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Abstract

Neural interfacing devices are an artificial mechanism for restoring or supplementing the function
of the nervous system lost as a result of injury or disease. Conducting polymers (CPs) are gaining
significant attention due to their capacity to meet the performance criteria of a number of neuronal
therapies including recording and stimulating neural activity, the regeneration of neural tissue and
the delivery of bioactive molecules for mediating device-tissue interactions. CPs form a flexible
platform technology that enables the development of tailored materials for a range of neuronal
diagnostic and treatment therapies. In this review the application of CPs for neural prostheses and
other neural interfacing devices are discussed, with a specific focus on neural recording, neural
stimulation, neural regeneration, and therapeutic drug delivery.
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1. Introduction

Recording and stimulation of excitable tissue activity has been integral to medical
diagnostics and treatment of disease since the development of the first echocardiogram
(ECG) in 1887 by Augustus D. Waller of St Mary’s Medical School, London.[1] While
initial attempts to record the activity of electroactive tissues within humans required
submersing the patient’s hands and a foot in a bucket of saline, many more refined options
have since been developed. In particular implantable neural interfaces including
neuroprosthetic devices have yielded fine control over both recording from neural cells and
activation of neural bundles [2-8] to replace function, bypass damaged tissue or encourage
regrowth of injured nerves.[9-11] The first commercial electrically active devices such as
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cardiac pacemakers and cochlear implants used metallic electrodes to interface with neural
tissue, a trend that continues into the present day. Most stimulating or recording devices on
the market use platinum or stainless steel electrodes to affect or analyze a neural response.
These devices, which now include vision prostheses, brain-machine interfaces, urinary
pacemakers and neuromuscular interfaces for restoring limb function or driving artificial
limbs, communicate with biological systems through implantable metallic electrodes by
transducing electronic current to and from ionic current.[12] While these materials have
been the standard for best practice for many decades, the performance of devices which use
metals for neural interfacing has reached a plateau. [6, 8]

While metals used for neural interfacing have been selected due to their “inert” material
properties, it is these same characteristics, which prevent adequate interaction with
surrounding tissues, resulting in suboptimal /n7 vivo performance. Metals are more than 4
orders of magnitude stiffer than neural tissue [13] and present an inorganic and largely
unfeatured surface morphology which discourages tissue interaction.[7, 14] The format of
metallic electrode arrays has been modified across several decades in an attempt to produce
more flexible devices that move with tissue and minimize inflammatory reactions.[15, 16]
However, despite some success in producing flexible metallic arrays, the strain mismatch
and lack of compatible focal adhesion sites for cells, continues to incite a foreign body
response, which generates scar tissue (i.e. gliosis) at the neural interface. Ultimately this
prevents the target tissue from contacting the electrodes. Gliosis is characterized by presence
of both reactive astrocytes and activated microglia at the site of implantation that ultimately
creates a non-conductive sheath around the electrode, preventing further electrical
communication between the implanted electrode and neurons (Figure 1).[17-20]
Consequently, signal quality of recordings are reduced and the stimuli required to activate
tissue increases over time.[21, 22] It has been proposed that bionic devices with increased
signal resolution (for example, better sound perception for cochlear implant recipients) can’t
be achieved with conventional metals and hence new materials are a necessity to improve
device performance.[23-25] While a number of metallic modifications have been explored
including iridium based coatings (fractal iridium, iridium oxide and activated iridium oxide)
and titanium nitride coatings, [26, 27] these materials are still relatively stiff and are not as
easily biofunctionalized as polymer based coating technologies. The past decade has
explored a range of more complex materials, which have been designed to improve tissue
interactions and create more effective long-term neural interfaces.

Organic materials, including conductive polymers,[7, 28, 29] carbon nanotubes, [30, 31]
hydrogels including protein based materials and tissue engineered constructs containing
cells,[16] have been popular choices for developing next-generation neural interfaces, with
application not only in stimulating and recording devices but also tissue engineering
approaches for the regeneration of nerves and cardiac tissues. While there is a wide range of
material options for improving neuroprosthetic device and nerve guide performance, a
comprehensive review by Aregueta-Robles et al. [32] details this wider field of technologies.
The more narrow focus of this current review is the class of polymers termed conjugated or
conductive polymers (CPs), which gained eminence in the biomedical field throughout the
1990s, as a result of seminal research conducted by Wallace et al. [33] and Barisci et al. [34]
in biosensors. In the subsequent decade CPs, in particular electropolymerized CPs have
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shown significant promise as medical electrode coatings. These polymers can provide fast
charge transfer while retaining the flexibility in synthesis typical of most polymers, enabling
materials to be tailored with specific mechanical, chemical and biological properties.[35-38]
CPs have been used to coat metallic electrodes and demonstrated superior performance over
metals for delivering charge at the neuroprosthetic interface [3, 7, 14] and higher quality
recordings in diagnostics and monitoring. [39-43] They have also had a significant role in
the development of constructs for neural regeneration, both at bionic device interfaces and
for nerve guidance [9, 44-47]. In all of these applications, the ability for CPs to be modified
with biomolecules has enabled them to also provide drug delivery functionality [41, 47-50].
This review highlights the variety of CPs used in neural interfacing and the benefits, which
can be achieved through control of CP material properties. The different ways in which CPs
and their composites have been applied /n vivo s also discussed with future directions
towards their use beyond research and into clinical applications.

2. Conductive Polymer Approaches

Organic electronics have provided new technologies, which can meet the needs of being
more tissue compatible through proving a softer interface, while improving communication
between tissues and devices.[37, 38] Of particular interest are electropolymerized CPs that
transfer charge by both ionic and electronic mechanisms.[51] A number of composite
materials have been developed which improve control of physico-chemical properties of
electrodeposited CPs, imparting tailored mechanical, electrical and biological performance.
Hydrogels, elastomers and biological polymers such as proteins have been popular choices
in creating CP composites,[13, 23, 49, 50, 52] but challenges remain in developing long-
term neural interfaces.

2.1. Conducting Polymers

Conducting polymers have the alternating single bonds and double bonds (r bonds), which
when fabricated with efficient doping mechanisms create a continuous but unstable pathway
along the polymer backbone.[53, 54] Overlapping carbon orbitals along the polymer
backbone lead to delocalization of electrons and the existence of mobile charge carriers
(dopants) moving along the = bonded carbon atoms result in electrical conductivity of the
CPs (Figure 2A).[55] The doping process is reversible and the doping level controls the
electrical conductivity of CPs over the full range from insulators to metals. CPs can be
synthesized by oxidative chemical or electrochemical polymerization and doped using
negatively charged counter ions during polymerization process to maintain their charge
neutrality (Figure 2B).[56, 57] While chemical polymerization is more cost effective method
for mass production of CPs, the resulting polymer suffers from poor electrical conductivity
because of less control over the doping level.[57, 58] In addition, the use of non-
biocompatible oxidants such as ferric chloride limits their biomedical applications.
Electrochemical polymerization is preferable, especially if a thin layer of polymer with
controlled thickness is required as a coating for conductive metallic electrodes. This process
can be initiated by applying electrical voltage/current via a cathode to the monomer solution
and polymer can be formed on the surface of an anode. The polymers are deposited in an
oxidized and high conductivity state containing negatively charged counter ions (dopants)
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incorporated into the polymer film from the electrolyte solution during the polymerization
process.[57, 58] The electrical conductivity,[58] wettability,[59] color [60] and volume [61,
62] of CPs can be altered by manipulating the electrochemical state of the material through
reduction-oxidation (redox) reactions that vary the doping level of the polymer (Figure 2C).
In addition, the physical and electrical properties of the resultant CP strongly depend on the
electropolymerization conditions including pH of monomer solution, temperature, applied
voltage or current and dopant choice. The main advantage of electrochemical fabrication of
CPs is the control over the thickness and conductivity of the polymer film in a simple one
step process. [57, 58] As a result, this method is by far the most popular for neural
interfacing applications, and despite some recent promising applications of chemically
synthesized CPs (including the commercially available PEDOT:PSS),[63, 64] this review
focuses primarily on electrodeposited CPs.

CPs have been widely used for biomedical applications, [37, 65, 66] in particular, for neural
prosthetics and interfaces [4, 7, 23, 39, 41, 49, 67-76] because: (1) drugs and biomolecules
can be trapped within the polymer backbone or reservoirs, and be precisely released during
re-doping and de-doping process (redox reaction);[49, 68, 77-81] (2) CPs can be
functionalized by addition of proteins to improve biocompatibility and promote specific
cellular responses;[82, 83] (3) CPs have both ionic and electronic conductivities thus
facilitating efficient charge transduction from ions to electrons.[51, 57, 58] Among CPs,
poly(pyrrole) (PPy), poly(aniline) (PANI), polythiophene (PTh) and its derivatives including
poly(3,4-ethylene dioxythiophene) (PEDOT) have been applied to neural interfacing
electrodes. These CP variants have been chosen due to their reported biocompatibility and
excellent electrical conductivity.[41, 84, 85] PANI has high environmental stability and ease
of charge transport properties and has been used for biomedical applications.[86-88]
However, the investigation of PANI for neural interfaces has generated relatively less interest
in comparison to PPy and PEDOT, presumably due to its reported poor cell adhesion and
growth properties.[89] PPy is the most thoroughly investigated CP for neural applications
[73, 90-93] due to the superior solubility of monomer in the water, excellent mechanical
actuation, flexible method of preparation, and cytocompatibility.[66, 94, 95] In contrast,
PEDOT is relatively new [65] but has a high electrical conductivity[60] and outstanding
chemical stability[60, 96] coupled with evidence of /n vivo biocompatibility,[3] which has
led to PEDOT dominating the research field of CPs for neural interfacing over the past 10
years.

There are several dopants which have been commonly explored for biomedical applications,
including poly(styrene sulfonate) (PSS), paratoluene sulfonate (pTS) and a range of
perchlorate ions (ClO4~) While other dopant species have been explored, including the use
of peptides and carbon nanotubes, the sulfonate series have been shown to be the most
robust and biocompatible synthetic dopant species.[14, 97] It has also been shown that
varying the dopant species can have significant impact on CP surface morphology,
electrochemical stability, biocompatibility and mechanical modulus. As a general rule,
smaller dopants, such as pTS, produce rougher and hence more electroactive films, but are
softer than larger dopants, such as the polymeric PSS.[14, 97, 98]
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The choice of dopant and CP monomer are the two critical factors that impact on
performance of these materials /n s/tu. 1t is desirable that the CP has high charge transfer
capacity in an aqueous environment, to function as an electrode. However, rough CPs
fabricated from smaller dopant anions (such as PEDOT/pTS) tend to suffer from friable
mechanics that prevent them from being employed in implantable devices.[14, 97] Smoother
CPs (such as PEDOT/PSS or PPy based films) have improved biocompatibility due to more
cohesive film properties, but suffer from reduced charge transfer capacity and can
delaminate with repeat electrical cycling. Ultimately, a trade-off between mechanical,
electrical and biological properties must be made, with no ideal combination dominating the
field.[97, 98] This tradeoff has driven the development of CP composites, which use
additional polymer systems in an attempt to produce a CP based biomaterial with optimal
mechanical and electrical properties.

2.2. Conductive Composites

While CPs meet most of the critical criteria for neural interfacing materials, their full
potential, measured /n vitro, has not been translated to the /7 vivo environment. There are
two key issues that prevent homogenous CPs from performing well in the biological
environment: (i) their mechanical properties, and (ii) the persistence of scar tissue
encapsulation. Conventional electrodeposited CPs are stiff and friable, with typical elastic
moduli of the order of 1 to 8 GPa [99, 100] and when applied as a coating, material loss has
been shown to exceed 15 % in ASTM tape tests.[13, 49] Additionally, CPs have been
reported to delaminate under electrical stimulation.[3, 67] These mechanical issues have
limited the application of electrodeposited CPs as standalone materials, but have driven the
development of new electroactive hybrid or composite materials with softer, more robust
mechanics. These include blends of CPs and hydrogels,[5, 13, 101-103] CPs and
elastomers,[104] carbon nanotube composites [31, 90, 105] and CP nanotubes with gel-like
cores.[67, 69]

Research conducted by Green et a/. [13] has demonstrated that hybrid or composite
conductive hydrogels allow modulation of CP mechanical properties yielding materials with
an average moduli of 2 MPa while maintaining similar electrical performance as their CP
only counterparts (Figure 3A-F).[13] In similar studies by Kim et al. [5, 106] hydrogel
coatings on microelectrode probes were found to increase the charge storage capacity and
decrease electrode impedance compared to conventional CP coatings. It was proposed that
the electrodeposition of CP within a hydrogel, which can swell in the aqueous environment,
enables charge transfer to occur through a significantly greater surface area, created by the
volume of the CP-hydrogel overlying the electrode. Brittle properties of electrodeposited
CPs are also addressed as these polymer composites exhibit a high degree of matrix
interpenetration, such that the hydrogel effectively encapsulates the friable CP preventing
material loss.[13, 101] This is a particularly important property for neural interfacing, where
particulates can cause a frustrated immune reaction [18, 107], increasing scar tissue and
limiting the efficacy of the device or treatment.

An alternate approach for improving on homogenous CPs is to create composite materials
by modifying the CP fabrication format. Typically, research has focused on coating planar
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electrodes with thin films of CP, but new promising approaches have yielded methods for
creating three-dimensional CP constructs. CP nanotubes were developed by Abidian et al.
[68, 69] by electrodepositing PEDOT on electrospun degradable polymer constructs. These
CP nanotubes have been shown to not only increase electrical performance through
increased surface area, but also enable the actuation of drug delivery through nanofluidic
channels (Figure 3G-S). An alternate approach for producing deformable CPs has been
described by Shenoy et a/. [108] and Wang et al. [109], where polyurethane foams were
impregnated with PPy. These structures not only had improved elasticity and a porous
morphology, but conductivity could be controlled through loading of the CP component.
However, in these studies the materials were designed for use in biosensors and the
maximum material conductivity was in the semi-conductor range (<1 x 1073 S/cm) with
charge transfer rates being well below the range required for medical electrodes.

While it has been shown that the electrical properties of CPs can be preserved when they are
combined with hydrogels,[13, 52, 71, 101, 110] there is still interest in further developing
the mechanical performance of CP based materials. Researchers have been exploring fully
flexible bioelectronics, which do not rely on metallic substrates, and as a result produce
neural interfacing devices without metal tracks or electrodes.[104, 111] Hydrogels soften
CPs and prevent friable material loss, but ultimately they remain relatively brittle materials
which can delaminate and crack, breaking the electrical connection.[111] Sasaki et al. [104]
have further developed the integration of elastomers with CPs in an attempt to develop fully
flexible, elastic electrode arrays. In these studies PEDOT was grown through polyurethane
to produce highly flexible tracks, which retained conductivity during stretching. While the
array produced from this material was able to power a diode, the conductivity was found to
be substantially lower than that of conventional metals.

Another benefit of these complex polymer composites is the significant potential for
supporting active agent binding or release.[68, 71, 112, 113] Where CPs can be
functionalized through incorporation of proteins or peptides as dopants or inclusions,[41,
47-50, 114] the bioactivity is limited due to the small available volume for these molecules
within the dense and constricted CP matrix. Hydrogels, elastomers and other organic
polymers can be synthesized to incorporate substantially greater volumes of bioactive
molecules that can be bound,[115, 116] passively released[71] or released in a controlled
manner through degradation or electrochemical switching of the polymer component.[117—
119] It is clear that CP composites have yielded a range of flexible and multifunctional
materials than can be tailored to specific tissue interfacing applications. However, their long-
term /n vivo performance is relatively unknown, with only a few acute studies reported in the
literature.[5, 39]

3. Neural Applications

In the biomedical research arena the focus of CP development has mostly been for
neuroprosthetic electrodes, including brain machine interfaces,[5, 68] retinal prostheses,
[120, 121] and cochlear implants.[77, 81, 112] The former is considered a recording
application where the latter two are primarily stimulating implants. As the field has
expanded and polymer technologies enable more flexible synthesis options, CPs have found
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application in neural regeneration therapies such as nerve guides. In all of these areas the
ability incorporate bioactive molecules within the polymer matrix has led to studies that
demonstrate the drug delivery efficacy of CPs, predominantly in combination with either
electrode or nerve guide therapies.

3.1. Recording Devices

Much of the literature on CP performance /n vivo has focused on recording electrodes for
brain-machine interfaces, research or diagnostic devices. Since the size of metal electrodes is
often greater than the size of individual cells, researchers are limited to sampling from a few
neurons out of the billions of neurons within an organ.[122-124] As a result, the study of
how large networks of neurons interact is a significant challenge. Electrodeposited CPs have
been proposed for this application to enable the fabrication of smaller electrodes which are
sensitive enough to detect action potentials (i.e. spikes) from individual cells. An additional
benefit of reducing electrode size is the subsequent ability to miniaturize the array, limiting
the damage to neural cells during implantation. Implantation trauma is thought to create a
“kill zone” of around 100 pm around an implant,[18—20] which further inhibits the ability to
record neural activity within the immediate vicinity of the device.

Several studies have been undertaken to assess the effectiveness of CPs as recording
electrodes, as summarized in Table 1. Due to the limited time frame for which most of these
studies have been conducted, the long-term efficacy of CPs for recording is still largely
unknown. In the sub-chronic (studies performed for longer than 1 day) and chronic studies
(> 30 days) the foreign body reaction was observed to reduce the number of active
recording channels, as the scar tissue effectively “walls off” the electrodes regardless of their
coating type.[4, 39, 122] This can be in as little as one-week post-implantation, but is
thought to stabilize around two weeks post-implantation.[4, 39] It is important to note that in
all of these studies stiff probe arrays were used to enable penetration of the cortical tissue.
These micromachined silicon constructs are likely to cause a frustrated immune response, as
they do not move freely with the pulsatile motion of the cortex. As a result the softer CP is
less likely to improve the tissue interface, which is largely dominated by the mechanical
mismatch of the array.[5, 125]

In recording electrodes the two most important metrics are the signal-to-noise ratio (SNR)
and the number of cell events or units detected. In most /7 vivo studies the CP coated
electrodes did provide improvement in both SNR and unit detection.[4, 39, 122] Most
studies reported an average halving in the electrode impedance, which translated to higher
SNRs and spike counts. However, this effect was not sustained in many of the reported
studies. It was found that particular materials, such as hydrogels were not effective in
imparting improvements to the neural interface.[5] While composites of CPs and hydrogels
have shown significant promise in attenuating the mechanical difference between stiff metal
probes and soft neural tissues, the swelling properties of the hydrogel component can cause
displacement of the tissues (Figure 4). In the study reported by Kim et a/. [5] this property
increased SNR and reduced unit activity recordings.

A more recent approach pioneered by Richarson-Burns et al. [70] was direct
electrodeposition of CPs around cells and tissues. This /n situ electrodeposition resulted in
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the growth of disperse CP clouds along the extracellular matrix.[126] The concept behind
this approach was that CP electrodes could be formed which penetrated beyond the glial scar
to maintain connection with neural tissue over chronic time frames. Subsequent studies
demonstrated that this technique could be used in living animals to produce PEDOT/PSS
electrodes within the cortex,[127] but that impedance benefits were not maintained past
acute wound healing periods of 3 — 4 weeks. Additionally, the presence of the CP beyond the
initial glial scar resulted in the migration of inflammatory cells to the extents of the polymer
cloud — effectively increasing the area of scarring.

It is clear that CPs can provide some benefit in recording electrodes, however, the potential
advantages demonstrated /n vitro are not reflected in chronically implanted devices.
Additionally, there are only a small number of studies that have sought to establish the
performance of CPs applied to chronically implanted electrodes. This has led to difficulties
in establishing standard metrics across different papers. It is recommended that future
studies look to establish consistent metrics that will enable comparison of different
approaches across studies, and ultimately present an understanding of the benefits and
limitations of CP based electrode coatings. At present, it can be observed that CPs provide
some improvement over metal electrode impedance across sub-chronic time frames, but this
benefit it diminished as scar tissue encapsulation isolates the device, regardless of material
composition. Despite this, some improvement in SNR and ability to record cell activity is
maintained.

3.2. Stimulating Devices

Similar to recording electrodes, the major driving force for applying CPs to neurostimulating
electrodes is the need to reduce electrode size without compromising the safety and efficacy
of the devices.[8] In stimulating devices, smaller electrode sites are desirable as they
facilitate the development of more densely packed arrays. It is generally understood that the
use of smaller electrodes on arrays, which consequently accommodate larger numbers of
stimulation sites, will enable improved resolution in the biological response for implant
recipients. This could include an improvement in sound perception for cochlear implant
recipients or the ability to read and discern facial expressions for visual prosthesis users. It
has often been proposed than an optimal neural interface will enable communication with
individual cells,[128] necessitating electrode technologies which can operate on the micro
and nano-scales.

Historically, stimulating electrodes used in commercial devices have been fabricated from
platinum, but this metal has significant limitations in the amount of charge that can be safely
injected. When these charge injection limits are exceeded chemical reactions occur at the
interface of platinum electrodes, which produce changes in the local pH and the generation
of gases.[129] Ultimately this can result in tissue death and the dissolution of electrodes.[6]
Therefore, the major limiting factor in reducing the size of metallic electrodes is their ability
to safely inject charge through a reduced surface area. Due to the high roughness of
electrodeposited CPs, these coating technologies have substantially higher injection limits.
[23, 130] Reports suggest that PEDOT has a charge injection limit ranging from 10 — 30
times greater than platinum, depending on the dopant chemistry and thickness of the coating.
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[7, 14] However, the translation of this significant improvement in charge transfer from /n
vitro tests to the /in vivo environment has not yet been realized. Table 2 presents a summary
of the few papers that have assessed /n vivo CP performance for stimulating
neuroprostheses.

There are several issues that need to be addressed to yield a thorough understanding of the
role and benefits of CPs in stimulating electrode applications. These include commensurate
methods for measuring injection limit in both the /n vitro and /n vivo environment, the need
to improve both electrochemical and optical assessment of CPs /n situ, and finally an
understanding of the role of protein interactions with roughened electrodes on charge
transfer mechanisms. Each of these issues is not only important to the assessment of CP
neural interfaces, but to electrode interfaces in general. To date there are limited assessment
techniques that enable accurate assessment of electrode performance in the /in vivo
environment. The major challenges lie in the spatial constraints, the complex biological
milieu and mechanical mismatch of tissues and implants.

Ultimately, to assess electrical performance at a neural interface a three-electrode
arrangement is required which enables a reference electrode to be placed within close
proximity of the electrode under test. In an /in vitro environment a saturated calomel (SCL)
or silver/silver chloride (Ag/AgCI) reference electrode is placed directly above the test
electrode, ideally within a few molecular layers of the electrode surface.[131] In this
arrangement the reference electrode can be used to detect small changes in the chemical
environment at the test electrode surface when applying a current or voltage between a test
and counter electrode. It is this 3-electrode system which forms the basis of cyclic
voltammetry, impedance spectroscopy and charge injection limit measurements.[6]
However, when translated to the /7 vivo environment there is typically no space for
placement of a reference electrode. Several attempts in the literature have been made to
ascertain /n vivo electrochemical measurements,[8, 26] but there is no consistent and
accepted method for producing an accurate understanding of the electrode chemistry in this
environment.

The additional confounding factor is that /n7 vitro electrical measurements are conventionally
conducted in physiological saline. This fluid represents the ionic content of body fluid but
does not contain any of the natural proteins that adhere and interact with electrodes upon
implantation. It has been shown that protein interactions have a more significant impact on
the electrical performance of organic CPs compared to inorganic metals.[7] This differing
protein interaction then creates a disconnect in the comparative relationship between /in vitro
and /n vivo data when assessing CPs relative to state-of-the-art metals. In a study by Green
et al. [7] it was shown that CP coatings can reduce the interfacial voltage of a platinum
electrode by 85% when tested in physiological saline, but /77 vivo the reduction in interfacial
voltage is limited to 45% (Figure 5). To accurately assess the performance of CPs in their
application to stimulating neuroprosthetics there remains a significant need for methods
development and translational approaches to produce /n7 vitro data that relates to /n vivo
performance.
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In the few studies that have been conducted /7 vivo it was clear that electrical stimulation of
CPs could impact on their mechanical integrity. Studies by Venkatraman et a/. [3] reported
that delamination of PEDOT/PSS coatings from wires in rat cortex may have resulted in a
loss of electrode performance. /nn vitro studies by Green et al. [14] systematically tested
different CP electrode coatings by varying the dopant type of PEDOT and subjecting them to
high frequencies of biphasic stimulation. It was shown that PEDOT/PSS is very brittle and is
prone to failure by cracking and delamination, where PEDOT doped with the smaller anion
pTS (PEDOT/pTS) was significantly more robust under continued cycles of electrical
stimulation at clinically relevant levels. Mechanical characterization by Baek et al. [132]
confirmed that PEDOT/PSS was stiffer than other PEDOT variants fabricated with smaller
more mobile dopants. However, assessment of coating integrity in the /7 vivo environment is
quite difficult. In a typical implant study, the electrode array is explanted from the tissue
prior to examination and tissue histology. This is because histological sectioning cannot
easily be performed with the metallic components of the implant remaining in the tissue.
However, by necessity this means that the coatings experience substantial shear forces,
which can result in CP delamination as a result of array removal from the tissue rather than
electrically induced cracking and delamination. A robust CP coating for a stimulating
electrode must remain laminated to the underlying metallic electrode under implant/explant
conditions, polymer ageing and electrical stimulation in a biological environment. Studies
have shown that the most effective method is to use mechanical interlocking or rather
roughening the surface of the metallic electrode prior to electrodeposition of the CP.[14]
This technique can more than double the useable lifetime of a CP coated electrode under
stimulation, enabling delivery of more than 1.5 billion pulses at clinically extreme levels.

While CPs have been explored extensively for electrode coatings, there remains a number of
challenges in achieving a robust and consistent performance for stimulating
neuroprosthetics. It is plausible that CPs can impart substantial improvements in electrical
performance, but characterization of the neural interface must be more thoroughly
understood before effective conclusions can be made. As with recording electrodes it is
proposed that CP coated electrodes will still be subjected to scar tissue encapsulation, but
the presence of the CP may enable more charge to be safely delivered at this interface to
bypass the scar tissue to retain activation of the target neurons.

3.3. Neural Regeneration

Axonal guidance is crucial for wiring of the nervous system. Axons navigate along specific
pathways towards their synaptic targets using the attractive and repulsive biophysical and
biochemical guidance signals in their extracellular environments.[133-135] Despite
significant research progress on axonal regeneration, functional regeneration of axon
remains a challenge due to the complex cellular environment that dominates at post-injury
tissue sites. CPs have been utilized as substrate materials for promoting axonal outgrowth
using electrical stimulation,[45] topographic contact guidance,[67, 136, 137] growth factor
delivery,[80, 81] and biomolecule doping and entrapment.[47, 138]

Electrical stimulation through CPs has been employed to promote axonal regeneration.[92,
139, 140] Schmidt et a/. electrodeposited PPy doped with PSS on indium tin oxide (ITO)
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substrates and examined the effect of electrical stimulation through PPy films on neurite
outgrowth. PC-12 cells (a clonal modal of neural cells) were grown on PPy then subjected to
an electrical potential of 100 mV for 2 h (Figure 6A and 6B). The results showed a
significant increase in neurite length (18.14 pm) compared with control substrates that were
not subjected to electrical stimulation (9.5 um,). This represented a 90% increase in neurite
length that was significantly higher than the 20-40% increase in neurite length reported for
primary neurons on piezoelectric materials.[141] The effect of electrical stimulation passed
through the solution and not through the PPy films has also been examined. It was
demonstrated that neurite length distributions across those samples were indistinguishable
from unstimulated controls (Figure 6C—F). This suggested that neurite length enhancements
were the result of electronic conduction through the PPy and not from ionic conduction
thorough solution.[45] In a study by Kotwal et a/. the effect of protein adsorption on
PPy/PSS films was evaluated during electrical stimulation.[139] It was shown that electrical
stimulation of 10 pA for 2h increased the adsorption of fibronectin, a serum protein, to the
PPy films deposited on gold-coated substrates. PC-12 cells cultured on PPy film that had
been previously adsorbed with fibronectin during electrical stimulation expressed longer
neurite than unstimulated substrates. These results suggested that increased cell adhesive
protein adsorption on electrically stimulated CPs can promote enhanced neurite outgrowth.
[139]

Micro and nano-structured CPs can provide topographic contact guidance for neurons to
enhance neurite outgrowth.[67, 92, 136] Linear arrays of PEDOT:PSS nanoparticles have
been electrostatically assembled on patterned ITO substrates using polydimethylsiloxane
(PDMS) stamping. In this study, PEDOT:PSS nanoparticles with an average size 200 nm
were used, which imparted the relatively low electrical conductivity of 2.5 x 10712 S ¢cm™1.
[136] PC12 cells were cultured on the nanoparticles and subjected to an electrical
stimulation (monophasic pulsed current at a frequency of 250 Hz with 2 ms pulse width and
1mA amplitude for 2 h), over a 72 h period. It was shown that exogenous electrical
stimulation induced dendritic sprouting of the PC12 cells, which was guided by the
PEDOT:PSS linear conduits. Significant increase in the average cell area was observed 72 h
after exogenous electrical stimulation on the nanoparticle platform in comparison to non-
stimulated and non-patterned control samples (Figure 6G—M).[136] Similarly, Lee et al.
fabricated PPy coated poly(lactide-co-glycolide) (PLGA) nanofibers to examine the
combined effect of topographical features of nanofibers and electrical stimulation on axonal
regeneration.[137] PPy was chemically polymerized on random and aligned electrospun
PLGA nanofibers (Figure 7A-D). PPy-coated nanofibers supported improved growth of
PC-12 cells and hippocampal neurons compared to non-coated PLGA nanofibers (Figure 7E
and F). Electrical stimulation studies revealed that PC-12 cells stimulated with a potential of
10 mV cm~1 on PPy-PLGA scaffolds exhibited about 40-50% longer neurites and 40-90%
more neurite formation than non-stimulated cells on PPy-PLGA scaffolds. The effect of
aligned and random scaffolds on neurite length was also compared. Stimulated cells on
aligned PPy-PLGA scaffolds had longer neurites and more neurite cells than stimulated cells
on random PPy-PLGA scaffolds. (Figure 7G) These results suggest that the combined effect
of topographical features and electrical stimulation could enhance neurite extension and thus
might be utilized for neural tissue regeneration.[137]
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CPs have been doped with biomolecules such negatively charged fragments of laminin and
fibronectin to promote neurite outgrowth. Green et a/. used anionically modified laminin
peptide DEDEDYFQRYLI and DCDPGYIGSR as dopants for electrochemically
polymerized PEDOT coatings on platinum (Pt) electrodes.[50] The electrochemical activity
and cellular response of peptide-doped PEDOT was compared to the synthetically doped
PEDOT/pTS. Cyclic voltammetry (cycling voltage from —0.8 V to 0.6 V with a scan rate
120 mV s~1) for 400 continuous cycles revealed that electroactivity of all samples degraded
steadily over the first 100 cycles but electroactivity of PEDOT/pTS tended to plateau in the
subsequent 300 cycles. Both PEDOT/DEDEDYFQRYLI and PEDOT/DCDPGYIGSR
exhibited greater electroactivity loss compared to PEDOT/pTS, however, the overall loss of
electrical activity was not greatly reduced by the incorporation of laminin peptides. PC-12
cell culture demonstrated the influence of the YFQRYLI ligand in promoting neurite
outgrowth. PEDOT/DEDEDYFQRYLI increased the neurite length per cell compared to
both PEDOT/pTS control and the DCDPGY IGSR-doped PEDOT. Also it was observed that
PEDOT/DCDPGYIGSR samples had consistently higher cell density than
DEDEDYFQRYLI, and a higher density when laminin coated than PEDOT/pTS.[50] In
another study, Poole-Warren and co-workers examined the effect of co-incorporation of two
biomolecules on the properties of PEDOT films. NGF was entrapped within the PEDOT film
doped with DEDEDYFQRYLI, DCDPGYIGSR, and pTS during electrodeposition (Figure
7H-M).[49] NGF entrapment within the PEDOT was found to generate a softer interface
than PEDOT without NGF entrapment. However, results revealed that the use of
DEDEDYFQRYLI and DCDPGYIGSR dopant combined with NGF entrapment produced a
PEDOT film with diminished electrical performance (Figure 7N) and mechanical stability
(Figure 70). Entrapped NGF within the PEDOT film was still biologically active and
PEDOT/pTS/NGF samples produced neurite lengths comparable to controls where NGF was
directly added to the cell culture medium. The peptide-doped, NGF-loaded films (PEDOT/
DEDEDYFQRYLI/NGF and PEDOT/DCDPGY IGSR/NGF) were unable to replicate the
results seen in the controls (Figure 7P).[49]

Thompson et al. investigated the effect of releasing two neurotrophins simultaneously on
neuronal survival and elongation. Neurotrophin-3 (NT-3) and brain-derived neurotrophic
factor (BDNF) were incorporated within pTS-doped PPy during electropolymerization
(PPy/pTS/NT-3, PPy/pTS/BDNF, and PPy/pTS/BDNF/NT-3) and were released from
electrically stimulated (biphasic £1 mA current pulses with 100 ps pulse width, 20 us open-
circuit interphase gap and 3.78 ms short-circuit phase between pulses at 250 Hz) and
unstimulated samples.[81] The mechanism of neurotrophin release is still not fully
understood. Small ionic species can be delivered from conducting polymer film during de-
doping and re-doping process (redox reaction), while larger molecules such as neurotrophins
are much bigger than small ionic molecules, so the diffusion of larger molecules out of the
CP structure is expected to be limited. [36, 142] Despite this, the release of BDNF and NT-3
was achieved from both unstimulated and stimulated PPy films. The growth factor release
from stimulated electrodes was much higher than that from unstimulated PPy, demonstrating
that redox processes, including de-doping ion flux, actuation based or related to solvent flux
through the polymer film, resulted in increased release of the neurotrophins. The release of
BDNF from stimulated PPy/pTS/BDNF/NT-3 films was 40 + 20 ng cm™2 while similarly
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stimulated films containing BDNF only (PPy/pTS/BDNF) were shown to release 21.8+ 0.7
ng cm~2 of BDNF. Neural processes extending from a cochlear explant cultured on PPy
samples was observed to have significantly increased in length when electrical stimulation
was applied across all polymers, with the exception of PPy/pTS and PPy/pTS/BDNF. The
combination of multiple growth factors and electrical stimulation, specifically the PPy/pTS/
BDNF/NT-3 films, significantly increased the neurite outgrowth compared with films in
which only one neurotrophin was incorporated (PPy/pTS/BDNF and PPy/pTS/NT-3).[81]

Recently Abidian et a/. investigated the effect of PEDOT on /n vivo axonal regeneration.
[110] PEDOT was electrochemically polymerized inside the lumen of a tubular agarose gel
to create a fully coated-PEDOT agarose (FPEDOTA) conduit and a partially coated-PEDOT
agarose (PPEDOTA) conduit (Figure 8A-T). These conduits were assessed as a tissue bridge
using a nerve gap model in rats, and compared to autograft controls. Specific sample types
were FPEDOTA, PPEDOQOTA and plain hydrogel (PA). Conduits were implanted across 10
mm peroneal nerve gaps and were evaluated after 12 weeks postoperatively (Figure 8U-X).
Results including extensor digitorum longus muscle contractile force measurements (Figure
8Y), a muscle innervated by the peroneal nerve, and nerve histomorphometry revealed that
hybrid conducting polymer—hydrogel conduits (FPEDOTA and PPEDOTA) supported
superior neural regeneration as compared to the plain hydrogel conduits (PA). This was
assumed to be due to the mechanical refinement of the hydrogel conduit through
electrodeposition of PEDOT, which prevented the lumen from collapsing following the
inevitable hydrogel swelling in an aqueous environment.[13] PPEDOTA conduits
demonstrated slightly better performance presumably due to better diffusion of biomolecules
into and within the lumen of the conduits.

Neural regeneration effected through CP technologies at device interfaces has not yet been
realized. While several researchers have demonstrated that it is possible to incorporate
biomolecules, electrical or topographical cues that improve cell growth and guide
regeneration, the /n vitro studies have not been reliably recapitulated /n vivo. Furthermore,
the addition of biomolecules to CPs has a significant impact on the material properties,
reducing electroactivity and mechanical stability. While CP composites provide a pathway to
addressing these limitations, the translation of /n vitro findings to the implant environment
has not been adequately explored. Future studies should focus on the use of additional
polymer components for providing mechanical strength to CPs and a matrix for the delivery
of therapeutics, as detailed in the following section.

3.4. Therapeutic Drug Delivery

Drug delivery has been explored extensively for neural applications of CP based materials.
[68, 79-81, 143-146] One of the key proponents for utilizing polymer electrodes as a
replacement for metallic electrodes is that they cannot only deliver more charge but also
provide a platform for introducing therapeutic molecules. Ideally, these CP based electrodes
have the capacity to deliver a range of factors which can support neural cell regeneration,
encourage target cell integration with the electrode surface (to reduce the charge required to
activate a physiological response) and also provide a range of molecules which mediate the
tissue reaction to the implanted device, including anti-inflammatories and antibiotics.
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However, the greatest challenge in engineering such a bioactive electrode material is the
limited space or volume in which these biomolecules can be incorporated. There are three
main approaches to incorporating bioactive agents within CPs and CP composites: (i) as a
dopant or covalently bound molecule which is immobilized within the polymer matrix;[50,
138] (ii) as a dopant which is mobile and can be electrochemically delivered to the tissues;
[147, 148] or (iii) as an entrapped molecule which is either passively or actively driven out
of the polymer and into the tissues.[80, 81] The choice is largely dictated by the specific
biofunctional requirements of the drug.

Factors that do not need to be engulfed by the cell to have an effect need to be presented at
the polymer surface, and as such can be incorporated in a manner that renders them
accessible, but immobile. Commonly, these bioactive molecules have included cell
attachment factors to encourage neural cell integration with the polymer. Laminin peptides
[50, 138] and RGD sequences,[41] have been incorporated within CPs and CP composites to
encourage cell attachment. These factors can be easily added as a dopant of the CP, or
chemically bound to the surface after fabrication. Ultimately, these approaches have been
successful in demonstrating /n vitro attachment of neurons where the cells are plated directly
on the material. However, a study by Cui et al. demonstrated that this effect was not
maintained /n7 vivo.[41] It was expected that inflammatory reactions at the implant site
resulted in glial cells populating the tissue and dominating interactions with the device. The
“kill zone” surrounding an implant has been previously described by Polikov et a/. and
specifies that neurons within the first 100 — 200 um of the implant interface die as a result of
the implantation and subsequent inflammatory reactions.[18] As a consequence it is not
clear whether there is any benefit to incorporating factors into materials that are targeted at
neural cell attachment. In fact, studies have shown that when these bulky molecules are used
to dope homogenous CPs they cause a significant reduction in the mechanical and electrical
properties. New approaches for incorporating these molecules within composite materials
that address these CP limitations have shown similar success /7 vitro but have not been
assessed /in vivo.

Drugs that require uptake by cells must be incorporated within the polymer matrix, and then
mobilized at a later stage to be delivered to tissues. Typically these mobile drugs would
include growth factors and anti-inflammatories. Of these two groups, only anti-inflammatory
molecules such as dexamethasone phosphate (DP) have significant charge and can be
incorporated as dopants.[149] A major advantage of incorporating mobile drugs as dopants
is that they can be delivered by electrochemical switching of the potential across the
material.[36, 83, 149] To both incorporate a drug as a dopant and then deliver it in a
controlled manner, the molecule must also be relatively small, to enable it to move through
the polymer matrix. Both DP and valproic acid (VA) have been used to dope CPs and
investigated as anti-inflammatory molecules.[150, 151] When the charged drug is delivered
by application of an electrical potential, it is important to realize that the CP component of
the material may become undoped and lose electroactivity. However, it is proposed that both
in vitro and in vivo, the presence of anions such as CI~ within the electrolyte solution (or
body fluid) can flux into the polymer matrix and dope the CP, effectively replacing the
delivered drug. While drugs can be effectively incorporated as dopants and delivered by
electrical stimulation, it has been shown that the inclusion of therapeutic levels of drugs for
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extended time periods is a challenge. This is not only a problem for doping drugs but also
those that are simply entrapped within polymer-coated electrodes and devices.

Drugs that do not have a significant charge or are bulky molecules must be entrapped within
the CP or other composite polymer matrix.[25] Typically growth factors are delivered by this
method as they are not strongly charged and are often more than 10kDa in size, which
impacts significantly on material properties. However, to increase the amount of drug
incorporated within the material anti-inflammatories have also been incorporated via
entrapment within composite CPs. Delivery of entrapped molecules can be provided by
either degradable polymer elements, usually not the CP component, or active mechanical
actuation of the material system, a technique which can be mediated by the CP component.
[68] Both of these techniques provide a degree of control over drug delivery, enabling
different release profiles to be attained. Abidian et al. showed one of the most successful
demonstrations of this concept, where dexamethasone was entrapped within biodegradable
cores of PEDOT nanotubes.[68] This provided therapeutic levels of the drug which were
delivered for a sustained period of up to 54 days, with the amount of DP being controlled by
actuation of the PEDOT. In this system the PEDOT outer shell effectively pumped the drug
out of the hydrogel core (Figure 3L-S). It is expected that either growth factors or anti-
inflammatories will need to be supplied to tissues for more than 14 days, exceeding the
neuronal wound-healing phase. While there have been some promising /n vitro results, they
are yet to be reflected /n vivo. The few studies that have looked at providing neurotrophins
in vivo,[77] have found that the amount of growth factor required to regenerate nerves at the
device interface is substantially more than the amount that can be incorporated within an
electrode coating.

Ultimately, drug delivery via CPs at the neural interface remains a challenge, with two key
areas creating the major hurdles: (i) incorporation of sustained therapeutic levels; and (ii)
imparting a biological effect that overcomes the dominant scar tissue reaction /n vivo. The
most prevalent approach within the field at present is the use of complementary polymer
systems in combination with CPs to increase the reservoir in which drugs can be
incorporated, while providing a more complex milieu of factors. Multiple bioactive drugs are
likely to be needed to mitigate not only acute inflammatory responses but also prevent
sustained frustration of neuronal healing that generates scar tissue across the chronic implant
lifetime.

4. Conclusion

The ultimate goal of a neural prosthesis is to create a functional link between the outside
world and the nervous system via recording from or stimulation of the nervous system, to
assist patients with sensory and motor neural disabilities. The quality and long-term
performance of neural devices ultimately rests on the quality of electrode materials that
enable a functional and long lasting interface. Neural microelectrodes use conventional
metallic materials that are not intrinsically compatible and do not integrate with neural
tissue, due to the mechanically stiff and chemically inorganic interface. These metals also
suffer from high impedance and low charge injection capacity, which is essential for
sustained neural recording and stimulation.
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CPs have been investigated as an alternate electrode material with the potential to provide a
more reliable electrode-tissue interface as they can moderate the mechanical mismatch, have
both ionic and electronic conductivity, and can be functionalized or decorated with
biomolecules to enhance electrode-tissue integration. It has been shown that CPs can
enhance the electrical performance of neural recording and stimulation by decreasing the
impedance and increasing the charge transfer density. However, the major improvements
reported from /n vitro studies are significantly diminished in the /n vivo environment as scar
tissue reactions remain dominant. Drugs and biomolecules can be incorporated within the
CP structure and precisely released at the site of implantation to suppress the inflammation
or promote neuronal processes toward the electrodes. In addition, CPs can be utilized to
enhance axonal regeneration by providing physical, chemical, and electrical cues to guide
axon growth. While these advantages make them a popular choice for improving the device-
tissue interface, the addition of biomolecules often comes at a cost, with the need for trade-
offs in electrical and mechanical performance.

Despite significant advances in the application of CPs for neural interfaces, development of
seamless integration and biologically integrated CP materials for neural interface
technologies remains a challenge. New approaches of developing composite systems where
CPs are combined with alternate polymers, such as hydrogels and elastomers, are providing
options for improving the long-term performance of CP based coatings. It is expected that
future directions for neural interfacing CP technologies will involve more complex polymer
combinations, which allow for tailored control of mechanical, electrical and biological
properties.
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Figure 1.
Schematics showing cellular responses during early (A) and sustained (B) reactive responses

observed following neural device insertion. The early response (A) is characterized by a
large region containing reactive astrocytes and microglia around inserted devices. The
sustained response (B) is characterized by a compact sheath of cells around insertion sites.
Inserts depict potential cell-cell interactions and signaling path ways. Neurons (pink),
astrocytes (red), monocyte derived cells including microglia (blue), and vasculature (purple)
are depicted. (C), (D) GFAP immunohistochemistry (Marker for astrocytes) of tissues slices
from brains and (E), (F) ED1 immunohistochemistry (marker for microglia) of tissues slices
due to the implantation of neural electrodes.. GFAP-immunohistochemistry (red) and
nuclear staining (green) of devices removed from brains at 1 day (G) and 1 (H), 6 (1), and 12
(J) weeks post insertion. All scale bars = 100 um. Reproduced with permission.[17]
Copyright 2003.
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Figure 2.

(A) Chemical structures of various conducting polymers PPy, PEDOT, PT, PANI. (B)
Polymerization of PEDOT and doped with anion (dopant) A. (C) Oxidation and reduction
behavior of conducting polymers are dependent on dopant size. Small anion A is able to
migrate in and out of the PPy matrix to balance the charge across the backbone. Large anion
B is immobilized within the PPy matrix and hence relies on smaller cation X. to migrate into
the polymer from the surrounding electrolyte and maintain charge balance across the
polymer. Reproduced with permission.[50] Copyright 2009.
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Figure 3.
(A) Schematic of ideal hybrid configuration and photo comparison of hybrid material

created from using a bound dopant (B), compared to stratified composite produced from
using a free dopant (C), both material samples are hydrated. (D) Charge storage capacity of
hybrids calculated from CV performed versus Ag/AgCl at 120mV s~1 from —700 to 700mV
over 850 cycles. (E) Elastic moduli (calculated from DMT model) under hydrated
conditions, compared to Pt, homogeneous CPs and neural tissue. Reproduced with
permission.[13] Copyright 2012. (F) Diameters of the PLGA fibers were distributed over the
range 40-500 nm with the majority being between 100-200 nm. (G) Electropolymerized
PEDOT nanotubes on the electrode site of an acute neural probe tip after removing the
PLGA core fibers. (H) A section of (G) cut with a focused ion beam showing the silicon
substrate layer and PEDOT nanoscale fiber coating. (1) Higher-magnification image of (H)
showing the PEDOT nanotubes crossing each other. (J) A single PEDOT nanotube which
was polymerized around a PLGA nanoscale fiber, followed by dissolution of the PLGA core
fiber. This image shows the external texture at the surface of the nanotube. (K) Higher-
magnification image of a single PEDOT nanotube demonstrating the textured morphology
that has been directly replicated from the external surface of the electrospun PLGA fiber
templates. The average wall thickness of PEDOT nanotubes varied from 50-100 nm, with
the nanotube diameters ranging from 100 to 600 nm. Schematic illustration of the controlled
release of dexamethasone: (L) dexamethasone-loaded electrospun PLGA, (M) hydrolytic
degradation of PLGA fibers leading to release of the drug, and (N) electrochemical
deposition of PEDOT around the dexamethasone-loaded electrospun PLGA fiber slows
down the release of dexamethasone. (O) PEDOT nanotubes in a neutral electrical condition.
(P, Q) External electrical stimulation controls the release of dexamethasone from the PEDOT
nanotubes due to contraction or expansion of the PEDOT. By applying a positive voltage,
electrons are injected into the chains and positive charges in the polymer chains are
compensated. To maintain overall charge neutrality, counterions are expelled towards the
solution and the nanotubes contract. This shrinkage causes the drugs to come out of the ends
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of tubes. (R) Cumulative mass release of dexamethasone from: PLGA nanoscale fibers
(black squares), PEDOT-coated PLGA nanoscale fibers (red circles) without electrical
stimulation, and PEDOT-coated PLGA nanoscale fibers with electrical stimulation of 1 V
applied at the five specific times indicated by the circled data points (blue triangles). (S) UV
absorption of dexamethasone- loaded PEDOT nanotubes after 16 h (black), 87 h (red), 160 h
(blue), and 730 h (green). The UV spectra of dexamethasone have peaks at a wavelength of
237 nm. Data are shown with a * standard deviation (n = 15 for each case). Reproduced with
permission.[68] Copyright 2006.
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Figure 4.

(A) Procedure for hydrogel coating the neural electrodes. Optical images of reswelling of
the hydrogel-coated electrodes in an agar (1%)-phantom matrix as a function of time. HG
coatings in the agar matrix made of (B) PBS and (C). deionized water. (C) Plot of reswelling
of hydrogel coatings in the PBS agar. The initial thickness of hydrogel coatings was 50 Im as
determined by optical microscopy during the dipcoating process. (E) The average
percentages of clearly detectable units as a function of the thickness of hydrogel-coated
electrodes in the auditory cortex with a 200 ms noise burst. The HG thickness indicates the
initial thickness of hydrogel coatings before drying. The inset shows a representative
recorded signal with a SNR of 5.0. (*) Significance between control (bare electrode) and
hydrogel-coated electrodes. Reproduced with permission.[5] Copyright 2010

Adv Mater. Author manuscript; available in PMC 2016 December 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Green and Abidian Page 30

(mv)

age drop vs large Pt
BEREEE

T}

W Pre-sterilization G, ] ® PEDOT
M Post-sterilization
il E 5 APt
&
m
s
4 }
-]
(=]
-
c
AR
% 2 t + ° L ]
&
s 1
o
!
o 1
0 5 10 15 20 25 30 35 4|0
PEDOT Time (hr)
Figure 5.

Laser micromachined arrays used in studies: (A) nine-electrode array used for in vitro
studies with 7 PEDOT/pTS-coated sites (dark) and two bare Pt sites (light); (B) 24-electrode
array in hexagonal (hex) configuration used for in vivo studies with 12 bare Pt (light
electrode sites) and 12 PEDOT/pTS-coated electrodes (dark electrodes). SEM of (C) bare Pt
electrodes, (D) coated with PEDOT/pTS at 200A~ magnification and (E) PEDOT/pTS at
1000A~ magnification. (F) Average maximum voltage drop across electrodes, measured in
PBS with small biphasic pulse (100 pA, 100 ps) versus large, low impedance Pt counter.
Each data point represents the mean voltage drop across 50 individual electrode sites and
error bars represent one standard deviation (n = 50). (G) Average voltage drop across
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PEDOT electrodes compared to Pt electrodes during a 36 h acute study. Each data point
represents the mean voltage of 12 electrodes with error bars showing one standard deviation
(n = 12). Reproduced with permission.[7] Copyright 2013
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Figure 6.
PC-12 cell differentiation on PPy without (A) and with (B) application of an electric

potential. PC-12 cells were grown on PPy for 24 h in the presence of NGF, then exposed to
electrical stimulation (100 mV) across the polymer film, S (B). Images were acquired 24 h
after stimulation. Cells grown for 48 h but not subjected to electrical stimulation, NS, are
shown for comparison (A). Bar= 100 um. Neurite length histograms. Shown are histograms
of neurite lengths for cells on PPy with (S, stimulated) (C) and without (NS, unstimulated)
(D) potential applied through PPy, on PPy with potential applied through the solution (E),
and on tissue culture polystyrene (TCPS) (F). Reproduced with permission.[45] Copyright
1999. Characterization of the multilayered PEDOT:PSS conducting nanoparticles and their
assembly as linear conduits. (G, H) SEM micrographs of the nanoparticle patterns at a
magnification of 25kX (G) and 11kX (H) indicating the formation of tightly packed and
highly ordered nanoparticle arrays. (I) Confocal fluorescence image of the RhB
functionalized PEDOT:PSS nanoparticle arrays at 20X magnification. (J) High
magnification (12kX magnification) SEM images demonstrating specific and preferential
interactions of neurites (white arrows) with the PEDOT:PSS linear conduits (red arrows).
(K) High-magnification SEM image (magnification 8kX) indicating the formation of
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extensive dendritic networks (white arrows) guided by the PEDOT:PSS arrays. Inset: The
corresponding low-magnification image of the area (yellow box) analyzed (magnification
3kX). (L) Significant increase in the average cell area is observed 72 h after exogenous
electrical stimulation on the nanoparticle platform in comparison to unstimulated and non-
patterned controls. (M) Corresponding decrease in PC12 cell proliferation observed 72 h
after exogenous electrical stimulation on the nanoparticle platform in comparison to
unstimulated and non-patterned controls. Reproduced with permission.[136] Copyright
2015.
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Figure 7.
Scanning electron micrographs of electrospun PLGA nanofibers, (A) and (B), and their PPy-

coated fibers, (C) and (D). (A) Randomly oriented nanofibers (RF), (B) aligned nanofibers
(AF), (C) PPy-coated randomly oriented fibers (PPy—RF), and (D) PPy-coated aligned fibers
(PPy-AF). SEM images of PC12 cells cultured on (E) PPy—RF and (F) PPy-AF for 2 days.
(G) Median neurite lengths PC12 cells when unstimulated and when electrically stimulated
(10 mV/cm) on random (PPy—RF) and aligned (PPy—AF) PPy—PLGA fibers. At least 300
neurites were analyzed from four substrates for each condition. Reproduced with
permission.[137] Copyright 2009. SEM at 15,000 _ magnification of NGF entrapped in
PEDOT films compared with control films produced without NGF modification of the
electrolyte (H) PEDOT/pTS, (1) PEDOT/DEDEDYFQRYLI, (J) PEDOT/DCDPGYIGSR,
(K) PEDOT/pTS/NGF, (L) PEDOT/DEDEDYFQRYLI/NGF, (M) PEDOT/DCDPGYIGSR/
NGF. (N) Electrochemical activity loss for NGF-loaded PEDOT films over 400 cycles of
redox. Loss of electroactivity is plotted as a percentage of the original activity measured at
cycle 1, normalising the polymers to a common baseline. The percentage activity remaining
after 400 cycles is labeled. Error bars represent the standard error of the mean (n = 3). (O)
Effect of NGF loading on ASTM hardness of PEDOT-based polymers. Gouge hardness is
representative of a minor disruption to the polymer surface and scratch hardness depicts the
level at which no polymer was removed from the Pt substrate. Error bars represent the
standard error of the mean (n = 6). (P) Neurite outgrowth of PC12 cells on laminin peptide-
doped PEDOT with NGF incorporation at 96 h post-plating. Neurite outgrowth is
represented as the neurite length per adhered cell, calculated by normalising the total neurite
length to the cell density. The standard error of the mean is given (n = 3). *No significant
difference. Reproduced with permission.[49] Copyright 2010
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Figure 8.
Schematic illustration of fabrication process and optical micrographs of FPEDOTA and

PPEDOTA conduits. FPEDOTA: A) PS template fiber (gray color in cross section (2)). B)
Sputter coating the PS fiber with thin layer of AuPd (yellow color in cross section (b)). C)
Dipping into the agarose solution (blue color in cross section (c)). D) Formation of agarose
layer (blue color in cross section (d)). E) Electropolymerization of PEDOT on the surface of
the AuPd-coated PS fibers (black color in cross section (e)). F) Dissolving the PS fiber
(white color in cross section (f)). G) Electropolymerization of PEDOT on the surface of
AuPd within the inner lumen (black color in cross section (g)). PPEDOTA: H) PS template
fiber (gray color in cross section (h,i)). I) Wrapping of masking tape in spiral fashion around
the PS fiber. J) Sputter coating the PS fiber with thin layer of AuPd (yellow color in cross
section (j,k)). K) Removal of masking tape. L) Dipping into the agarose solution (blue color
in cross section (1)). M) Formation of agarose layer (blue color in cross section (m). N)
Electropolymerization of PEDOT on the surface of the AuPd-coated PS fibers (black color
in cross section (n)). O) Dissolving the PS fiber (white color in cross section (0)). P)
Electropolymerization of PEDOT on the surface of AuPd within the inner lumen (black
color in cross section (p)). Q—-R) Optical micrographs of FPEDOTA conduits with different
magnifications. Red arrows show growth of PEDOT within the agarose hydrogel (R). S-T)
Optical micrographs of PPEDOTA conduits with different magnify cations before
electrodeposition PEDOT on the surface of AuPd within the inner lumen. Optical
micrographs of implanted conduits, and EDL maximal specific muscle force. (U,V) Optical
images of implanted FPEDOTA conduits in 10 mm peroneal nerve gap in rats. (W,X)
Optical images of implanted PA conduits in 10 mm peroneal nerve gap in rats. (Y) Bar graph
maximal specific muscle force. Column height represents the mean while error bars reflect
the standard deviation of the mean (n = 5). The arrows show the location of stents. Optical
micrographs of peripheral nerves at midgraft. (1, 2) Autograft. (3, 4) PA. (5, 6) FPEDOTA.
(7, 8) PPEDOTA. Scale bars are 50 pm. Reproduced with permission.[110] Copyright 2012
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Summary of /n vivo performance of CP coated recording electrodes.
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cores

In vivo model Conductive Polymer Implant Period  Summary of study findings Ref

Rat motor cortex PEDOT doped with 6 weeks Average impedance of the PEDOT coated electrodes [4]
tetraethylammonium was %2 that of the uncoated metallic controls
perchlorate throughout the test period, but both electrode types

experience significant increases in impedance over
the first week. The PEDOT coated electrodes
recorded 17% more quality units than the uncoated
controls.

Rat motor cortex PEDOT doped with 8 days PEDOT coating reduced impedance and improved [122]
tetraethylammonium SNR by a factor of 2, but ultimately functionality
perchlorate was lost, presumably due to encapsulation.

Guinea pig auditory PEDOT/PSS in alginate 2 hours Hydrogel swelling was found to push neurons away [5]

cortex from recording sites with no improvement over

control electrodes.

Guinea pig cerebellum PPy doped with silk like <1day Neuron activity was recorded on PPy coated sites [41]
polymer with fibronectin but no analysis compared to controls was applied.
(SLPF)

Rat inferior colliculus PPy/pTS & PEDOT/pTS <1day PEDOT performed better than PPy and also the [40]

uncoated control, with a higher SNR and detection
of a greater number of spikes.
Rat barrel cortex PEDOT nanotubes with PLLA 7 weeks PEDOT nanotubes maintained a stable impedance at ~ [39]

roughly ¥ the magnitude of the control electrodes
after impedance stabilized at roughly 15 days post
implantation. More electrode sites experienced an
SNR >4 for the PEDOT nanotubes than the controls.
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Table 2

Summary of /n vivo neurostimulation with CP coated electrodes
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In vivo model Conductive Polymer  Implant Period Summary of study findings Ref
Feline suprachoroidal space  PEDOT/pTS 3 days PEDOT was found to retain and impedance of around %2 that  [7]
of platinum.
Rat cortex PEDOT/PSS 16 days No significant difference in impedance after 6 days /n vivo. [3]
At 2 weeks the residual voltage for PEDOT electrodes was
around 70% smaller than the Ptlr uncoated control
electrodes.
Guinea pig cochlea PPy/pTS 2 weeks In vivo electrical performance was not monitored, but NGF [77]

delivered from within the PPy coating in combination with
electrical stimulation was found to improve implant
performance (hearing perception in deafened guinea pigs).
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