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Abstract

This review details some PNS targets and electrode designs used for electrical stimulation. It
investigates limitations in current knowledge of safe electrical stimulation and possible future electrode
developments. Current PNS targets are large, leading to poor resolution and off-target side effects.
Most clinical devices are platinum or platinum/iridium embedded in an insulation material. Their safety
is usually guided by the Shannon plot, which is not valid for the PNS. New electrode designs are needed
to target smaller nerve fibres, enabling higher resolution electrical therapies with fewer off-target side
effects. Damage can occur through biological and electrochemical mechanisms. Greater mechanistic
understanding is required to ensure safe and efficacious, long term electrical stimulation with new
electrode materials, geometries and stimulation waveforms.
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The peripheral nervous system (PNS) acts as a signal relay between the central nervous system (CNS)
and the limbs and organs (Figure 1). The PNS is composed of somatic (voluntary) and autonomic (self-
regulated) systems. Afferent or sensory nerves of the somatic system are excited by various stimuli,
transferring information to the brain, while efferent nerves send signals from the CNS to muscles and
organs. The autonomic system is often divided into 2 subsystems, the sympathetic and
parasympathetic nervous systems, often simplified as quick and slow response systems respectively.
Most of the PNS involves single nerve fibres; however the autonomic efferent pathway is composed of
2 sequential nerves, a preganglionic and postganglionic nerve that connects to the target organ. The
cervical vagus nerve is a mixture of afferent and efferent, myelinated and unmyelinated nerve types
which connect to several organs and muscles. The nerve fibre in adults is ~3.78 — 4.79 mm in diameter
[1], branching to increasingly smaller nerve fibres at their distal ends. The diameter of individual nerves
varies, with motor neurons having the largest diameter and sensory nerves the smallest. The cervical
vagus nerve is composed of 10-15 fascicles, however their structure varies between individuals and is
still poorly understood [2].

The connection between the senses, organs and limbs to the CNS offers opportunities for interrogating
and controlling their function. This short review will provide an overview of the current PNS targets
being accessed for clinical applications and the electrode designs. It will then highlight some limitations
in these approaches demanding higher resolution devices. These new devices will require greater
understanding of the biological and electrochemical mechanisms involved in neural stimulation,
ensuring safe and efficacious chronic performance.
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Figure 1: General scheme of the autonomic nervous system. Reprinted with permission from [2]

Peripheral Nerve Targets for Electrical Stimulation

Information travels along nerve fibres via a propagating action potential. The action potential is a rise
of membrane potential from a resting potential between -40 and -80 mV to approximately 40 mV and
subsequent hyperpolarisation to around -90 mV before returning to the resting potential. The change
in membrane potential is caused by the opening of ion channels and movement of ions across the cell
membrane.

Initiation of an action potential is achieved naturally by many stimuli including chemical, optical,
acoustic, mechanical and thermal mechanisms. It is also possible to induce an action potential by
application of an electrical field from an external power source. The first demonstration of electrical
stimulation of tissue is commonly recognised as Luigi Galvani in the 1780s when he used static
electricity to induce movement in a dead frog leg. Subsequently, Alessandro Volta placed two metal
rods into his ears and connected them to a battery. He sensed a shock within his head followed by the
sound of boiling thick soup [3].

One of the initial uses of direct electrical stimulation of the PNS to provide therapeutic benefit was
performed on the phrenic nerve in 1950 by Stanley Sarnoff [4]. The stimulation led to movement of
the diaphragm, controlling ventilation. Diaphragm pacing is now used to treat high spinal cord injuries,
paralysed diaphragm and central sleep apnoea.

Delivery of therapeutic sensory input was first performed in the cochlea. In 1957, Djourno and Eyries
implanted a single channel device into the temporal bone of a deaf patient and was able to provide
auditory cues [5]. However the device failed after a few months due to breakage of the solder joint.
The electrode may have also been stimulating the cochlear nucleus rather than the cochlear nerve fibres
[6]. Beginning in 1961, William House developed the first FDA approved single channel cochlear



implant that was implanted in over 1000 people [7]. Graeme Clark then led a team to create the first
multi-channel device [8]. Cochlear implants have now been implanted in over 400,000 patients
worldwide, providing significant improvements in speech perception to the profoundly deaf.

The first demonstration of functional electrical stimulation to improve body movement was performed
by Liberson in 1961. He stimulated the peroneal nerve to improve the gait pattern of stroke patients
[9]. Since then, a number of clinical devices have been developed for the treatment of movement
disorders including spinal cord injury, stroke, foot drop and multiple sclerosis.

In 1967, electrical stimulation of the spinal cord was shown to inhibit pain for 1 and a half days before
the patient deceased [10]. Many spinal cord stimulators are now available for the treatment of failed
back surgery syndrome, chronic pain, intractable angina and other pain conditions.

The ability of electrical current to induce a phosphene was first reported by Charles Le Roy in 1755, by
wrapping a wire around the head of a blind man [11]. Early efforts to create a vision prosthesis focussed
on stimulating the visual cortex. More recently, devices have been created to stimulate the retina of
blind patients, with the Argus Il being the first to receive FDA approval [12].

Vagus nerve stimulation was first conducted by James Corning in 1884 for the treatment of epilepsy
but with limited success [13]. It has now been reported to treat a range of conditions including
depression, obesity and epilepsy [14]. Electroceuticals are a growing area of interest to selectively
stimulate nerves within the body to control organ function [15]. The Electrical Prescriptions (ElectRx)
program in Defense Advanced Research Projects Agency (DARPA) aims to demonstrate stimulation
of the PNS can provide non-pharmacological treatments for medical conditions such as pain,
rheumatoid arthritis, joint inflammation, post-traumatic stress disorder, irritable bowel disease and
diabetes [16].

With over 200 years demonstrating electrical stimulation of the PNS can affect body function, it is now
clear that it can provide sensory cues and treat intractable and drug resistant disorders (Table 1),
however each of the above devices have limitations and inconsistent outcomes. For instance, patients
receiving a cochlear implant generally have good speech perception, but music perception and
appreciation is poor [17]. And stimulation of the entire vagus nerve results in significant off target side
effects in organs not intended to be stimulated. Vagus nerve stimulation to control epileptic seizures
often leads to hoarseness, throat pain, coughing, shortness of breath, tingling and muscle pain [18].
Eliminating these side effects is difficult as the mechanism of vagus nerve stimulation is unknown, with
synchronisation/desychronisation of nerve activity, changes in blood flow and release of
neurotransmitters all being proposed. It is believed that poor control of current from the electrodes to
target neural tissue is a significant cause of these limitations and side effects. This includes variable
neural structure and function between people, and different placement of electrodes. Therefore there is
a need to target smaller, more distal and more homogeneous nerve fibres that are closer to the target
organs to achieve more selective neural stimulation.

Table 1: Common Peripheral Nerve Targets for Electrical Stimulation and Associated Disease States

Nerve Target Associated Disease States

Auditory Nerve Profound hearing loss
Retinal Nerves Partial or total blindness, retinitis pigmentosa, macular degeneration
Phrenic Nerve Diaphragm pacing, respiratory failure, sleep apnoea, spinal cord injury

Hypoglossal Nerve Sleep apnoea

Occipital Nerve Chronic migraine

Sacral Nerve Overactive bladder, incontinence, constipation, chronic pelvic pain

Pudendal Nerve Incontinence, urogenic, iliac crest and abdominal pain




Tibial Nerve Overactive bladder, incontinence

Peroneal Nerve Foot drop

Spinal Cord Chronic pain, failed back surgery syndrome. intractable angina, visceral
abdominal and perineal pain, pain in the extremities from nerve damage

Trigeminal Nerve  Craniofacial pain

Vagus Nerve Intractable epilepsy, treatment resistant depression

Electrode Designs for Peripheral Nerve Stimulation

While electrical stimulation of the PNS aims to induce neural activity, the anatomy, tissue composition,
nerve fibre type and neurite orientation vary significantly for each target. In general, the electrode
should be placed as close to the target nerve as possible to ensure selective neural stimulation and
minimise the required stimulation amplitude needed to pass through the resistive tissue. The stimulation
threshold (In) is a function of electrode-neuron distance (r) with a current offset (Ir) and slope (k)
(equation 1) [19]. Therefore, clinical devices must be designed specifically for the anatomy of each
tissue target.

I, =1, +kr? 1)

Implanted devices must be biocompatible (not inducing an adverse response from the host) and
biostable (maintain function over the device lifetime). Numerous reviews are available on the immune
response to implants [20]. And significant effort has focussed on developing appropriate materials and
device designs to ensure implanted electrodes are biocompatible and biostable [21]. Further research
efforts will continue to improve the biocompatibility and biostability of implantable devices.

Electrodes providing sensory input are tailored to the anatomy of the sensing organ, with the aim of
providing realistic percepts. The cochlear implant is typically composed of 12-24 platinum thin film
electrodes embedded in silicone rubber [22][23]. The specific electrode size and geometry varies
between devices and manufacturers but is typically a band or half band in the order of 0.3 mm?2. The
Argus Il has 60, 200 um diameter platinum grey electrodes in a silicone substrate [24][25]. The Alpha
IMS vision prosthesis is composed of 50 x 50 um titanium nitride electrodes on a polyimide foil [26].

Spinal cord stimulators can be catheter like or paddles with a range of electrode sizes and number [27].
They are typically 3 mm long platinum/iridium foil electrodes encapsulated in silicone or polyurethane.

Vagus nerve stimulators and functional electrical stimulators may be implantable or transcutaneous.
Transcutaneous electrodes are less invasive, reducing surgical risk, however the large electrode-neuron
distance increases the power usage and chance of off target stimulation. Implantable electrodes are
available in different geometries but are typically platinum in a silicone rubber insulation [28]. Cuff or
coil electrode geometries wrap around a nerve fibre; more selective neural electrodes penetrate nerve
fascicles, with longitudinal intrafascicular electrodes lying across a nerve fibre and transverse
intrafascicular multichannel electrodes penetrating a nerve fibre [29]. However these penetrating
electrodes are more invasive, inducing greater tissue damage and have poorer lifetimes. See [28] for a
comprehensive review of electrode designs.

In general, most clinical implantable electrodes are platinum or platinum/iridium of varying size and
geometry. The topography is usually relatively smooth, with platinum grey used on the Argus Il having
a higher surface roughness. Higher surface area platinum black has been tested in animal models but
the initial electrochemical benefits appeared to decrease over time and so it wasn’t translated to clinical
devices [30]. Platinum particles have also been embedded in polydimethylsiloxane (PDMS) where they
were used as a spinal cord stimulator in a mini pig model, but again the performance degraded over
time [31].

Recently a new microelectrode was shown to have very high selectivity [32]. A carbon nanotube fibre
coated with parylene was implanted into the tibial nerve of a rat (Figure 2). Electrical stimulation via



needle electrodes in each toe induced compound action potentials, which were detected on the carbon
nanotube fibre. The electrode had an increased selectivity index to adjacent toe stimulation compared
to previously reported penetrating electrodes. A highly flexible, conductive graphene fibre capable of
being tied into a tight knot has also been used to record activity from the cortex of a rat [33] and shows
very high selectivity and signal-to-noise ratio from peripheral nerve recordings as a neural cuff electrode
(Prof Mario Romero-Ortega; private correspondence).

The selectivity of neural stimulation can also be improved through tailoring of the stimulation
waveform. Large fibre diameters (D) have a lower threshold than smaller fibres (equation 2) [19], and
short pulse biphasic waveforms with no interphase gap between cathodic and anodic pulses can enhance
this effect [34]. This can allow stimulation of certain nerve types, such as motor or sensory neurons.
Current steering through careful electrode and waveform design can therefore be used to preferentially
stimulate certain nerve fibres.
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Presently, platinum is used for most implantable charge delivery electrodes, as it is corrosion resistant,
has a high conductivity and reasonable charge injection capacity. Its shortcomings include being a very
expensive precious metal; it is hard and stiff, so that insertion and movement within soft, flexible tissue
can result in loss of contact with the target cells, tissue damage and scarring; it has limited surface
chemistry, preventing tailoring of cellular response with surface charge, topography and functionality;
and the electrode impedance and charge injection capacity could be improved. This has led to
significant efforts to develop new soft, functional, conductive materials to improve the electrode-tissue
interface [35]. However, most of this research has focussed on the CNS rather than in the PNS. And
most of these new materials have shown limited stability in vivo and after chronic electrical stimulation.
As a result, platinum’s long history in functional devices and as an FDA approved material still makes
it the first choice when developing new clinical devices. Recent results with small, flexible, carbon
based electrodes outperformed the selectivity and sensitivity of current clinical devices, opening up the
possibility of a new generation of PNS interfacing devices. Development of new implantable devices
raises questions about their safe performance during long-term stimulation.
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Figure 2: Acute peripheral nerve recordings. (A) lllustration of two CNT yarn electrodes separated by
approximately 2 mm in the tibial nerve. The left insert of (A) shows a photograph of the implanted
electrodes during the experiment. Two white arrows refer to the implantation sites of two CNT yarn
electrodes with ~ 500 um exposed length. (B) Schematic view of the CNT yarn electrode. The length
of the needle tip is 1 mm. a the uninsulated segment of the CNT yarn (~ 500 um), b the insulated
segment of the CNT yarn, ¢ the connection between the uninsulated segment of the CNT yarn and the
stainless steel, which is insulated by Parylene-C, and d the Teflon-insulated stainless steel. (C)
Schematic view of the hind paw of the rat. Electrical stimuli, with biphasic rectangular cathodal-first
pulses of a fixed duration of 200 ps and frequency at 1 Hz in the range from 0.5 to 10 mA were delivered
through needles in toes 2 to 5. (D) Experimental set-up. Reprinted with permission from [32]

Safe Electrical Stimulation

Implantation of an electrical stimulator can adversely affect the patient. Early reports on the
histopathology of clinical PNS stimulators revealed several patients had suffered surgical trauma,
infection, inflammation and mechanically induced tissue damage [36]. Development of better surgical
techniques and device designs has significantly reduced these damaging mechanisms.

Charge delivery across the electrode-tissue interface must be performed at safe stimulation levels to
prevent damage to the electrode or surrounding tissue. The safe charge injection limits of implantable
electrodes is often guided by the Shannon plot [37]. The Shannon plot relates the charge density per
phase (ULC cm™ ph™*) (D) and the charge per phase (LC phase™) (q) of a biphasic current pulse. Shannon
defined the equation

log D =k -log (q) 3

with k < 1.5 displaying no tissue damage. The Shannon plot mainly used data from stimulation of disc
shaped platinum electrodes placed on the surface of a feline cortex. The stimulation protocol was for 7
hours with 400 us anodic first, symmetrical, charge balanced, biphasic pulses with no interphase gap
and at 50 pulses per second [38][39]. A more recent analysis has shown the Shannon plot is not valid
for many conditions outside this stimulation protocol, in particular different stimulation waveforms and
on microelectrodes [40]. The tissue composition is different in the CNS than in the PNS, and the neural



structure and density are much higher and more complex. McCreery et al noted that neural injury in
the PNS was seen at lower charge densities than in the CNS using similar stimulation waveforms [41].
Therefore, the Shannon plot is not valid in the PNS and the safe stimulation protocols for different
tissue, electrode materials and geometries and over long-term stimulation are not known. More
fundamentally, the empirical observations of tissue damage observed in these studies was most likely
due to biological mechanisms, however the safe stimulation limits associated with electrochemical and
biological mechanisms haven’t been isolated. Furthermore, the short-term histological studies don’t
take into account the effect of fibrotic tissue growth that occurs on most devices or detect electrode
damage that can accumulate over years of electrical stimulation.

Safety studies of electrical stimulation in PNS by McCreery et al were performed with a cuff electrode
on a cat peroneal or sciatic nerve. Stimulation for 8-16 hours at 50-100 Hz with charge balanced,
biphasic 100 ps pulses of 2,500 pA resulted in irreversible neural damage with endoneural oedema
visible 48 hours after stimulation and early axonal degeneration (EAD, where the myelin collapsed into
the axoplasmic space) occurring within a week [36]. The damage was uniform across the nerve fibre,
mainly affecting the medium to large fibres. Damage was reduced by lowering the stimulation period,
pulse frequency, pulse length and duty cycle [42]. The strongest correlation to EAD was seen with the
stimulus current as a multiple of full axonal recruitment [41]. Due to the short time period used for the
stimulation and concerns over the validity of the animal model to humans, a large safety margin in
clinical stimulation parameters was recommended.

The safety of cochlear implants was also assessed in cats over several months [43]. The number of hair
cells and spiral ganglion neurons was reduced by the implantation, but there was no change in
electrically evoked auditory brainstem response (ABR). Only after hundreds of hours of electrical
stimulation was the ABR reduced, and this was associated with bone growth and loss of nerve fibres
near the electrodes. The electrically stimulated damage was detected after 200 hours of stimulation at
200 puC cm ph, 100 ps ph* charge balanced biphasic pulses at 20-25 pulses per second. Use of a
charge imbalanced waveform significantly reduced the safe stimulation levels. Further studies
demonstrated stimulation for 16 hours a day for 4 months using 26 pC cm? ph, 100 ps ph™* charge
balanced biphasic, bipolar pulses at 100 pulses per second (typical levels used in clinical devices and
well below the Shannon limit) had no statistically significant effect on spiral ganglion fibre survival
compared to non-stimulated cochleae [44]. This raised the possibility that therapeutic stimulation levels
for cochlear implants are safe.

More recently, the temporal bone from the first multi-channel cochlear implant recipient was analysed
after they had deceased [45]. The initial implantation was performed in 1978; it was replaced in 1983
and again in 1998 before they passed away in 2007. The analysis indicated platinum had detached from
the electrode and particulates had built up in fibrous tissue around the implant. There was an estimated
loss of 85-90% in spiral ganglion cells, but it is unknown if the fibrotic tissue growth, electrical
stimulation or platinum corrosion played any part in the cell loss. In addition, it isn’t known at what
stage the particulates formed and if further corrosion or cell loss would occur over longer time periods.
So while the stimulation protocol was considered safe, it is unclear if the electrical stimulation was
either too conservative or unsafe over long-term use.

Application of stimulation levels above the Shannon limit was deliberately used on cochlear implants
in guinea pigs over 4 weeks to determine its effects on surrounding tissue [46]. No surgical trauma was
induced, indicating any subsequent tissue damage was caused by electrical stimulation. Fibrous tissue
growth occurred on all implanted electrodes, but increased with applied charge density. Pitting of the
platinum electrode was seen above the Shannon limit and platinum particles detected in the fibrous
tissue next to the electrode. There was also a focal region of necrosis in the fibrous tissue at high charge
densities. However high charge densities increased the number of nearby auditory neurons, which
suggests electrical stimulation is a trophic factor and the ~0.2-1.0 mm separation between the electrode
and target neurons prevent stimulation induced neural damage.

Previous studies on long term safety of electrical stimulation of PNS was recently reviewed [47]. It
was noted that stimulation parameters depend on the specific nerve types and their size. In a fibre
containing multiple nerve types, therapeutic benefit may be achieved by stimulating one nerve type but



be damaging to other adjacent nerves. In general, short pulse durations and low pulse frequencies are
safer, but the safe pulse frequency in the PNS is lower than in the CNS. A short interpulse delay and
small electrode-neuron distance reduces stimulation threshold, which lowers the necessary stimulation
amplitude and potential for damage. However there is insufficient data in the literature for more specific
safety guidelines. And due to the different nerve size and anatomy between species, great caution must
be taken when applying animal studies to humans.

A new generation of small, flexible electrodes may reduce the foreign body response, maintaining small
electrode-neuron distances during chronic implantation, resulting in sustained, lower stimulation
thresholds. Electrodes targeting smaller nerve fibres will also have a smaller electrode-neuron distance,
resulting in a more uniform current distribution across the fibre. This raises the possibility that these
types of electrodes can provide safer stimulation with fewer off target side effects.

The safe electrical stimulation levels of implantable devices is guided by the Shannon plot, but it is not
applicable to the PNS; there are no standard protocols for safety testing or clinical use of peripheral
nerve stimulators [40]. Developing a new device for stimulating the PNS, such as carbon based fibres,
and determining their safe stimulation levels requires significant pre-clinical testing. Any data obtained
over a relatively short time frame and from various tissue models may be too conservative, a poor
predictor of long-term safety or of limited relevance to other device designs and stimulation protocols.
Therefore, a more theoretical basis for safe stimulation parameters would significantly reduce costs
associated with clinical trials, reduce patient risk and potentially improve clinical outcomes. The first
step in this process is to separate out the biological and electrochemical mechanisms of stimulation
induced electrode and tissue damage.

Biological Mechanisms of Unsafe Electrical Stimulation

Implantation of an electrode leads to surgical trauma, ongoing inflammation and a fibrotic tissue
response to the presence and movement of the large, stiff device [48]. The foreign body response can
isolate the electrode from the target tissue, reducing device performance and subsequently requiring a
larger stimulation charge to achieve therapeutic benefit. The trauma and fibrotic tissue response can
also damage or kill the target neural tissue. To overcome these issues, there has been significant effort
to assist in avoiding blood vessels during implantation, minimise device size, reduce its stiffness and
incorporate chemical cues such as anti-inflammatories and neural growth factors. An ideal electrode
would be invisible to the body and remain in close contact with the target neurons over its entire lifetime.
Separation from this ideal situation limits our ability to understand the different mechanisms involved
in the safe electrical stimulation of tissue.

It is assumed that electrical stimulation of a nerve alters the ion concentration across the cell membrane,
rather than specifically activating cell receptors or inducing more complex mechanisms. The change
in ion concentration raising the membrane potential to a threshold potential, inducing an action
potential.

Cell death from electrical stimulation can occur through different mechanisms. If very high potentials
are applied, electroporation can occur, where the lipid membrane morphology is rearranged, creating
pores that disturb intracellular homeostasis. The pores may then heal or expand, leading to cell rupture.
However the potentials required for electroporation are well above those used in current clinical devices
and is unlikely to be a major factor.

Excitotoxity of neurons occurs through the over stimulation of cell receptors, leading to cell stress and
death [49]. Application of a local anaesthetic during acute electrical stimulation of PNS prevented cell
death, indicating this mechanism may occur [36]. The uniform damage across the nerve fibre, and
greater impact on the more excitable medium to large fibres further supports an overstimulation
mechanism was occurring with this electrode and stimulation waveform. Reducing the stimulation
frequency can limit this damage mechanism, but may adversely affect neural selectivity. However, the
specific biochemical mechanisms occurring during electrical stimulation of neurons has not been
thoroughly investigated. So the wide applicability of excitotoxic mechanisms to different clinical
devices during chronic use is unknown as are effects of variations in tissue type and stimulation
waveform.



When developing new electrodes for more selective stimulation of the PNS, biological mechanisms of
tissue damage may occur. To understand the biological mechanisms occurring during electrical
stimulation and potential damaging mechanisms, a range of new tissue models are required to assess
the effect of electrical stimulation on cell behaviour. Due to differences in nerve fibre size, anatomy,
genotype and disease pathogenesis, animal models have limited relevance to clinical studies in humans.
And assessment of biological damage caused by clinical devices can usually only be performed post-
mortem. New in vitro models may provide more relevant testing methods. Human induced pluripotent
stem cells (iPSCs) can be used to generate different tissue types and structures that are more clinically
relevant. Electrodes placed into iPSC derived tissue models would enable the effect of different
electrical stimulation protocols, electrode designs, materials, neural structure and electrode-neuron
arrangement to be assessed systematically without the added complexity of a foreign body response.
The use of human derived tissue models would reduce the number of poorly relevant animals used in
preclinical research. These tissue models can also be personalised for individual patients, which may
allow tailoring of devices or stimulation protocols for enhanced clinical outcomes. It may also indicate
differences in biochemical pathways between clinical groups, for instance patients with specific
neurodegenerative diseases may have altered cellular composition or lost certain nerve types resulting
in different stimulation or damage thresholds and mechanisms.

Electrochemical Mechanisms of Unsafe Electrical Stimulation

Electrical stimulation of tissue requires charge to pass through the electrode-tissue interface. This
charge can be capacitance (movement of ions), Faradaic (oxidation or reduction of electrochemically
active species) or pseudocapacitance (oxidation or reduction of the surface layer of the electrode).
Assuming the electrode is inert and charge delivery is purely capacitive, the biochemical mechanisms
would be unaffected by electrode material. However no electrode is ideal, particularly in the complex
tissue environment, so charge is passed through a mixture of capacitance and Faradaic reactions.
Electrochemical reactions occurring at the electrode/tissue interface may generate cytotoxic species and
the electrode may corrode.

Platinum can pass charge into tissue through capacitance and a range of Faradaic reactions including
platinum oxide formation and removal, hydride adsorption and stripping, water electrolysis and
platinum stripping [50]. Electrochemically induced damage at the electrode/tissue interface could
include platinum corrosion and formation of cytotoxic species including platinum nanoparticles,
platinum salts, hydrogen and oxygen gas, reactive oxygen species, changes in pH and reaction products
from other biomolecules present including amino acids, proteins, neurotransmitters, sugars,
phospholipids, DNA and RNA. There are numerous articles detailing various reactions occurring at a
platinum-solution interface. The charge transfer mechanisms that occur, and their kinetics depend on
the conditions at the electrode-tissue interface; electrode size, surface topography and crystal structure,
solution composition and applied waveform [51][52].

Several studies have been performed to determine if electrochemical reactions at a platinum electrode
can affect cell viability. Biphasic electrical stimulation of a cochlear implant in 0.5% NaCl was
performed for 600 hours at a duty cycle of 50%, frequency of 5 kHz, 100 us pulse width with no
interpulse delay and an amplitude of 0.3 A [53]. Strong corrosion of the electrode was found. Titrations
of the platinum containing media were then fed to NIH3T3 and SH-SY5Y cell lines. Evidence of
cytotoxic effects on both cell lines were seen at platinum concentrations significantly below cells
cultured with platinum nanoparticles with an average particle size of 3 nm.

Electrical stimulation was performed in cell media with a deep brain stimulation electrode using a
charge balanced, cathodic first biphasic waveform, 50 pulses per second, 100 us pulse width, with a
100 ps interpulse gap for 2 hours [54]. The stimulation amplitude was either below or above the
Shannon limit at 4.7 mA (k = 0.57) or 35 mA (k = 2.3). Higher platinum dissolution occurred with
increased stimulation amplitude. Feeding the platinum containing solution to BV-2 microglia displayed
signs of cytotoxicity with increasing platinum concentration and exposure time. However NSC-34
neural cells fed the same media only showed a loss of neurites. Efforts to prevent platinum dissolution
were then attempted by using charge imbalanced biphasic pulses [55]. By lowering the charge during
the anodic pulse, the electrode polarisation can be kept below a certain potential. It was argued that



tissue damage can only occur by platinum oxidation, and by lowering the anodic polarisation, cathodic
charge densities above the Shannon limit can be used safely. However these experiments were
performed for extremely short time periods of 20 s, and no tissue studies were performed to demonstrate
these stimulation waveforms are safe.

These studies indicate reaction products formed at a platinum electrode during electrical stimulation
can be cytotoxic, but specific chemical species are to blame, and these details aren’t known. The effect
of different electrical stimulation conditions (changes to media, electrode design or stimulation
waveform) on the types of chemical species produced hasn’t been assessed. Furthermore, the impact
of these chemical species on primary neural cells hasn’t been tested.

Understanding the charge transfer mechanisms that occur during electrical stimulation of tissue can
only be achieved with appropriate models. Many electrochemical studies are performed in very simple
conditions which may not be relevant to clinical use. Early studies on the electrochemistry of platinum
in phosphate buffered saline indicated charge balanced, anodic first, 400 pC cm, 1 ms pulses at 50 Hz
resulted in platinum dissolution [56]. Addition of human serum albumin significantly reduced the
platinum dissolution while removal of oxygen and using a cathodic first pulse had a smaller reduction
effect. These experiments were mostly performed on freshly platinised electrodes which were quite
rough and probably had little oxide present [57]. Later electrochemical studies used cyclic voltammetry
on acid cleaned electrodes and indicated various amino acids also adsorbed onto the electrode surface
but that cysteine increased platinum dissolution [58]. While these studies indicate platinum corrosion
can occur, the use of acid cleaned electrodes without a layer of oxide may affect the platinum dissolution
rate and is a poor model of clinical performance. The ability of amino acids and proteins to adsorb onto
the electrode was also found to affect the amount of platinum corrosion, but the type and concentration
of organic species is not equivalent to those in tissue, further limiting the relevance of these studies.
Studies have also shown platinum is capable of corroding through both oxidation and reduction based
mechanisms, but these are often performed in high concentration H,SO4 solutions, and it is unknown if
these mechanisms can occur with platinum in tissue [59]. A greater understanding of the variation in
tissue composition and its effect on charge transfer reactions at the platinum-tissue interface is needed.

The use of inappropriate electrochemical methods can also provide incorrect charge transfer
mechanisms and safe charge injection limits of functioning clinical devices [51]. Reactions that are
thermodynamically feasible may have very slow Kkinetics or be irreversible [60]; and reactions that seem
insignificant on a single cyclic voltammetric sweep may accumulate over multiple current pulses. For
instance, a stimulation waveform may be a charge balanced biphasic pulse, but the reaction mechanisms
over reduction and oxidation pulses may not be balanced. Multiple pulses can then drive large changes
in the electrode/tissue interface, such as the removal of platinum oxide, and is termed ratcheting
[52][61]. Simply measuring the charge injection capacity from the reduction sweep of a voltammogram
or the change in electrode potential during current pulsing can be a very poor predictor of safe charge
injection limits and long term stability.

The safe charge injection limits are typically measured between the water oxidation and reduction
potentials assuming these reactions cause the most damage. The charge storage capacity is obtained
from integrating a potential sweep during cyclic voltammetry, and the charge injection limit measured
from the change in potential during a current pulse. However, if unsafe electrochemical mechanisms,
such as platinum corrosion or formation of cytotoxic species, occur at smaller potentials than water
oxidation or reduction, then the safe charge injection limit will be smaller than currently accepted.
Changes to a platinum electrode geometry, topography, stimulation waveform and the composition of
the tissue and bathing solution surrounding the electrode can affect the reaction mechanisms (eg rate of
platinum dissolution or oxygen reduction) that occur during electrical stimulation. These reactions can
also vary over time with changes to electrode structure or tissue composition. As a result, the
electrochemical mechanisms that can occur on each clinical devices may be different. This will then
affect their safe stimulation protocol. Further fundamental studies of the electrochemical behaviour of
clinical devices in different tissues over time will determine what role electrochemically induced
damage plays.



Platinum corrosion can produce cytotoxic species, resulting in unsafe electrochemical mechanisms
during neural stimulation. Changes to electrode materials, such as the use of carbon based electrodes
may remove platinum from the device, eliminating concerns on electrode corrosion and platinum
toxicity. This could result in a larger safe charge injection limit. A greater understanding of what
reaction mechanisms occur at the electrode-tissue interface is needed to determine those that are
cytotoxic and damage the electrode. This will then guide the next generation of electrode materials and
stimulation waveforms for safe, long term electrical stimulation of the PNS.

Conclusions

Electrical stimulation of peripheral nerves is being used to treat a range of disorders. The majority of
the electrodes used in clinical devices are platinum or platinum/iridium embedded in an insulating
material. The growth in electroceuticals means new electrode designs are being developed for clinical
use. The next generation of implantable electrodes will target smaller nerve fibres to reduce off target
side effects. Developing new devices requires a large investment in pre-clinical empirical studies that
have limited utility to long term safety in humans. The safe stimulation protocols used for these devices
are guided by the Shannon plot, however it’s applicability to different tissues, electrode designs and
stimulation protocols over long term use is poor. A more fundamental understanding of electrical
stimulation is required. Tissue damage can occur through biological and electrochemical mechanisms,
but further work is required to separate out different mechanisms and how they change with tissue type
and structure and over time. Understanding the effects of electrical stimulation on tissue and damage
causing mechanisms requires more relevant testing models such as iPSC derived tissue.

Future Perspectives

A new generation of bionic devices targeting the PNS will be developed to treat intractable and drug
resistant disorders and reduce off target side effects caused by current implantable devices. There are
a growing range of electrode geometries, topographies and materials being investigated. It is expected
that these devices will be tailored to specific tissues and will include much smaller electrode sizes, and
softer, more flexible materials. There will also be a development of new fabrication methods and
tailoring of devices through advanced fabrication techniques such as 3D printing. These devices will
also include chemical functionality and drug release to reduce immune response to and enhance neural
integration with the implanted device.

To ensure these devices are used in a safe manner, a greater understanding of charge transfer
mechanisms occurring over time in different tissue, and with different electrode geometry, topography
and materials will be undertaken. Use of iPSCs will enable creation of different tissue models for
assessing electrical stimulation safety and efficacy. The biological and electrochemical mechanisms
occurring during electrical stimulation will be investigated in more detail, providing a more
fundamental understanding of electrical stimulation of neurons.

Executive Summary
Peripheral Nerve Targets for Electrical Stimulation

e Electrical stimulation of the PNS has a long history

e Clinical devices for electrical stimulation of the PNS were initially developed around 1950 and
has been growing rapidly for novel treatments of intractable disorders

e A new generation of clinical devices are required to target different tissue and smaller nerve
fibres

Electrode Designs for Peripheral Nerve Stimulation

e Electrodes used to stimulate the PNS are mostly platinum or platinum/iridium embedded in an
insulating material

Safe Electrical Stimulation

o Early safety studies on PNS electrodes focussed on surgical trauma, infection, inflammation
and mechanically induced tissue damage



e The safe electrical stimulation of neurons is guided by the Shannon plot which is mainly based
on empirical evidence of stimulating the CNS over a short time frame

e The Shannon plot is not valid for the PNS, different stimulation waveforms and on
microelectrodes and does not take into account different tissue, electrode materials, geometries
and long-term stimulation
Induced damage can occur through biological and electrochemical mechanisms

¢ Induced damage may not be visible over short term testing and the mechanisms may change
over time

Biological Mechanisms of Unsafe Electrical Stimulation

o Biological damage can occur through excitotoxic mechanisms, but it is unclear how applicable
this mechanism is across different tissues and devices

o Better tissue models, such as iPSC derived neural constructs are needed to understand the safety
and efficacy of electrical stimulation

Electrochemical Mechanisms of Unsafe Electrical Stimulation

o Electrochemical damage can occur through corrosion of platinum electrodes and possibly by
formation of cytotoxic species.
Specific chemical species are responsible for cytotoxicity.

e A greater understanding is required of the biological and electrochemical mechanisms
occurring during electrical stimulation, this will better define the safe stimulation protocols
used on different devices and in different tissue
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