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Surface modification of neural prosthetic electrodes with polymeric materials, in particular, conducting

polymers and hydrogels, has the potential to circumvent many problems associated with currently used

electrode platforms. These problems include the disparity in mechanical properties between implanted

electrodes and host neural tissue and the lack of biofunctionality at the electrode surface, both of which

dissuade favourable reception of the implanted device. We have developed conducting polymer

electrode coatings doped with the polysaccharide gellan gum, as a platform for improved functionality

of neural prosthetic electrodes. Our electrode coatings, prepared by galvanostatic

electropolymerisation, significantly reduced the impedance magnitude at frequencies relevant to neural

cells, relative to uncoated gold Mylar electrodes (24 � 3 U at 1 kHz). Cyclic voltammetry was used to

explore the electrochemical stability of the coatings, which lose only 23 � 2% charge carrying capacity

when subjected to 400 redox cycles. The coatings show no change in impedance magnitude at 1 kHz

when subject to 32 h of clinically relevant charge balanced current stimulation.

Introduction

Neural prosthetic devices aim to restore motor, sensory or

cognitive function lost through physical injury or neurological

disorder. The cochlear implant, for example, provides functional

hearing by electrically stimulating neural tissue within the inner

ear.1,2 Crucial to the clinical success of these devices is the

formation of a functional electrode–neural tissue interface that is

stable over the intended lifetime of the device.

Neural prosthetic electrodes (NPEs) are commonly constructed

from noble metals such as platinum, gold or iridium,3 owing to

their good electrical conductivity, electrochemical stability and

biological inactivity. These materials, however, exhibit a number

of shortcomings which limit device performance in vivo.4,5 Slip-

page and micromotion of the electrode at its implantation site is

thought to cause chronic inflammation because of disparity in

mechanical properties between the electrode and host neural

tissue.6 Inflammatory events initiate encapsulation of the elec-

trode within a sheath of scar tissue, decreasing the neuronal

density at the electrode3 and increasing the distance across which

stimulation and recording currents must be transduced,7,8 both of

which are detrimental to the device performance. Furthermore,

inert noble metal NPEs bear little biochemical resemblance to the

neural tissue and therefore are not conducive to amiable tissue–

electrode interaction. A more biologically compatible electrode

could incorporate bioactive agents to mediate interactions at the

interface, including anti-inflammatory agents to attenuate astro-

glial scarring events,9–12 chemo-attractants to encourage neural

outgrowth towards the electrode13–16 and/or tethered cell adhesion

motifs to promote cell anchorage to the electrode surface.14,17,18

Conducting polymer (CP) electrode coatings are potential

components of more sophisticated NPEs. They undergo oxida-

tive and reductive chemical processes accompanied by changes in

a range of mechanical and electrical properties.19 Oxidised

polypyrrole features mobile, positively charged states responsible

for electrical conductivity along the polymer backbone, which

are electrostatically stabilised by the presence of dopant anions

incorporated during synthesis. Upon reduction, these charged

states are extinguished and either mobile dopant anions are

expelled from the CP matrix, or cations are incorporated if the

dopant anion is immobile.20 This process may be reversed and is

the mechanism by which CPs transduce electrical currents within

neural prosthetic devices into ionic currents within the extrac-

ellur fluid of neural tissue (and vice versa). Two CPs with

demonstrated biocompatibility and properties amendable to this

application are polypyrrole (PPy)21,22 and poly(3,4-ethyl-

enedioxythiophene) (PEDOT).23 Electrochemical synthesis of

CPs enables site specific deposition of coatings onto the NPE

surface and increases the electroactive surface area available for

charge transfer. The choice of dopant species incorporated

during synthesis presents an opportunity to dictate the electrical,

mechanical, topological and bioactive properties of the coat-

ings.14,19 Furthermore, the use of polyelectrolyte dopants

(including biopolymers) provides a means for further chemical

modification of the coatings, imparting specific biochemical

characteristics.
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Recently gellan gum (GG), a biologically derived poly-

saccharide, has emerged as a suitable hydrogel for tissue engi-

neering24,25 and drug delivery applications.26 It is produced

commercially by anaerobic fermentation of the bacterium

Sphingomonas elodea.27 In the presence of mono- or divalent

cations, gellan gum forms ionically cross-linked hydrogel archi-

tectures.25,28 Chemical deacylation can be used to modify the

rheological properties of GG hydrogels from weak gels to gels of

considerable strength.29 GG has received US Food and Drug

Administration and European Union (E418) approval for use in

food and medicinal preparation, and is more commonly used as

a thickening and stabilizing agent within the food industry.30

Structurally, GG consists of a tetrasaccharide repeat unit, con-

taining b-D-glucose, b-D-glucuronic acid and a-L-rhamnose

monomers in a 2 : 1 : 1 ratio.31 This resembles the carbohydrate

component of glycosaminoglycans, a major component of the

natural extracellular matrix. Glycosaminoglycans are funda-

mental to a range of cellular and tissue functions.32 Carboxylic

acid groups on the glucuronic acid residues enable aqueous

solubility, and importantly, allow its incorporation within CP

matrices as the charge-balancing dopant. Other extracellular

matrix polysaccharides such as heparin33 and hyaluronic acid21,34

have been used previously to form CP based tissue engineering

materials. Here, we report the synthesis of polypyrrole electrode

coatings doped with gellan gum and explore their potential as

NPE coatings in bionic and neural regeneration applications.

Experimental

Solution preparation

Gellan gum (Gelzan CM, Mw ¼ 5 � 105 Da) was a gift from CP

Kelco. Solutions of GG (up to 1.5% w/v) were prepared by

adding GG to Milli-Q water (18 MU cm) and stirring for 90 min

at 80 �C. Pyrrole was sourced from Merck and distilled prior to

use. GG–pyrrole solutions were prepared by adding pyrrole

(0.25 M) to GG solutions at room temperature with stirring,

while purging with N2 gas.

Electrode coating preparation

PPy/GG coated electrodes were synthesised galvanostatically

using a three-electrode electrochemical cell. Platinum mesh and

Ag/AgCl electrodes were used as auxiliary and reference elec-

trodes respectively. Gold-coated Mylar working electrodes

(Delta Technologies) with an active area of 1 cm2 were cleaned

prior to use using surfactant solution, Milli-Q water and ethanol.

Polymerisation was carried out at room temperature using

a Model 363 Princeton Applied Research Potentiostat/Galva-

nostat and eDAQ Model 401 E-corder and eDAQ Chart soft-

ware (version 5.2.11). Galvanic polymerisation conditions

included current densities up to 4.0 mA cm�2 applied for up to 30

min. The resulting coated electrodes were rinsed with Milli-Q

water.

Characterisation techniques

Electrochemical impedance spectroscopy (EIS) was carried out

using a Gamry Impedance System, by subjecting coated elec-

trodes to a 10 mV perturbation at a bias of 0 V, where PPy is in its

oxidised state and not subject to substantial redox activity. The

resulting currents and phase angles were measured at 20 points/

decade over a frequency range between 100 kHz and 0.1 Hz. All

measurements were carried out at room temperature in phos-

phate buffered saline (PBS, pH 7.4) electrolyte. Auxiliary and

reference electrodes were as for PPy/GG electrode coating

synthesis.

Cyclic voltammograms were obtained using the same three-

electrode electrochemical cell set-up as for synthesis, using

EChem Software (version 2.0.14). Redox behaviour of the PPy/

GG coatings was examined over the potential window �0.8 V

to +0.4 V at a scan rate 20 mV s�1. Electrochemical stability of

the coated electrodes was assessed over 400 cycles from �0.8 to

+0.4 V, �0.45 to +0.2 V and �0.100 to 0.15 V, at a scan rate of

100 mV s�1.

Simulated neural stimulation experiments were carried out by

connecting four replicate PPy/GG coated electrodes and a gold-

coated Mylar control electrode in series to form a total 5 cm2

working electrode, positioned within a two-electrode electro-

chemical cell. This set-up allowed stimulation of multiple elec-

trodes under identical conditions. Stainless steel mesh was used

as the auxiliary and a pseudo-reference electrode, with PBS as the

electrolyte. All experiments were conducted at room tempera-

ture. A 250 Hz biphasic, charge balanced current waveform was

applied to the cell for a total of 32 h using an A310 Accupulser

with an A365 Stimulus Isolator (World Precision Instruments,

USA). Current amplitude and pulse width were 0.25 mA cm�2

and 100 ms respectively. The voltage developed within the system

was measured using an E-corder 401 and eDAQ Chart software.

An additional four unstimulated replicates were placed in PBS

for the duration of the experiment. Impedance measurements

were obtained for both stimulated and unstimulated electrodes at

8 h intervals up to 32 h.

Electrode coating surfaces were characterised using a Jeol

7500FA scanning electron microscope (SEM). Samples were

prepared by drying at 40 �C for 24 h, and gold coated using an

Edwards AUTO 306 Sputter coater system.

All of the results provided within this manuscript are the

calculated mean values � 1 standard deviation.

Results and discussion

Preparation of electrode coatings

Electrode coatings were prepared by galvanostatic electro-

polymerisation of pyrrole (0.25 M) in the presence of the anionic

polyelectrolyte GG. At low (#0.1% w/v) and high ($0.5% w/v)

polyelectrolyte concentrations, coating formation was not

observed. This can be attributed to insufficient electrolyte

conductivity35 and viscosity limited reactant diffusion21 respec-

tively. Polymerization was successful in the GG concentration

range 0.1%–0.5% w/v, and 0.25% w/v was selected for further

characterisation of films.

Chronopotentiograms (Fig. 1) showed that at 0.1 mA cm�2

a potential of 0.6 V is drawn. This is generally considered the

lower limit at which oxidation of polypyrrole will occur.36 Higher

current densities resulted in increases in initial potential, which

steadily decreased with time. This is indicative that the working

electrode–electrolyte interfacial resistance is decreasing, owing to

This journal is ª The Royal Society of Chemistry 2011 Soft Matter, 2011, 7, 4690–4695 | 4691



an increasing electroactive surface area attributed to polymer

deposition. The use of polyelectrolyte dopants is known to

mitigate CP deposition.35

The use of high current densities (1.0 to 4.0 mA cm�2) resulted

in the deposition of a primary black PPy/GG layer, as well as an

overlying secondary hydrogel layer (Fig. 2). We suggest that

localised proton generation accompanying pyrrole polymerisa-

tion and increased GG chain concentration at the working

electrode (by electrophoretic migration) is responsible for this

hydrogel formation.37 The gel thickness increased with both

current density and polymerisation time. The secondary gel layer

presents an interesting electrode structure for neural applica-

tions. Control over the gel layer may be used to facilitate the

formation of an effective electrode–cellular interface. To control

its formation, current densities were restricted to 0.25 mA cm�2

for all subsequent electropolymerisation reactions. The potential

generated at this current density is only slightly higher than for

0.1 mA cm�2 (�0.6 V), where CP deposition was unsuccessful

(Fig. 1). Therefore, this current density is close to the minimum

required to cause CP deposition.

A range of polymerisation times of up to 30 min at the current

density of 0.25 mA cm�2 were explored. SEM micrographs

(Fig. 3) of PPy/GG coatings revealed that the surface

morphology of PPy/GG differs from the nodular, cauliflower-

like morphology more commonly observed for

electropolymerised PPy films.21,38 Low deposition charges (37.5

mC cm�2, Fig. 3a) result in sub-micron sized islands containing

fibrillar features, which extend and coalesce with continued

polymerisation (150 mC cm�2) to form a porous, web-like

coverage (Fig. 3b). Further analysis (inset, Fig. 3b) revealed that

the fibrillar structures vary between 10 nm and 100 nm in

thickness, with a pore diameter in the range 10 to 500 nm. It is

well-known that the type of dopant used during polymerisation

profoundly affects the surface morphology.38 Furthermore, the

fibrillar network is similar to that observed for GG films and

hydrogels by atomic force microscopy.39,40 Therefore, it is likely

that the observed GG/PPy surface morphology is induced by the

GG network during polymerisation.

Electrochemical characterisation of PPy/GG coated electrodes

Cyclic voltammetry and electrochemical impedance spectrom-

etry were used to investigate the electrochemical characteristics

of the PPy/GG coatings as a function of deposition charge.

Coated electrodes were subject to a scanning potential from�0.8

to +0.4 V. This encompasses both the reduction and oxidation

reactions of polypyrrole, without causing over-oxidation or

reduction of dissolved oxygen at low potentials. Oxidation and

reduction peaks around �0.33 and �0.47 V were observed

(Fig. 4), their broadness reflecting the porous nature of the

coating nanostructure as confirmed by SEM (Fig. 3). The

Fig. 1 Chronopotentiograms over the first 3 min of electro-

polymerisation of PPy/GG electrode coatings at various current densi-

ties.

Fig. 2 Optical image of a PPy/GG coated electrode indicating the

secondary GG hydrogel layer on top of the PPy/GG layer when current

densities greater than 1 mA cm�2 were used.

Fig. 3 SEM images of PPy/GG coatings on Au Mylar substrates poly-

merised at 0.25 mA cm�2. The deposition charges were 37.5 mC cm�2 (a)

and 150 mC cm�2 (b). Scale bars in (a) and (b) represent 1 mm, and 500 nm

for the inset.

Fig. 4 Cyclic voltammograms of PPy/GG coated electrodes prepared

with polymerisation times of 5, 10, 15 and 30 min at 0.25 mA cm�2,

equivalent to deposition charges of 75, 150, 225 and 450 mC cm�2. The

scan rate was 20 mV s�1.

4692 | Soft Matter, 2011, 7, 4690–4695 This journal is ª The Royal Society of Chemistry 2011



increase in current magnitude for coatings produced with higher

deposition charges indicates that a larger number of charged sites

were available for charge transfer.

The effect of electrode surface modification on interfacial

charge transfer is of fundamental interest for stimulation and

recording of excitable tissues. Electrochemical impedance

measurements were performed at a bias of 0 V, where the CP is in

its oxidised, electrically conducting state. Impedance measure-

ments demonstrated a significant reduction in impedance

magnitude (|Z|) at frequencies lower than 1.2 kHz for PPy/GG

coatings, compared to gold coated Mylar (Fig. 5a). At the lowest

frequency tested (0.1 Hz), the films prepared with 37.5 mC cm�2

deposition charge exhibited two orders of magnitude reduction

in |Z|, and films prepared using 450 mC cm�2 deposition charge

showed three orders of magnitude reduction. Similar trends have

been previously reported for other CP electrode coatings.21,22,41

Improvements in interfacial charge transfer have been attributed

to an increase in the electroactive surface area of the electrodes.42

The porous surface morphology of PPy/GG coated electrodes is

therefore likely to play a significant role in the improved

impedance behaviour.

The impedance magnitude at 1 kHz, which is relevant to

neural stimulation and recording applications, is often cited for

the purpose of NPE comparison.22 The favourable charge

transfer characteristics imparted by PPy/GG coatings is apparent

when the |Z| at 1 kHz (24 � 3 U) is compared to that of other

polypyrrole coatings prepared in our laboratories, and reported

previously.43 The impedance magnitude at 1 kHz of PPy/GG is

45% lower than that of the lowest previously reported film, p-

toluenesulfonic acid (pTS) doped PPy (|Z|¼ 44 U). Minimisation

of impedance at the electrode–neural tissue interface is desirable

as it reduces the charge injection required to stimulate neural

tissue, minimising the impact on biological tissues and reducing

power consumption. Low impedance also improves the sensi-

tivity of neural recordings. The low impedance of these coated

electrodes in the 10 Hz region suggests that these electrodes may

also be suitable as scaffold components for the engineering of

skeletal muscle tissue, which is responsive to lower frequencies

than for neural tissue.44

Longer polymerisation times lead to an increase in the

frequency range over which the impedance is independent of

frequency. For example, for a polymer deposition charge of 450

mC cm�2, |Z| is independent of frequency between 1 Hz and 100

kHz. Thus the working range of these electrodes comfortably

encompasses the frequencies at which neural cells transfer signals

(100 Hz to 10 kHz45). Frequency-independent electrochemical

characteristics are desirable for the interpretation of recordings

from neural tissue. The threshold frequency at which |Z| becomes

independent of frequency decreased exponentially with deposi-

tion charge (Fig. 5b). It is apparent that deposition charges

greater than �150 mC cm�2 do not provide significant further

improvements in frequency-independent impedance character-

istics. Coatings prepared for subsequent stability studies had

a deposition charge of 150 mC cm�2.

Electrochemical stability studies

For functional NPEs, it is essential that the mechanism of charge

transfer be reversible and stable over the intended lifetime of the

device. The electrochemical stability of our coated electrodes was

assessed using (i) potentiodynamic cycling and (ii) current pulse

stimulation similar to that used in the stimulation of neural

ganglion cells through cochlear implant electrodes.46

Fig. 5 (a) Impedance magnitude of PPy/GG electrodes as a function of

perturbation frequency for deposition charges between 37.5 mC cm�2 and

450 mC cm�2. The impedance of an uncoated Au Mylar electrode is

shown for comparison. (b) The threshold frequency value (where

impedance magnitude becomes independent of frequency) for PPy/GG

coated electrodes prepared using 0.25 mA cm�2. The solid line is an

exponential fit to the data (R2 ¼ 0.93).

Fig. 6 Cyclic voltammograms of PPy/GG coated electrodes prepared

using 150 mC cm�2 deposition charge. Large (�0.80 to +0.40 V, solid

line), medium (�0.45 to +0.20 V, dashed line) and small (�0.10 to 0.15 V,

dotted line) potential ranges were explored. Scans were obtained at 100

mV s�1 starting at the negative end of each potential window.

Table 1 The decrease in charge carrying capacity (Qc) as a result of
poteniodynamic cycling for 400 cycles. PSS indicates poly-
styrenesulfonate. n ¼ 4 for PPy/GG coatings

CP coating
Loss
of Qc (%) Ref.

Potential
window/V

Scan
rate/mV s�1

PEDOT/pTS 10 47 �0.7 to 0.6 120
PPy/PSS +

PEDOT/pTS
20 47 �0.7 to 0.6 120

PPy/gellan gum 23 � 2 This paper �0.8 to 0.4 100
PPy/PSS 61 48 �0.7 to 0.6 100
PPy/PSS 62 47 �0.7 to 0.6 120
PPy/PSS 100 49 �0.9 to 0.5 100

This journal is ª The Royal Society of Chemistry 2011 Soft Matter, 2011, 7, 4690–4695 | 4693



PPy/GG coated electrodes were subjected to extended poten-

tiodynamic cycling across three different potential windows

(Fig. 6). The charge carrying capacity (area of the CV) was

calculated after every 50 scans over a total of 400 scans. The

charge-carrying capacity equates to the amount of charge

crossing the electrode–electrolyte interface per scan. A decrease

in this quantity over successive cycles suggests that the charge

transduction mechanism is somewhat irreversible, indicating

electrochemical instability within that potential range.3,47 This

approach has been used previously to provide insights into the

electrochemical stability of other CP electrodes.48–50 From the

relative areas of the CV scans in Fig 6, it is clear that greater

potential excursion enables substantially more charge to be

passed during each scan. For the large potential window (�0.80

to +0.4 V), which includes both oxidation and reduction

maxima, there was a gradual decrease in total charge passed as

a function of cycle number, resulting in a 23 � 2% decrease in

charge carrying capacity over the 400 cycles. This relatively

aggressive potential range is therefore detrimental to electro-

chemical performance. It has been suggested that irreversible

expulsion of the dopant molecules from the CP may be provoked

at large negative potentials, leading to reduced electroactivity.35

It is also possible that slight over-oxidation of PPy is occurring

on the positive sweep, resulting in reduced p-bond conjugation

and decreased electrical conductivity. In comparison with similar

results published previously, the electrochemical stability of PPy/

GG is superior to PPy coatings doped with polystyrenesulfonate

(PSS) and comparable to that of a layered structure of PPy/PSS

and PEDOT/pTS (Table 1). The incorporation of large poly-

electrolyte dopants (as opposed to smaller, more mobile dopants)

has been shown to provide improved mechanical properties and

lower susceptibility to degradation on CP reduction.51,52 Superior

stability of PEDOT/pTS coatings, with a loss of only 10% elec-

troactivity, has been attributed to the dioxyethylene groups

present at PEDOT’s 3- and 4-positions, hindering nucleophilic

attack which leads to the loss of conjugation.53 No decrease in

charge carrying capacity was encountered when potential was

cycled within the two narrower potential windows over 400

cycles. This indicates that charge transduction is stable for the

small potential excursions that are encountered during neural

stimulation and recording (Fig. 7).

PPy/GG coatings were subjected to a 250 Hz biphasic pulsed-

current stimulation waveform (Fig. 7a) for a total of 32 h. The

maximum potential reached at the electrode was �9 mV and this

remained stable for the entire duration of stimulation (Fig. 7b).

This is well within the stable working potential range of the

electrodes determined using the potentiodynamic approach. The

magnitude of impedance (as determined by EIS measurements)

at both 250 Hz and 1 kHz was measured at 8 h intervals and

compared to the impedance of unstimulated controls (Fig. 8).

There was a good correlation between the impedances of stim-

ulated and unstimulated samples, with no statistically significant

change over 32 h of current pulsing. This suggests that PPy/GG

coatings may be stable under physiologically relevant stimula-

tion conditions.

Conclusions

In summary, gellan gum-doped polypyrrole electrode coatings

significantly reduced the impedance encountered at frequencies

relevant to neural cell communication, relative to uncoated gold

electrodes. They are able to support clinically relevant stimula-

tion over an extended period of time with no apparent decrease in

performance. Accordingly, we have established that PPy/GG

electrode coatings enhance the electrochemical characteristics of

neural prosthetic electrodes, and as such may serve as an

amenable platform for improvement of other important aspects

of neural prosthetic electrodes. In particular, these include

optimisation of mechanical and biochemical characteristics of

the interface to improve cell–electrode interactions. This study

Fig. 7 (a) Schematic representation of the biphasic charge-balanced

current waveform used to simulate neural stimulation. Numbered arrows

1–4 indicate pulse amplitude (0.25 mA cm�2), pulse width (100 ms),

interphase gap (10 ms), and event interval (4 ms) respectively. (b) Potential

response of coated electrodes before (solid line) and after (dotted line) 32

h of biphasic pulsed current (current density¼ 0.25 mA cm�2). Sections of

the event interval have been truncated for clarity.

Fig. 8 Impedance magnitudes of PPy/GG coated electrodes (150 mC

cm�2) at (a) 250 Hz and (b) 1000 Hz, measured at 8 h intervals during

biphasic pulsed current stimulation (squares) with comparison to unsti-

mulated controls (circles).
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contributes to the development of emerging bioelectrode mate-

rials for neural prosthetic device applications.
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