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Conductive elastomer composites for fully polymeric, flexible
bioelectronics

Estelle Cuttaz®®*, Josef Goding®*, Catalina Vallejo-Giraldo?, Ulises Aregueta-Robles¢, Nigel Lovell°,
Diego Ghezzi®, Rylie A. Green®"

Flexible polymeric bioelectronics have the potential to address the limitations of metallic electrode arrays by minimizing the
mechanical mismatch at the device-tissue interface for neuroprosthetic applications. This work demonstrates the
straightforward fabrication of fully organic electrode arrays based on conductive elastomers (CEs) as a soft, flexible and
stretchable electroactive composite material. CEs were designed as hybrids of polyurethane elastomers (PU) and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), with the aim of combining the electrical properties of
PEDOT:PSS with the mechanical compliance of elastomers. CE composites were fabricated by solvent casting of PEDOT:PSS
dispersed in dissolved PU at different conductive polymer (CP) loadings, from 5 wt% to 25 wt%. The formation of PEDOT:PSS
networks within the PU matrix and the resultant composite material properties were examined as a function of CP loading.
Increased PEDOT:PSS loading was found to result in a more connected network within the PU matrix, resulting in increased
conductivity and charge storage capacity. Increased CP loading was also determined to increase the Young’s modulus and
reduce the strain at failure. Biological assessment of CE composites showed them to mediate ReNcell VM human neural
precursor cell adhesion. The increased stiffness of CE films was also found to promote neurite outgrowth. CE sheets were
directly laser micromachined into a functional array and shown to deliver biphasic waveforms with comparable voltage

transients to Pt arrays in in vitro testing.

1. Introduction

Neuroprosthetic devices aim to restore or bypass motor,
sensory or cognitive functions that have been lost or damaged
as a result of injury or disease. They span a wide range of
applications including the perception of sound via cochlear
implants? providing artificial vision using retinal implants for the
blind2 and modulation of peripheral nerves for applications
such as bladder control®. These active implantable devices
require the use of electrode arrays as key components to
interface with the nervous system. The electrodes are in direct
communication with the excitable cell population, enabling
both nerve stimulation and recording of neural activity.
Conventional electrode arrays utilise metals, such as gold,
platinum and platinum alloys, to produce both the electrode
sites and the interconnecting tracks that communicate with the
implanted electronics®. While these metal conductors are
known to have stability within the biological environment and
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to be cytocompatible> they also have numerous limitations.
Firstly, metallic devices display a high stiffness, with a Young's
modulus more than six orders of magnitude larger than neural
tissues, resulting in a significant mechanical mismatch at the
electrode-tissue interface®. The resulting fibrotic encapsulation
reduces signal intensity and increases the risk of device failure?.
Movement of the device within tissues, especially those placed
within the cortex or peripheral nervous system, can also result
in fracture failure of metal connections. This is an increasing
problem as devices and hence track sizes are reduced to
minimise invasiveness and increase channel counts. Improving
device resolution through increasing channel and electrode
numbers is also restricted by the low charge injection limit of
metals8. Flexible and stretchable organic-based bioelectronics
have gained interest as one approach to address these
limitations.

It has been proposed that both device failure and inflammatory
reactions could be reduced by developing a flexible electrode
array composed of entirely polymeric materials®10, The major
challenge of such stretchable conductors is to develop a stable
material displaying high conductivity while retaining elastic
properties. Conductive polymers (CPs) are organic conductors
that have attracted significant interest due to their unique
combination of high charge injection, chemical stability and
relative low cost fabrication112, Polyaniline (PANI), polypyrrole
(PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) are the
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most commonly used CPs for biomedical applications. CPs can
be fabricated with a high roughness and a correspondingly large
electrochemical surface area (for a given geometric area) that
has been shown to enhance charge transfer13. Despite these
features, CPs have also been reported to be stiff, brittle and
friable14-16, Composites of CPs and other more elastic polymers
have been shown to address limitations with mechanical
performancel’18, Substrate polymers such as hydrogels or
elastomers!’.1® have been used to ameliorate CP mechanical
properties. CP-hydrogel hybrids (or conductive hydrogels, CHs)
have been shown to be effective in overcoming limitation in CP
mechanical properties while maintaining good electrical
conductivity to ensure appropriate material performance?1819,
However, processing CHs into functional electrode arrays with
appropriate is challenging due to their high
hydrophilicity that can enable ionic ingress. In this study, CPs are
combined with elastomers to create conductive elastomers (CE)
with the aim of obtaining a composite able to maintain the
electrical performance of CPs while enabling processing into full
electrode arrays using conventional fabrication methods.
Additionally, the mechanical elasticity of these materials can
address the challenges of brittle fracture in CPs. An additional
benefit of CE composites is their capacity to function as a shield
for electromagnetic interference (EMI)2%21, This property,
imparted by the CP component, is expected to enable implant
devices such as neuroprosthetics and cardiac pacemakers
fabricated from CEs to be compatible with magnetic resonance
imaging (MRI)2%21, Composites such as those described above
may be a critical enabling technology for the next generation of
bioelectronic devices.

Several approaches have been investigated to produce CEs,
using either polyurethane (PU)22-3! or polydimethylsiloxane
(PDMS)32-34 as elastomer matrices. PU and PDMS are typical
substrates used for these studies as they impart both flexibility
and elasticity to CPs. They have also both been used as
components of implantable devices,

insulation

demonstrating good
compatibility with many types of tissues35-37. Incorporation of
CPs within elastomer matrices has been reported as a
straightforward method to produce CEs suitable for
applications in tissue engineering?42529 and pressure or strain
sensor applications2223, Most of these studies produced
materials that exhibited a conductivity on the order of
10 S.cm1, a level that is insufficient for use as an implantable
electrode array material. Seyedin et al.23 have shown that wet
spinning can produce PU/PEDOT:polystyrene sulfonate (PSS)
fibers with strain-sensing capabilities. These CE composites
were reported to have a much higher conductivity of 25 S.cm!
at a 25 wt% PEDOT:PSS loading. Additionally, Sasaki et al.2>
produced a 40 wt% PU:PEDOT composite film that was
hydrogel, with layers integrated by
electrochemical growth of additional PEDOT at the interface

laminated onto a

between the two materials. At a strain of 100%, the resulting
hybrid presented with a large conductivity of 120 S.cm,
however, the resulting structure was not used to create a
functional electrode array and brittle fracture of the PEDOT
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components was reported. Electropolymerization of a CP within
an elastomer has also been utilized for fabrication of CEs.32
Cakmak et al.32 has studied the synthesis of flexible PDMS/PPy
resulting in conductivities of 3.5 and 5.8 S.cm-! for a CP loading
of 88 and 92 wt%, respectively. Mechanical characterization of
the composites revealed a Young’s modulus in the GPa range
while the strain to failure was 8.27% for the highest PDMS
content, therefore limiting use of this hybrid in soft and flexible
bioelectronics. Finally, chemical polymerization of CPs within
elastomers2%:33 can be used to create CEs. Broda et al.26 used in
situ chemical polymerization of PPy in a PU emulsion, however
the conductivity was quite low (2.3 x 1076 S.cm™) at a PPy:PU
weight ratio of 20 wt% dry basis. Higher conductivity values
were produced using more complex methods34, including
design of block copolymers of modified PDMS and PPy to
produce materials with a substantial conductivity of
4000 S.cm-L. 34 However, no characterization of the mechanical
properties of these block copolymers was made so it is not
known if they are suitable for use in flexible bioelectronics.
While this latter method would meet the conductivity and
charge delivery requirements for wuse in stimulating
bioelectronics, the complex chemistry is time and resource
intensive. This limits the application of this sort of CE material
for device manufacture. In summary, existing CE technologies
have been limited by their low conductivity or by complicated
fabrication methods that limit their application to implantable
bioelectronics. In this study, the focus was on developing a CE
using simple and scalable methods to produce a material that
can be used electrode array fabrication
processes.

This study focused on the fabrication of novel organic
flexible electrode arrays using a CE fabricated from PU and pre-
formed, chemically synthesised PEDOT:PSS. Bulk CEs were
fabricated by dispersing PEDOT:PSS into a PU solution at
different loadings (5 wt%, 10 wt%, 15 wt%, 20 wt% and 25 wt%).
Characterization of the composite material was performed,
properties,
electrochemical stability, electroactivity, mechanical behaviour
and biological performance. The CE sheets were then fabricated
into a flexible electrode array using laser micromachining, a

in conventional

including the assessment of physico-chemical

technique commonly used for fabrication of planar electrode
arrays based on platinum. The CE sheets were used to create
the active sites, tracks and contact pads and were insulated
using neat elastomer with no conductive components. The
properties, including charge
characteristics, of the flexible arrays were assessed.

electrochemical transfer

2. Experimental
Materials

Unless stated otherwise, all reagents and materials were
purchased from Sigma Aldrich. Thermoplastic PU elastomer
pellets (Pellethane 2363-80AE Polyurethane Elastomer, Ether
Based) was purchased from Velox GmbH.
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Fabrication of conductive elastomers

PU films were solvent cast from dimethylacetamide (DMAC)
solutions containing 5 wt% (w/v) PU. PU was dissolved in DMAC
at 60°C for 24 hours prior to the addition of 0.16 wt% (w/v) of
lithium perchlorate (LiClO4). PEDOT:PSS was dispersed in the PU
solution at loadings of 5 to 25 wt% (in 5 wt% increments) by
stirring for 3 days at 60°C. PU-PEDOT:PSS solutions were cast
onto glass plates in a vacuum oven (BINDER GmbH) at an initial
isotherm of 60°C for 30 hours and prior to a 6 hour isotherm at
80°C to ensure complete removal of DMAC.

Characterization of material properties

Physico-chemical properties. Surface morphologies of CEs were
investigated using scanning electron microscopy (SEM) (JEOL
JSM-6400). SEM investigations were conducted using secondary
electron detectors operating at a 20kV acceleration voltage
under high vacuum. SEM images were taken at magnification of
400x. Energy dispersive x-ray spectroscopy (EDS) (Oxford
Instruments INCA) was used to map the chemical composition
of CE surfaces, using an electron penetration depth of 7.45 um?38
for a sheet thickness of 170.00 < t < 208.00 um. EDS
measurements were performed both at the top of the
composite and on a cross sectional cut through the film. There
were no significant differences found between samples using
both methods (cross sectional data not shown). Presence of
PEDOT:PSS was assessed by the sulfur content while PU was
assessed using nitrogen. A molecular force probe-3D atomic
force microscopy (MFP-3D AFM) (Asylum Research, Santa
Barbara, CA) was used to acquire topographic images of CE
films. Each composite was measured at three different
locations. Scan sizes of 10x10 um?2 were captured at a scan rate
of 0.5 Hz. Height maps were flattened and average roughness
(Ra) was derived from these processed images using Igor Pro
MFP-3D software (Asylum Research, Santa Barbara, CA).

Electrochemical properties. Electrochemical characterization of
CE films was comprised of electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and conductivity
measurements. EIS and CV were conducted under ambient
atmospheric conditions employing a conventional three
electrode cell, equipped with a platinum (Pt) counter electrode
and an isolated Ag/AgCl reference electrode. Phosphate-
buffered saline (PBS) was used as the electrolyte. EIS was
investigated by application of sinusoidal voltage between the
working and reference electrodes across the frequency range of
0.1 Hz — 10 kHz. CV was evaluated by sweeping the voltage
between -0.6V to 0.8V at a 0.15 V.s'! scan rate and the current
response was measured. Eleven cycles were performed, and the
last cycle was kept for subsequent analysis. The charge storage
capacity (CSC) was computed by integration of the current
response with respect to time over the defined potential range.
All the measurements were accomplished with an AUTOLAB
potentiostat-galvanostat (Multi Autolab/M101, Eco Chemie,
Netherlands) and the corresponding software Nova 2.0 enabled
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to control the parameters of EIS/CV and to record the output.
Conductivity was assessed by using a two probe set-up. A CE
rectangular strip was clamped at each end (using metallic
holders) and connected to a potentiostat. The resistance was
measured by the two methods EIS and CV. Impedance output
from EIS was extracted at 1 kHz while the slope of the resulting
CV measurement was computed to derive the resistance.
Knowing the geometry of the measured sample, the
conductivity (o) was obtained from the derived resistance
values using the following formula (1):

c=L/(RxA) (1)

wherein L = length, R = computed resistance, A = cross-sectional
area of the sample. Results are reported as means over three
samples per batch and averaged over three batches.

Mechanical behaviour. Mechanical behaviour was examined by
tensile testing with a Bose electroforce 3200 (BOSE, USA).
Polymer strips of 2.3 x 1 x t cm3 (t < 240 um) were cut from bulk
samples and clamped to the grips to avoid slippage of the
samples. Tensile tests were conducted with a crosshead speed
of 0.5 mm.s and using a 225-N load cell. The first part of the
experiment included a pre-loading of 3 N of each sample,
followed by three repetitive loading-unloading cycles of 5%
strain. A linear regression was performed on the two last cycles
and the obtained slope was used to derive the Young’s modulus.
Polymer strips were also tested under strain to failure
conditions. Analysis of the load-elongation output allowed for
evaluation of the stress-strain characteristics, as well as the
ultimate tensile strength (UTS) and elongation at fracture.

Cell culture. ReNcell VM human neural precursor (ReN) cells
were purchased from Millipore, UK and cultured in ReNcell TM
NSC maintenance medium (Millipore, UK) containing 20 ng.ml*
of Epidermal Growth Factor (EGF) (Millipore, UK) and 20 ng.ml-
1 of Basic Fibroblast Growth Factor (FGF-2) (Millipore, UK). The
maintenance cell culture media was changed every three days
until the cells were confluent. For neuronal/glial differentiation,
the cells were cultured in the absence of growth factors EGF and
FGF-2, and media was changed every two days. To control the
surface area of culture, the pure PU and the CEs were placed in
customized silicone Ace O-rings with wall dimension of 1.78 mm
and I.D of 10.80 mm and were sealed around the borders of the
surface area with silicone elastomer (Sylgard 184). The
materials were placed in six well culture plates and autoclaved
for two hours, and subsequently washed repeatedly with
Hank’s balanced salt solution (HBSS) and incubated overnight at
37°C, 5% CO2 for neural cell culture. Prior to plating, samples
and control were coated with Laminin (Sigma, UK). A quantity
of 20 000 cells.cm~2 was plated on each sample, and then 500
uL of the differentiation medium was added to each well and
changed with fresh media every two days for a period of seven
days.

Immunofluorescent Indirect

immunofluorescent

labelling. double-
labelling was performed to Vvisualize
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neurons and astrocyte cell populations as described by Vallejo-
Giraldo et al.3° Briefly, ReN cells on experimental and control
samples were fixed with 4% paraformaldehyde and 1% of
sucrose for twenty minutes at room temperature at the
experimental end point. Once fixed, the samples were washed
with PBS and permeabilized with buffered 0.5% Triton X-100
within a buffered isotonic solution (10.3 g sucrose, 0.292 g NaCl,
0.06 g MgCl;, 0.476 g HEPES buffer, 0.5 ml Triton X-100, in 100
ml water, pH 7.2) at 4°C for five minutes. Non-specific binding
sites were blocked with 1% bovine serum albumin (BSA) in PBS
at 37°C for 30 minutes and subsequently incubated for two
hours with a 1:200 concentration anti-glial fibrillary acidic
protein (GFAP) antibody produced in mouse (Sigma, 1:200) and
1:500 concentration anti-B-Tubulin Il antibody produced in
rabbit (Sigma, 1:500). Samples were washed three times with
0.05% Tween 20/PBS and then incubated for one hour in the
secondary antibody Alexa Fluor® 488 goat anti-Mouse 1gG / IgA
/ 18M (H+L) (Molecular probes 1:500) combined with the
secondary antibody Alexa Fluor® 594 goat anti-Rabbit 1gG (H+L)
(Molecular probes, 1:500). Samples were washed with PBS (five
minutes x3) and mounted on microscope cover slides and
counterstained with slowfadeR gold antifade reagent with DAPI
for nuclear staining.

Microscopy and Image Analysis. After immunostaining,
samples were viewed with a Leica SP8 Inverted Confocal
Microscope at a fixed scan size of 1024 by 1024 at a ratio 1:1.
Cell analysis was performed as described by Vallejo-Giraldo et
al.3% At least twenty images at 63x magnification were taken at
random from each experimental group and control. Cell density
was analyzed by counting the total number of labelled nuclei
corresponding to neurons and astrocytes in an area of 309.78
um x 309.78 um. Neurite length was quantified by analyzing
nine random fields of view of three different technical replicas
using established stereological methods*?. The formula used
was:

Neurite length =N X T X ©/2 2)

where n is the number of times neurites intersect grid lines and
T = distance between gridlines (taking magnification into
account) as described by Vallejo-Giraldo et al.3°?

Statistical Analysis for Cell Studies. All data presented within was
confirmed using at least three replicates for each of the test
groups and control group. The results are expressed as the
mean of the values + standard error of the mean, unless
otherwise stated. One way ANOVA followed by a Bonferroni
test were performed to determine the statistical significance
(p<0.05), unless otherwise stated.

Fabrication of conductive elastomer arrays

Electrode arrays were fabricated using a protocol previously
reported for Pt based implant arrays#-43, but modified to replace
the Pt foil with a CE sheet. Both 10 wt% and 15 wt% PEDOT:PSS in
PU were assessed. The insulative material used was poly(dimethyl
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siloxane) (PDMS) (MED-1000, NusSil, Carpinteria, CA, USA) mixed in a
one-to-one ratio with hydrocarbon solvent (n-heptane, Ajax
Chemicals Ltd, Sydney, NSW, Australia). The laser electrode
fabrication technique employed has been described by Dodds et al.
44, Briefly, a standard microscope slide was covered with adhesive
silicone tape (No. 4124, Tesa® AG, Germany) as a release layer. Then
a base layer of n-heptane diluted PDMS (1:1 ratio) was spin coated,
as a support substrate. A thickness of 60 um was achieved using 2000
rpm for 90 s at room temperature (21°C). The layer was cured at 60°C
for 15 min. The CE sheet was applied to the slide and the electrode
array configuration was patterned onto the CE using a numerically
controlled laser (Nd:YAG, Firescan DPL Genesis Marker, CAB GmbH,
Karlsruhe, Germany). Waste materials were removed manually and
a second layer of PDMS/n-heptane was applied using identical
process parameters to fully insulate the CE array. Finally, the contacts
pads and electrodes were opened by a two-step process of first laser
crystallising (Excimer Laser, Atlex 300 SI, Germany) and then ablating
the overlying PDMS.

In vitro charge transfer characteristics

The potential transient response was measured in a three-

AFM

SEM

Fig. 1 AFM (left) and SEM (right) images of CE surface. 3D AFM maps of (a) pure PU, CEs
at a loading of (c) 5 wt%, (e) 10 wt%, (g) 15 wt% and (i) 20 wt%. SEM images at 300x
magnification of (b) pure PU, and CEs at a loading of (d) 5 wt%, (f) 10 wt%, (h) 15 wt%
and (j) 20 wt%.
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electrode system with an isolated Ag/AgCl reference electrode,
low impedance Pt counter electrode and the test electrode
immersed in PBS. Current controlled biphasic waveforms were
applied to determine the charge injection limit. The maximum
negative potential excursion (En) in the voltage transient is used
to determine this limit. This metric has been previously
described by Cogan et al*>. Er, was calculated by subtracting the
access voltage (V.), associated with the ohmic resistance of the
system. En was measured to include the interpulse potential
(IPP) following the delivery of the first phase of the stimulus. An
interpulse delay of 0.02 ms was applied to increase the accuracy
of the measurement. The electrochemical charge injection limit
(CIL) was defined as the quantity of the charge that polarizes the
electrode interface to the potential for water reduction (Em = -
0.6 V vs Ag/AgCl). The pulses were applied cathodic first, as is
common practice for implant stimulations. The phase length
was set at 0.2 ms and the current was increased to obtain the
limit. Sample biphasic waveforms below the electrochemical CIL
were obtained at 200 pA amplitude and 200 ps phase length to
better understand the charge transfer mechanisms within the
array.

Statistical analysis

Data were analysed using Matlab software (The Mathworks
Inc., USA) and Excel (Microsoft, USA) and was reported as the
mean + standard deviation (SD). One way or two-way ANOVA
was applied as indicated, followed by Tukey post hoc tests for
multiple comparisons. Statistical significance was considered
when p < 0.05.

3. Results and discussion

CEs were fabricated with varying PEDOT:PSS content with 5
wt%, 10 wt%, 15 wt%, 20 wt% and 25 wt% loadings. CEs
appeared as dark-blue sheets, becoming more opaque and
darker as the PEDOT:PSS loadings increased. CE composites
with 25 wt% PEDOT:PSS loadings were excluded from some
tests after electrochemical analysis revealed no benefit in
electrochemical properties when exceeding 20 wt% PEDOT:PSS
content. While the volume used to cast the CE was constant
across all formulations, the thickness of the CE sheets ranged
from 170.00+14.81 pum to 209.33+13.38 pum (Table 1). It was
noted that the thickness increased in line with higher PEDOT
loading.

CE bulk properties

Fig. 1 displays the surface-based physico-chemical
characterization of the CEs as assessed by SEM-EDS and AFM.
Increased loadings of PEDOT:PSS saw the evolution of rough
surface topographies compared to the more flattened surface

exhibited by the pure PU (Fig. 1). This was supported by the
computation of the average roughness from AFM results. Table
1 exhibits the increase in R, observed in CEs as the content of

This journal is © The Royal Society of Chemistry 20xx

PEDOT:PSS embedded in the PU matrix increased, ranging from
4.59 + 1.17 nm for pure PU to 52.29 + 21.34 nm for 20 wt%
PEDOT:PSS/PU composite. The morphological changes
suggested by R, analysis were also observed, as seen in Fig. 1.

The SEM micrographs of CEs exhibited entangled rod-shaped
structures in the surface. At the lowest PEDOT:PSS content, a
random organization can be noticed compared to the flatness
of the pure PU profile. The gradual increase in PEDOT:PSS in the
CEs showed an evolution towards a more connected
organization. SEM-EDS chemical highlights the
uniformity of dispersion obtained when combing these two

analysis

polymers, as shown on Fig. 2. EDS elemental analysis of sulfur
and nitrogen both showed a homogeneous distribution for all
PEDOT:PSS/PU composites at lower PEDOT loadings (< 15 wt%).
Overlay of the elemental nitrogen and sulfur maps onto the
corresponding SEM pictures implied a uniform distribution of
sulfur among the nitrogen atoms, suggesting that generally
well-dispersed polymer composites were obtained. At higher
loadings (15 wt% and 20 wt%), rod-shaped areas of high sulfur
content were observed, indicating aggregation of PEDOT:PSS
into fibres. Future studies will include thermogravimetric
analysis (TGA) of the material to look more thoroughly into
component analysis and explore other processing routes.

Table 1 Thickness and AFM surface average roughness (R,) of pure PU and CEs at a
loading of 5 wt%, 10 wt%, 15 wt%, 20 wt% and 25 wt%. Results are reported as mean +
SD (n=3)

Samples Thickness [um] Ra [nm]

Pure PU 189.33 £13.20 459 +1.17
5 wt% CE 170.00 + 14.81 18.15 £8.91
10 wt% CE 176.67 +12.32 33.60 +14.61
15 wt% CE 197.33+14.61 35.10 +27.65
20 wt% CE 208.00 + 11.72 52.29 +21.34
25 wt% CE 209.33 £13.38 -

Electrical performance of CE was investigated by EIS, CV and
conductivity measurements. Bode plots of the impedance
magnitude and phase angle of the PEDOT:PSS/PU composites
are depicted in Fig. 3A and 3B respectively. The impedance
magnitude was found to decrease with increasing PEDOT:PSS
content over the 1 - 10 kHz frequency range. A significant
decline of impedance and increase in conductivity was noticed
between the 5 wt% and 10 wt% PEDOT:PSS/PU composites,
suggesting that some percolation threshold was crossed
between these two loadings. No reduction in impedance was
observed as PEDOT loading was increased from 20 wt% to 25
wt%, suggesting a saturated PEDOT:PSS network. At low
frequency, CEs with a PEDOT:PSS content above 10 wt%
displayed a significant reduction in impedance magnitude of
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Nitrogen EDS map

Pure PU

5wt% CE

10wt% CE

15wt% CE

20wt% CE

S [%]: 2.53 : )

8 [%]: 3.86

Sulfur EDS map

Overlay

Fig. 2 SEM-EDS analysis of pure PU and PEDOT:PSS/PU composites. Each block displays the EDS elemental mapping of Nitrogen and Sulfur with the corresponding relative mass
components of PU and PEDOT respectively. The third column shows the SEM topography, demonstrating the relationship between topography and distribution of PEDOT:PSS in CE

composites as a function of PEDOT:PSS loading.

more than one order of magnitude compared to platinum. All
CE composites had impedance magnitudes above platinum at
1kHz, the characteristic biological frequency (see Table 2) and
above 1kHz. The phase angle of all CE composites indicates they
preferentially transfer charge using faradaic mechanisms.

Table 2 Impedance at 1kHz of Pt and CEs at a loafing of 5 wt% , 10 wt%, 15 wt%, 20 wt%
and 25 wt%. Results are reported as mean = SD (N = 3)

Samples Impedance at 1kHz [Ohm.cm?]
Pt 7.51+1.63
5 wt% CE 143.32+42.14
10 wt% CE 31.70 £ 5.46
15 wt% CE 19.97 £ 3.52
20 wt% CE 14.80 + 3.85
25 wt% CE 13.59+4.30
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The cyclic voltammograms of the CE at different PEDOT:PSS
contents are displayed in Fig. 3C. The trapezoid shape of CV
exhibited by each kind of CEs showed evidences of both
capacitive and resistive charge transfer, highlighting the
pseudo-capacitive behaviour of the CEs. Regarding the impact
of CP loading, larger histograms were observed with increasing
PEDOT:PSS loadings. This trend was quantified by CSC
computation, as shown in Figure 3D. It was observed that
incorporation of an increasing amount of PEDOT:PSS into PU led
to a linear gain in the CSC, with for example, CSCs of 63.99 +
4.47 and 94.59 + 9.02 mA.cm2 for 10 wt% and 15 wt% CE,
respectively. It should also be noted that 5wt% and 25 wt%
PEDOT:PSS/PU composites exhibited CSC values one and two
orders of magnitude larger that of Pt, respectively. One way
ANOVA suggested significant differences between CE’s of
different loadings (p = 6.0694e-6). Tukey’s post hoc test
revealed that there was no statistical significant difference in
CSC between the 20 wt% and 25 wt% PEDOT:PSS/PU
composites (p= 0.2441). These findings confirm that CEs
demonstrate a significant benefit electrochemical
performance over conventional Pt electrodes. Improvement of
electrochemical characteristics could be explained by the rough

in
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post hoc test was run. * Significant difference at p < 0.05.

surface of CEs as observed previously in the AFM analysis. This
roughness could increase the interfacial surface area available
for charge transfer, which results in lower impedance and
higher capacitance, thereby enhancing the electrochemical
performance. This may also be a result of the mixed charge
transfer mechanisms exhibited by PEDOT-based materials as
described above. Fig. 4 shows the conductivity versus
PEDOT:PSS loadings obtained by two different methods, EIS at
1kHz and CV. The electrical conductivity increased linearly with
additional incorporation of CP, suggesting the formation of a
conductive network of PEDOT:PSS within the PU elastomer.
Additional conducting paths are created by the further
integration of PEDOT:PSS, resulting in enhanced electrical
performance. Conductivity investigated with EIS at 1kHz
resulted in a range from 0.25 + 0.07 S.cm at the lowest loading
to 6.59 * 0.62 S.cm, achieved at 20 wt%. Regarding the CV
results, the lowest conductivity was 0.31 + 0.07 S.cm-1, which
occurred at 5 wt% while the highest conductivity was 7.13 +
0.44 S.cm! for a PEDOT:PSS ratio of 20 wt%. This could imply
that there is no benefit in increasing the PEDOT:PSS content
from 20 wt% to 25 wt%, phenomena already evidenced in the
impedance and CSC analysis. Statistical analysis showed that the
results differed between the two methods of determining
conductivity for each type of CE and between each loading
(two-way ANOVA, p =0 and p = 0.041 respectively). Overall CEs

This journal is © The Royal Society of Chemistry 20xx

possess a conductivity falling in the range of the semi-
conductors!’. Some research groups2327 have obtained higher
conductivities for similar composite materials. For example
Seyedin et al.23 produced PU/PEDOT:PSS fiber at a loading of 25
wt% achieving a conductivity of 25 S.cm-1. However the 25 wt%
PEDOT:PSS composite fibers exhibited a 30-fold increase in the
Young’s modulus’ magnitude compared to pure PU, while only

8 MEIS at 1kHz — —
— lcv T .
£
a°| .
& ]
Sat
g
2 —~
821 '

Ll

e

S5wit% 10wt% 15wt% 20wt% 25wt%

Fig. 4 Conductivity of PEDOT:PSS/PU composites with varying PEDOT:PSS loadings
measured in a dry cell with two different methods: EIS at 1kHz (left) and CV (right). Data
represent the meant standard deviation (n = 3). For all loadings across both methods,
the differences in conductivities were statistically significant (two way ANOVA, p =
0.041). * Significant difference at p < 0.05.
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a 10-fold reinforcement in elastic modulus was obtained in this
work for the same CP content increase (see Section Mechanical
Behaviour). However, literature also reports lower conductivity
values when mixing PU with other CPs 17.243031 For example,
thermoplastic PU/polythiophene derivative (40:60) blends have
been produced to form nanomembranes with conductivities
ranging from 2.23 x 10 to 5.19 x 106 S.cm! 24.Conductive AFM
analysis revealed anirregular dispersion of CPs chains within the
PU insulative network, affecting the electrical performance of
the composites. Several studies demonstrated conductivities
below 104 S.cm-?, where the maximum CP loadings reached was
inferior to 12 wt%3%31, Another possible factor in the
conductivity of CE composites is the excess PSS present in
dispersible PEDOT:PSS. The presence of excess PSS has been
demonstrated to restrict the conductivity of PEDOT:PSS cast
films, an effect which can be reversed by solvent washes
designed to remove excess PSS 46, The solvent-based processing
used within this study may have facilitated the re-arrangement
of excess PSS and possible dopant exchange with the LiClO4 ions
used to aid the dissolution of PU. Both of these processes may
contribute to the relatively high level of conductivity observed
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Journal Name

in the PEDOT:PSS/PU composites.
Mechanical behaviour of the CEs evaluated by tensile tests was
greatly affected by incorporation of PEDOT:PSS within PU (Fig.
5). Representative stress-strain curves of pure PU and CE
composites are displayed in Fig. 5A. Pure PU possesses a non-
linear visco-elastic behaviour, coming from its characteristic
structure composed of soft and hard segments domains,
whereby the soft segments impart elastic properties while the
hard segments provide the physical crosslinks*’. A significant
loss of elastomeric properties proportional to the PEDOT:PSS
weight ratio was observed. As a larger amount of PEDOT:PSS
was incorporated into PU, the slope of the initial stiff region
tended to increase while the following compliant behaviour
became shorter, resulting in an earlier fracture compared to
pure PU. Indeed as depicted in Fig. 5B, a substantial elongation
at failure of 346 % was reached for 5 wt% PEDOT:PSS/PU
composites, which subsequently linearly decreased as more CP
was added, to obtain a 25 wt% CE capable of 134% extension at
failure. Even though this 3-fold decline in extension is
significant, achieving outstanding elongation at failure is not
necessary for biomedical applications, as the maximum strain at

C

100
—Fitted curve
80
60
40+

201

Youngs modulus [MPa]

- =] ]

Ultimate tensile stress [MPa]
(=] n

Pure PU 5wt%

10wt%

15wit% 20wt% 25wt%

Fig. 5 Mechanical properties of PEDOT:PSS/PU composites at different PEDOT:PSS loadings. A) Representative tensile stress-strain curves B) Elongation at failure C) Young’s modulus

and D) Ultimate tensile strength. One way ANOVA revealed that there were no statistically significant differences between UTS group means. Data represent the mean + standard

deviation (n = 3). * Significant difference at p < 0.05.
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fracture experienced in the brain is around 20%48. Therefore,
the obtained elongations at failure are sufficient for biomaterial
applications. Furthermore, at a strain of 20% the CE composites
are still operating within their elastic region. The Young’s
modulus was exponentially increased from 9.85 + 1.33 MPa, a
value close to pure PU (7.57 £ 0.58 MPa), to 77.88 + 11.30 MPa
when increasing the loading from 5 wt% to 25 wt% (Fig. 5C). A
study from Seyedin et al.23 has showed a similar behaviour for
the Young’s modulus and the elongation at failure. However
Seyedin et al.23 reported lesser impact on mechanical properties
at low PEDOT:PSS loadings (i.e. lower Young’s modulus and
higher elongation until fracture), but this tendency reversed at
higher PEDOT:PSS amounts (i.e. 20 wt% and 25 wt%), where the
Young’s modulus is in excess of 100 MPa and strain to failure
fell below 100%. Broda et al.?6 also obtained an increasing
material stiffness as the mass ratio of CP to PU increased. The
microscopic mechanisms underlying this elastic modulus
enhancement might be explained by the hydrodynamic strain
amplification effect, where the addition of relatively more rigid
fillers (i.e. PEDOT:PSS) to a soft elastomer matrix leads to local
strain amplification**=>1. Therefore, the resulting composite
possesses a combination of the mechanical properties of the
rigid filler and elastomer in a CP/PU ratio-dependant fashion.
Furthermore, mechanical, physical and chemical interactions
between the conductive fillers and PU may also have an effect
on this reinforcement>!. Regarding the tensile strength, Figure
5D shows that the UTS values did not display a pattern
dependent on the ratio of PEDOT:PSS/PU, as observed for the
ther mechanical parameters. The UTS exhibited steady values
around 7-8 MPa for all the loadings, which isin line with the UTS
of pure PU. One way ANOVA revealed that the results were
found to not statistically differ between each CE and pure PU.
These findings differ from reports in the literature, as Seyedin
et al.22 demonstrated a rapid decrease in UTS with increasing
PEDOT:PSS fibre loadings in PEDOT:PSS/PU composite. This
degradation in tensile strength was attributed to the system’s
structural heterogeneity as well as to the presence of
PEDQT:PSS particles within the elastomer network, which could
disrupt the soft segments domains interactions, responsible for
the elastomeric properties of the PU#7. Interestingly, Broda et
al.26 reported a stable UTS among PU/CPs composites produced
by in situ polymerization of PPy within a PU emulsion, at lower
UTS than pure PU, which is not the case in this work. The
observed uniform decrease in UTS was attributed to the
biphasic nature of the two-component composites. The
introduction of particle fillers resulted in weak bonding
between the PPy and PU components, resulting in
discontinuities which impair the mechanical integrity of the
composite. Another important feature of these CEs is the effect
of an applied strain onto their electrical characteristics. Several
studies showed that mechanical stretching of PU-CPs
composites resulted in changes in conductivity, revealing a
piezoresisitve behaviour?3.2527_ Future studies will explore more
thoroughly this effect and the corresponding underlying
mechanism by electromechanical tensile testing. Such analysis

This journal is © The Royal Society of Chemistry 20xx

could give insight into the conductive network morphology and
the interaction between PEDOT:PSS and the elastomer matrix.

Biological response

Fig. 6A shows representative micrographs of neuron and
astrocyte cell populations cultured on pure PU and the CEs using
ReNcell VM human neural precursor (ReN) cells over a period of
seven days in culture. CE composites of 10 and 15 wt% were
identified as the ideal trade-off between mechanical and
electrical properties (large increases in conductivity with only
minimal increase in Young’s modulus) for fabrication of flexible
electrode arrays (see below) and consequently these two
composites plus neat PU were chosen for biological assessment.
Fig. 6B reveals the neuron cell percentage present in the mixed
culture on pure PU and CE composites with no statistical
differences among composites but revealing a significance
difference between the PU control and the CE composites. The
pure PU control showed a neural cell population of 33%,
compared to 52% and 53% for the 10 wt% and 15 wt% CEs
respectively, indicating greater on CE
composites. Figure 6C details the neurite outgrowth of the ReN
neural cultures. The average neurite length was shown to
significantly decrease from 298.4 + 16.9 um on pure PU to 139.2
+ 11.7 pum for 10 wt% CEs, followed by a further significant
decrease for 15 wt% CEs with neural length of 45.2 + 1.5 um. It
is interesting to note that neural survival did notably increase
with the increase in nano-roughness associated with higher
PEDOT:PSS loadings, while at the same time neurite outgrowth
decreased due to the associated increase in Young’s modulus.

Cell-substrate interactions are typically governed by complex
mechanisms occurring at the nanoscale level?, furthermore the
role of astrocytes in providing a mechanical substrate for the
growth of neural cells is well established. 33755 Favourable
roughness for culture of neurons is approximately 32 — 36nm,
which helps facilitate adsorption of key serum proteins such as
fibronectin and laminin which in turn promote neural
adhesion.>%57 Table 1 shows that both of the CEs evaluated for
their biological response, 10 wt% CE and 15 wt% possess
roughness values similar to those of the reported favourable
range explaining the increase in neural cell population observed
for CE composites compared to neat PU. Furthermore, the
particular elongation or retraction of the neurites observed on
the CEs and control may correspond to the stiffness effect on
neurite extension®8-61, The neurite outgrowth observed on each
of these groups highlights the importance of threshold stiffness
and the ability of neurons to sense these alterations by changing
their neurite outgrowth and elongation52-65, Our data suggests
that an optimal stiffness range of 8MPa to 17MPa promotes
neurite elongation. Of further interest is the observation that
the 10 wt% CE shows an interesting promotion of both neuron
presence and neurite outgrowth, suggesting that neurons in the
presence of an underlying glia network may benefit from a
morphological or structural material-composite effect. In turn,

neuronal survival
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Fig. 6 Cytocompatibility of conductive elastomers A) Fluorescent images of ReNcell VM human neural precursor (ReN) cells grown on each of the experimental and control groups
for seven days in culture. Neurons are visualized by anti B-tubulin IlI, in red, astrocyte cells by anti-GFAP, in green and nuclei are visualized by DAPI, in blue. Bar = 23.07 um. Cell
density (%) analysis of neuron presence on each of the experimental and control group is presented in B). An overall similar neuron coverage was observed on the conductive
elastomers and a significant low neuronal survival was observed on control pure PU. Neural length analysis of the experimental and control group is presented in C) showed with
significant (p < 0.05) longer neurite lengths the neurons grown on pure PU, followed by the 10 wt % CE composites. * Significant difference at p < 0.05

one might compare the neurite outgrowth response of the 10
wt% CE with the enhanced neurite extension seen on
conventional rigid Pt electrodes in vitro%, but with the real
benefits of a fully polymeric material with mechanical flexibility
for stretchable electronics. Additionally, while other studies
developed PU-CPs composites with elastomeric properties and
higher conductivities?3>?7, they have not investigated the
biological response of the material or application specific
performance, which is of critical importance for implantable
device applications. Overall, the obtained in vitro results within
this study support that the CE sheets are cytocompatible,
demonstrating their potential for use in implantable devices
with further investigation. Future work will explore more in
depth the biological response. While the cytocompatibility of
the CE materials has been demonstrated here, it should be
noted that in most applications such as the flexible array
described below the majority of the neural tissue will be in
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contact with insulating elastomer such as PDMS which has long
history of safe use in such applications.

Fabrication and characterisation of a CE electrode array

The 10 wt% and 15 wt% PEDOT:PSS CEs were fabricated into
nine-electrode planar arrays using laser micromachining, as
shown in Fig. 7 A - C. The delivery of biphasic stimulation was
observed and the CIL for 0.2 ms phase width stimuli were
captured (Fig. 8). The array fabricated from the 10 wt%
PEDOT:PSS in PU had a significantly higher end of phase voltage
(cathodic phase) than the array fabricated from the 15 wt%
PEDOT:PSS in PU. The increased voltage in the biphasic
transient is clearly a result of the increased access voltage, Vs. It
is expected that this property is a function of the track length
where the resistance of the CE system is strongly affected by
loading. It is notable therefore that the voltage transient for the
15 wt% formulation was of similar amplitude in the charge

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 CE array fabricated from 15 wt% PEDOT:PSS in PU for A. electrode sites, tracks and
bond pads, embedded in PDMS matrices. B. shows opened electrode sites following laser
ablation across array, and C. magnified image of single electrode site. Exposed area of
electrode sites in all images is 900 um in diameter.

injection phase to the Pt control electrodes. The square shape
of the CE biphasic waveform suggests that the charge transfer
has a resistive profile, similar to that of other CP based
electrode modifications®7.¢8, The electrochemical CIL of the
electrodes produced from the 15 wt% PEDOT:PSS in PU were
compared to Pt. The values obtained for the Pt were of the same
scale and magnitude to those reported previously in the
literature*243. It was found that the CIL of the CE was
significantly higher than that of the Pt. This is supported by the
EIS and CV data shown in the material characterisation, where
charge transfer to an electrolyte is substantially higher for the
CE than the Pt (Fig.3). Ultimately, there is a trade-off between
the system conductivity and charge injection properties of the
electrodes.

Balancing these properties has enabled the development of a
CE array with properties that are comparable to a Pt array of the
same geometry. However, this suggests that the CE track length
cannot be further increased in length or decreased in width
without increasing the voltage profile and concurrently the
power required to drive such an array. However, these results
do validate the fabrication and function of a fully polymeric
electrode array. The charge injection limit shows that the use of
the CP component is very effective at transferring charge to the
saline electrolyte. Future work will focus on quantifying the
lifetime performance of such an array under both continuous
stimulation and repeated mechanical strain. Methods to
increase track conductivity while maintaining a fully polymeric
array will also be explored.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 CE array performance, with comparison of voltage transients between the arrays
produced from 10 wt% and 15 wt% PEDOT:PSS in PU and Pt (top); and the
electrochemical CIL of the array fabricated from 15 wt% PEDOT:PSS in PU (n=6) (bottom)

Conclusions

Solvent casting PEDOT:PSS dispersions in PU proved an effective
way of fabricating electrically conductive elastomeric films.
Increasing PEDOT:PSS loading generally acted to improve the
electrochemical properties of CE films at the expense of
mechanical robustness. Increasing PEDOT:PSS loadings resulted
in the evolution of a connected PEDOT:PSS network within the
PU matrix. A critical percolation threshold was found to occur
between 5 - 10 wt%, with higher loadings exhibiting increased
conductivity and charge storage capacity. CE films were found
to have conductivities ranging from 0.25 to 6.6 S.cm-1, placing
them in the semiconductor range of conductivity. CE films were
found to retain their elastomeric properties and UTS, although
increased PEDOT content did result in increased Young’s
modulus and decreased strain at failure. Furthermore, the
nano-rough morphology of the CEs induced a significant
neuronal survival using ReNcell VM human neural precursor cell
compared to pure PU matrix, while important changes in
neurite outgrowth were associated with the mechanical
stiffness of the composites.

The use of CEs allowed for the fabrication of a flexible,
conformal microelectrode array. While charge injection via the
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electrode into an electrolyte is quite efficient when compared
to Pt controls, the delivery of stimulation was impacted by the
reduced DC conductivity of the tracks. CEs with loading of 10
and 15 wt% PEDOT:PSS in PU were considered a suitable trade-
off between electrical and mechanical properties. This
technique involves a simple and straightforward process that is
scalable for device manufacture. The resulting properties of the
arrays emphasize the significant potential of CEs for next-
generation flexible and stretchable electronics.
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