating
remaining on the electrode and the CSC (R2 = 0.20;
figure 8(f)) nor the CIL (R2 = 0.12; figure 8(g)).
However, there was a moderate correlation between
the VT impedance and the coating coverage, whereby
the VT impedance was smaller for electrodes with lar-
ger amounts of coating (R2 = 0.58; figure 8(h)).

3.6.2. Particulate matter in tissue.
Small amounts of particulate matter consistent with
polymeric material were observed histologically in

the majority (80%) of cochleae implanted with CH
electrode arrays (figure 9). This material, which was
typically 20–200 µm in length and had either a
particulate or thin sheet-like appearance, was only
observed in the tissue capsule proximal to the
site of the electrode array and was usually asso-
ciated with a small number of macrophages and
plasma cells (figure 9(a)). The material could not
be differentiated from the tissue due to the organic
makeup of the hydrogel. Some of this material
appeared to be of sub-micron dimensions and read-
ily phagocytosed by macrophages (not illustrated).
Cochleae implanted with Pt electrodes showed no
evidence of particulate matter within the tissue
capsule.
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Figure 6. Electrochemical measurements recorded weekly (W) in vivo (indicated by rat graphic). (a) Median, interquartile range,
and 95% confidence limits of the charge injection limit (CIL) at week 1 (W1) and week 5 (W5). Upper limit of measurement is
66.7 µC cm−2 (orange dashed bar). (b) Median, and interquartile range, and 95% confidence limits for the voltage transient
(VT) impedances immediately following surgery (Surg) and before euthanization (End). The horizontal orange dashed line
represents the lowest possible impedance of the recording device (1.23 kΩ). (c) CIL recorded weekly for each animal throughout
the implant duration. (d) Daily VT impedance after stimulation for each animal throughout the implantation period, smoothed
using a moving average filter. In box and whiskers plots:×=mean, ⃝ = raw data points. ∗∗p⩽ 0.01; ∗∗∗p⩽ 0.001; #p⩽ 0.05;
###p⩽ 0.001. Symbols indicating significance are colour-coordinated by material and time point.

4. Discussion

CH was coated onto Pt cochlear electrodes, chron-
ically implanted into rat cochleae and electrically
stimulated using clinically relevant stimulus levels.
The CH coated electrodes were compared to con-
ventional Pt electrodes using electrochemical meas-
urements throughout the implant period. Tissue
response, neural survival, and an evaluation of the
electrode surface were performed to assess the bio-
logical effects of chronic stimulation using CH elec-
trodes. The results demonstrate that CH coated elec-
trodes have a significant electrochemical advantage
over Pt electrodes in both bench-top and in vivo

recordings. Although CH electrodes evoked a more
widespread tissue response than Pt electrodes, there
was no evidence of neural loss or loss of neural func-
tion. Partial loss of the CH coating was observed on
some electrodes and some particulate matter consist-
ent with CH was present in histological sections.

4.1. Ethylene oxide sterilization
Chemical sterilization techniques such as ETO are
used for neural stimulators due to the presence of
embedded electronics and batteries (Mendes et al
2007, Shepherd et al 2018). While it is essential to
establish the efficacy of the sterilization technique for
a particular application using recognised standards
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Figure 7. Representative examples of tissue response to chronic stimulation. (a) Tissue capsule from the upper basal turn of the
cochlea stimulated using uncoated Pt electrodes. (b) Tissue capsule from the upper basal turn of the cochlea stimulated using CH
coated electrodes. (c) Quantification of area of scala tympani occupied by fibrous tissue for each material group. (d) Rosenthal’s
canal containing auditory neurons (ANs) from a rat with uncoated Pt cochlear electrodes. (e) ANs from a rat with CH coated
cochlear electrodes. (f) Quantification of AN density for all stimulated cochleae in each material group. ∗∗p⩽ 0.01.

(ISO-11135, 2014), it is also important to ensure that
novel electrode coatings are not: (i) adversely affected
by the sterilization process; and (ii) do not absorb and
gradually release toxic products of the sterilization
process (e.g. ethylene oxide or ethylene chlorohydrin)
back into the biological environment (Shepherd et al
2018). A previous in vitro study has shown that the
electrochemical performance of CH electrodes is not
adversely affected by ETO sterilization (Green et al
2013). The present results confirmed this finding in
an in vivo setting and demonstrated that CH coatings
do not contain cytotoxic levels of ETO sterilization
products following a standard degassing period of 7 d.

4.2. Electrochemical performance of CH:
Throughout the 5 week implantation and stimula-
tion period, the suite of electrochemical measures
recorded in vivo (CSC, EIS, CIL and VT imped-
ance) for CH electrodes showed a significant elec-
trochemical advantage over Pt electrodes. These in
vivo measures were consistent with the electrochem-
ical performance of CH electrodes measured bench-
top, both prior to, and on completion of the stimula-
tion program. There are very few reports describing
the maintenance of an electrochemical advantage for
high surface area electrode coatings following chronic
implantation (e.g. Kolarcik et al 2015). Typically these
coatings exhibit a reduction in performance of one or
more of these electrochemical measures in the bio-
logical environment (Tykocinski et al 2001, Ludwig
et al 2006, Vara and Collazos-castro 2019). It should
be noted that one animal (CH05) in the present study

had a smaller CSC than the other animals in the CH
cohort because the stimulation and recordings in this
animal were performed using a bipolar rather than a
tripolar configuration.

The CP component of a CH conducts charge
through both ionic and electronic charge transfer
mechanisms. When fully doped, the PEDOT uses
continuous bipolarons and electron hopping to effi-
ciently pass charge along the polymer chain. While
CPs can be driven to transfer ionic charge through
redox reactions (as shown by CV), the rate of charge
transfer at an electrode interface under biphasic stim-
ulation is too fast to support these slow ionic fluxes.
At the fluid (neural) interface, the increased surface
area of the CH, which is effectively a CP within a
3D hydrogel, enables fast double layer formation and
rearrangement across a very large surface area. This
3D volume is substantially greater than the underly-
ing Pt geometric surface area. Additionally, hydrogels
such as PVAhave charged backbones, which sequester
charge and make ions readily available for charge
transfer to the biological environment. This is sup-
ported by the flat VT profile and low voltage observed
when measuring a biphasic pulse as well as the low
VT impedance value recorded using a constant cur-
rent stimulator.

Prior studies that have shown a continuous reduc-
tion in electrochemical performance of CP-based
materials have intrinsic failure points, such as the use
of mobile dopant ions that, when lost, interrupt the
bipolaron structure along the CP backbone (Boretius
et al 2011). The present study exhibited relatively
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Figure 8. Effect of stimulation on coating and electrochemical performance. (a) Uncoated Pt electrode with fibrous tissue
indicated by arrow. (b) Pt surface indicating no evidence of corrosion. (c) CH coated electrode. (d) Region of CH coating loss
illustrating the underlying Pt surface. There was no evidence of Pt corrosion. (e) Quantification of CH coating coverage following
stimulation and explant. (f) Charge storage capacity (CSC), (g) charge injection limit (CIL), and (h) voltage transient (VT)
impedance of electrodes correlated with the coating coverage after explant. SiO= silicone carrier.

stable electrochemical performance in vivo, which is
expected to be a result of the covalently bound dopant
within the PVA backbone (the sulfonate ion, taur-
ine) (Goding et al 2017a). Some changes in CSC
are expected and have been observed previously for

CH materials. It has been proposed that this is due
to polymer chain rearrangement that occurs during
redox cycling, and accounts for a loss of up to 30%
of CSC before a plateau in performance is observed
(Green et al 2012b, Goding et al 2017a). Stability
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Figure 9. Representative photomicrographs illustrating particulate matter observed in the tissue capsule in the majority of
cochleae implanted with CH coated electrodes. (a) CH01; (b) CH04. This material was typically 20–200 µm in length and
surrounded by macrophages and plasma cells [e.g. inset in (a)]. No particulate material was evident in cochleae implanted with Pt
electrodes.

under biphasic stimulation, which does not utilize
redox reactions, is significantly better than under CV
cycling. A prior in vitro study conducted on CH
coated human cochlear implants demonstrated stable
electrochemical performance over two billion clinical
pulses in artificial perilymph (Hassarati et al 2014).
Additionally, the CSC of CH coatings before and after
the 5-week stimulation period far exceeded the CSC
of PEDOT/pTS (the pre-coat layer) alone, which was
reported to be 10–20 mC cm−2 (Baek 2012).

4.3. The biological response of the cochlea to
implanted CH electrodes
Although both CH and Pt electrodes evoked a relat-
ively benign foreign body response that, after 5 weeks
of implantation, typically consisted of mature fibro-
blasts, the tissue response associated with CH elec-
trodes was significantly more widespread. This was
possibly due to the local tissue response associated
with particulate matter thought to be CH which was
observed in the cochleae adjacent to CH coated elec-
trodes (e.g. figure 9). Although the nature of the
tissue response in cochleae implanted with Pt elec-
trodes was similar to that observed in CH implanted
cochleae, Pt electrode arrays showed no histological
evidence of particulate material, which is known
to readily evoke a more widespread tissue response
(e.g. Clark et al 1995). Particulate material consist-
ent with silicone has also been reported in human
cochleae following long-term clinical use, resulting in
increased fibrogenesis (O’malley et al 2017). Import-
antly, the CH coated electrode arrays exhibited no
adverse effects on AN density or neural thresholds

when compared with Pt electrodes, supporting the
general biocompatible nature of the CH coating.

4.4. Loss of the CH coating from the electrode
surface
The majority of cochleae implanted with CH elec-
trodes in the present study exhibited histological evid-
ence of particulate polymericmaterial within the scala
tympani. This material was incorporated within the
tissue capsule, suggesting loss of material from the
electrode array during or shortly after its insertion
into the cochlea.

There are a number of potential sources for the
origin of these small particles observed histologic-
ally: (i) CH delaminated directly from the electrode
surface during or shortly after the insertion of the
array; (ii) small amounts of CH that covered the silic-
one carrier proximal to the electrodes dislodged dur-
ing insertion due to poor CH-silicone adhesion; (iii)
traces of silicone that remained on the Pt surface
following manufacturing were coated with CH and
this material delaminated during the insertion (Arm-
strong 2019); (iv) stimulus induced delamination—
some electrical stimulus waveforms (e.g. CV cyc-
ling) are thought to induce contraction and expan-
sion of the CP associated with ion incorporation and
expulsion (Boehler et al 2017); although, this effect
is considered minimal in the present study given the
nature of CH; or (v) silicone particles as observed by
(O’malley et al 2017). The latter is not likely given
the absence of similar particles in the Pt implants;
however, the additional processing steps to manufac-
ture CH coatings and ETO sterilization could have
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caused some damage to silicone insulating material.
In prior studies, human cochlear implants (Nucleus
24 Contour Advance, Cochlear Ltd.) were coated with
CH, then introduced to, and subsequently removed
from, a model cochlea (Hassarati et al 2014). Des-
pite this being quite removed from a real implant
environment, during this process there was no evid-
ence of CH coating loss into the transparent, artifi-
cial perilymph filled cochlea model or from the elec-
trode array once removed. The base hydrogel of the
CH coating in the present study has been reported
to swell to a greater extent (Goding et al 2017a) than
that reported by (Hassarati et al 2014). Despite both
CH systems using PVA modified with methacrylate
functional groups (PVA-MA) as the base hydrogel, the
CH reported by (Hassarati et al 2014) used heparin as
the doping molecule, whereas taurine was used in the
present study. Taurine has some advantages over hep-
arin since it does not have anticoagulant activity and it
allows tailoring of dopingmolecule placement within
the hydrogel network (Goding et al 2017a). However,
PVA modified with taurine moieties demonstrated
tenfold increases in swelling ratios compared with
PVA-MAhydrogels alone (Golding 2015, Goding et al
2017a). On the other hand, PVA-MA/heparin hydro-
gels showed similar swelling behaviour to PVA-MA
hydrogels alone (Nafea et al 2014). A thicker coating
may also swell more within the cochlea and expose
the coating to increased frictional forces, ultimately
increasing the likelihood of CH delamination during
insertion and removal.

In contrast to the small amounts of polymer
observed histologically, inspection of the surface of
CH electrodes on completion of the in vivo study
revealed the loss of relatively large amounts of CH
from some implants (figure 8(e)). Based on the elec-
trochemical performance of the CH electrode arrays
observed in vivo, it would appear that the loss of
CH from the electrode surface occurred during the
removal of the electrode array. The aperture of the
round window, the entry site for the electrode array,
is narrow in the rat and it is likely that the thick,
hydrated CH on some electrodes was mechanically
disrupted during removal. Although this implies that
the hydrated CH coating is more susceptible tomech-
anical damage than the dehydrated CH coating on
the electrodes during insertion of the array, we note
that in a clinical setting the removal of the elec-
trode array is a relatively rare occurrence. To prevent
CH delamination in the future, the chemistry of the
hydrogel can be modified. Specifically, the hydrogel
network of the CH system presented in this paper
consists of two functional groups attached to the
PVA backbone. Methacrylate groups allow for net-
work crosslinking and taurine residues are used as
a dopant for electrodeposition of PEDOT. The PVA
chemistry can be modified to produce a denser, more
tightly crosslinked network by increasing the num-
ber of methacrylate groups chemically attached to the

PVA backbone. Both approaches are known tomodu-
late the crosslinking density of the resulting hydrogel
as reported by Martens and colleagues (Martens et al
2007); however, further research is required to assess
the effects of a denser network on the PEDOT growth
through hydrogel matrix and its resulting electrical
properties. In addition, surface modifications such as
laser roughening can be performed on Pt electrode
substrates. Roughened electrode array surfaces may
provide enhanced mechanical anchoring of the pre-
layer coat compared with the smooth Pt surface, res-
ulting in better adhesion and enhanced stability of
PEDOT on Pt electrodes (Green et al 2012a).

Finally, the partial loss of the CH coating provided
us with the opportunity to examine the underlying
Pt surface on completion of the electrical stimulation
program. Similar to that observed in the Pt electrodes,
there was no evidence of damage or corrosion of the
Pt surface underlying the CH. However, given the rel-
atively low, albeit clinically relevant charge densities
used (<20 µC cm−2/phase), this was not unexpected.

4.5. Implications for neural prostheses
CH coatings show potential in improving the per-
formance of neural prostheses by reducing electrode
impedance while increasing both the CSC and CIL
of the electrode. These advantages could result in
a greater parameter range for safe stimulation, the
potential to develop smaller surface area electrodes,
and a reduction in the power requirements of the
stimulator. The present study demonstrated that CH
coated electrodes exhibited enhanced electrochemical
performance over traditional Pt electrodes over the
5-week implantation period. This study also demon-
strated an increase in the tissue response to CH; how-
ever, there were no adverse effects on neural sur-
vival or functional deficits. Additional functionality
including drug delivery along with electrical stimula-
tion or recording is possible with CHs by incorpor-
ating biologics into the hydrogel matrix (Green et al
2012b). By incorporating anti-inflammatory drugs or
growth factors, the tissue response to CHmay also be
reduced (Mario Cheong et al 2014, Li et al 2017), and
the proximal neural population improved (Shepherd
et al 2005, Wise et al 2011).

The present study investigated the CH coating on
cochlear electrodes; however, other neural interfaces
would benefit from improved mechanical compli-
ance and electrochemical performance, particularly
in applications where small electrode surface areas
and high charge densities are required, including ret-
inal prostheses (Nayagam et al 2014), deep brain
stimulation electrodes (Ramirez-zamora et al 2017),
and intraspinal stimulation electrodes (Dalrymple
et al 2018). To further characterize the potential of
CH coatings, future studies should investigate their
use in various sites for longer periods of time and
at higher stimulus levels than used in the present
study.
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5. Conclusion

Chronic implantation and electrical stimulation of
CH coated electrodes in rat cochleae demonstrated
significant electrochemical advantages recorded both
at bench-top and in vivo compared with Pt elec-
trodes. While CH electrodes evoked a more wide-
spread tissue response than Pt electrodes, the tissue
response was generallymild and typically consisted of
mature fibroblasts. Furthermore, there was no evid-
ence of increased neural loss or loss of neural func-
tion in cochleae implanted with CH electrodes when
compared with control cochleae. Small amounts of
material consistent with CH coating that were likely
introduced during implantation were evident in his-
tological sections. Larger sections of coating loss
observed on explanted electrodes suggest some CH
loss occurred during the removal and processing of
the electrode array for analysis.While further research
is required to improve the robustness of the coating
for in vivo application, CH coatings provide promise
for use in active neural prostheses.
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