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Optimizing the neuron-electrode interface for chronic
bioelectronic interfacing

Conor Keogh, MBBCh, MSc, MRCS
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Engineering approaches have vast potential to improve the treatment of disease. Brain-machine interfaces have become
a well-established means of treating some otherwise medically refractory neurological diseases, and they have shown
promise in many more areas. More widespread use of implanted stimulating and recording electrodes for long-term inter-
vention is, however, limited by the difficulty in maintaining a stable interface between implanted electrodes and the local
tissue for reliable recording and stimulation.

This loss of performance at the neuron-electrode interface is due to a combination of inflammation and glial scar forma-

tion in response to the implanted material, as well as electrical factors contributing to a reduction in function over time.
An increasing understanding of the factors at play at the neural interface has led to greater focus on the optimization of
this neuron-electrode interface in order to maintain long-term implant viability.

A wide variety of approaches to improving device interfacing have emerged, targeting the mechanical, electrical, and
biological interactions between implanted electrodes and the neural tissue. These approaches are aimed at reducing the
initial trauma and long-term tissue reaction through device coatings, optimization of mechanical characteristics for maxi-
mal biocompatibility, and implantation techniques. Improved electrode features, optimized stimulation parameters, and
novel electrode materials further aim to stabilize the electrical interface, while the integration of biological interventions to
reduce inflammation and improve tissue integration has also shown promise.

Optimization of the neuron-electrode interface allows the use of long-term, high-resolution stimulation and recording,
opening the door to responsive closed-loop systems with highly selective modulation. These new approaches and tech-
nologies offer a broad range of options for neural interfacing, representing the possibility of developing specific implant
technologies tailor-made to a given task, allowing truly personalized, optimized implant technology for chronic neural

interfacing.

https://thejns.org/doi/abs/10.3171/2020.4.FOCUS20178
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potential to provide new approaches to the treat-

ment of disease.! This is evident in the increasing
applications of brain-machine interfacing techniques,
from movement disorders? to psychiatric disease’® and be-
yond, and in the applications of neuromodulation to a wide
variety of pathologies,* including the restoration of func-
tion following damage to the nervous system.’

Existing systems have demonstrated long-term clinical
utility, with many patients continuing to benefit from sys-
tems such as cochlear implants® and deep brain stimula-
tors’ years after implantation and even long-term record-
ings using implanted arrays.® While effective, there is
much room for improvement in existing systems, particu-
larly with regard to the fidelity of recorded signals. The

T HE intersection of engineering and medicine has the

ability to reliably record a broader range of signals po-
tentially permits the development of closed-loop systems,
allowing implanted devices to restore neural dynamics.’
These responsive systems have established benefit in con-
ditions such as Parkinson’s disease'® and epilepsy!! and are
of increasing interest for many other conditions,>'? but the
use of these technologies has been limited by unreliable
recordings with chronic implantation due to poor interface
characteristics.>14

The neural signals recorded by these interfaces range
from highly selective and specific single-unit recordings,
where activity from individual neurons can be differen-
tiated,” through multiunit activity recordings, where the
activity of small populations of local neurons can be in-
terrogated, to the measurement of less specific local field
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potentials.'® These signals represent differing levels of
specificity regarding the populations of neurons that can
be recorded from. Local field potentials, which most cur-
rent recording systems rely on, are primarily extracellular
signals produced by a summation of membrane currents
in the region surrounding the electrode, while multiunit
activity and single-unit activity are more directly related
to spiking of specific populations but require highly inte-
grated interfaces to record accurately.'®

The development of advanced interfacing systems po-
tentially allows stimulation with high selectivity and re-
cording of single- and multiunit activity, permitting modu-
lation of increasingly selective neural populations.””-'® Im-
proved interfacing also offers stability over time,*"* with
biocompatible systems shown to consistently record from
the same populations, allowing for applications such as
epilepsy monitoring and neuroprosthetic development.'”2

Despite this potential, our ability to create long-term
interfaces remains limited by inflammatory reactions at
the tissue-electrode interface and a degradation in the
quality of the bioelectronic interface over time."* This lim-
its the selectivity of stimulation, reduces implant lifetime,
and makes effective recording extremely challenging,?
limiting the range of potential applications. Increasing ap-
preciation for the factors that contribute to effective inter-
facing and the emergence of novel approaches to optimize
implanted hardware for chronic use have the potential to
transform the applications of bioelectronic interfacing.

The present article aims to summarize current consid-
erations in bioelectronic interfacing and the major avenues
being explored to improve the effectiveness of existing
technologies. It aims to offer a framework for consider-
ing progress in how these domains interact and the clini-
cal implications of these emerging technologies. PubMed
and IEEE Xplore were searched for articles related to
“bioelectronics,” “neural interface,” and “brain machine
interface,” and the approaches to improving bioelectronic
interface characteristics were reviewed using relevant ar-
ticles from the search results and their lists of references.

Neuron-Electrode Interface

While implanted systems fail for a wide range of rea-
sons,” from mechanical failure and lead fracture to infec-
tion of implanted components,>? the interactions between
implanted devices and the underlying tissue are key deter-
minants of long-term viability.?* The primary interactions
are the inflammatory and gliotic response provoked by
the foreign materials'® and the electrochemical reactions
occurring during stimulation and recording.** Under-
standing the nature of these interactions and optimizing
implant design based on the required behavior will allow
more effective stimulation and recording technologies by
allowing the maintenance of a selective bioelectronic in-
terface.

Inflammation and Gliosis

The inflammatory reaction to implanted devices is
a major driver of interface failure in chronic applica-
tions.32526 The gliotic sheath formed around the device is
a limiting factor for recording and has a significant impact
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on the behavior of stimulation.?'>* This inflammatory re-
action is composed of two major processes: early insertion
trauma and a more chronic mechanical trauma.

Insertion trauma is the damage caused by the physical
implantation of the array. This damage drives an inflam-
matory response characterized by the migration of astro-
cytes and microglia to the area surrounding the device
and by a loss of local neurons.? This early reactive gliosis
is also present even with superficial cortical arrays that
cause minimal tissue disturbance. This process typically
peaks within the 1st week after implantation before gradu-
ally resolving.?’

Despite the resolution of this early process, there is an
ongoing inflammatory response to implanted arrays. This
results in the formation of a glial scar, with a progressive
increase in the local astrocyte and microglial population,
loss of local neurons, and formation of a gliotic sheath
around the implant.? This, in turn, results in a progres-
sive loss of implant function, with increasing electrode
impedance over time. This reduces recording ability and
increases stimulation requirements, with a loss of ability
to accurately determine the charge density at the tissue
level and a reduction in stimulation accuracy.?®

It is increasingly recognized that the gliotic scar is
biologically complex and not simply a passive barrier to
stimulation and recording. The glial scar appears to play a
role in the reorganization of local neural circuits, resulting
in an alteration in local dynamics over time,” representing
a functional and an anatomical response, complicating the
targeting of stimulation.

This chronic inflammatory response and gliotic re-
action are largely driven by differences in mechanical
characteristics across the tissue-electrode interface.’!
Neural cells are highly sensitive to their mechanical envi-
ronment;>* standard silicone-based electrode arrays are
several orders of magnitude more rigid than neural tissue,
and even “flexible” array substrates such as polyimide or
parylene are significantly more rigid than tissue® (Table
1). The implantation of rigid electrodes has consistently
been shown to produce a gliotic response as the tissues are
under constant low-grade stress,* with even minor move-
ments such as those that occur during pulsations of intra-
cranial pressure with the cardiac cycle producing relative
movement at the tissue-electrode interface, resulting in
tissue damage and an inflammatory response.

The extent of this gliotic response is highly related
to implant rigidity,*’ with softer implants producing less
chronic inflammation and, therefore, less gliosis.**¥” Op-
timization of the implant’s mechanical characteristics is
thus an important step in ensuring long-term interface vi-
ability.

Interface Electrochemistry

The electrical interface between biological tissues and
the electronic system is an essential consideration in opti-
mizing device function.?* This electrical interface is char-
acterized by a series of electrochemical reactions that al-
low charge transfer between the electronic and biological
systems.*

Charge is carried in electronic systems as free electrons,
while it is carried in biological tissues as charged ions. Di-
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TABLE 1. Table of stiffness (Young’s modulus) of a range of
biological and artificial materials involved in the tissue-electrode
interface

Material Stiffness (Pa)
Neurons (2-4) x 10?
Hydrogels (1-100) x 102
Glia (1-10) x 103
Fibroblasts 1x 105
Elastomers (1-10) x 10°
Plastics (1-10) x 10°
Silicon >1 x 10

Materials involved in interfacing show a wide variation in stiffness, with many
commonly used materials differing in stiffness from neural tissues by 8 or
more orders of magnitude, driving the chronic inflammatory response at the
interface. Recent developments with elastomer- and hydrogel-based electrode
arrays demonstrate far more favorable mechanical characteristics.

rect transfer of charge between an implanted electrode and
local neural tissue is therefore not possible, necessitating
reactions at the interface to transfer free electrons to local
ion species and vice versa. This can occur through two
primary methods: either capacitive charging, wherein the
electrode-electrolyte double layer charges and discharges,
passing electrons between ions in the electrolyte and the
metallic conductor, or faradaic reactions, wherein electron
transfer is facilitated by oxidization or by the reduction of
species at the interface (Fig. 1). Electrode materials differ
in the relative proportions of each mechanism they use to
transfer charge, making material choice an important de-
terminant of long-term electrode behavior.?

Capacitive charge transfer is the primary charge trans-
fer mechanism of materials such as titanium nitride and

Keogh

tantalum.?* It involves charging of the electrode-electro-
lyte interface and subsequent discharging into the electro-
lyte to transfer charge. These materials are theoretically
advantageous, in that there is no oxidation or reduction
of local species at the tissue-electrode interface, making
the interface stable over time and with high stimulation
volumes. However, purely capacitive charge transfer has
a relatively low charge injection capacity, limiting the
amount of charge that can be passed per unit surface area.
Electrodes with very small contact areas relying on capac-
itive transfer may, therefore, not be able to pass sufficiently
high stimulation volumes.

Faradaic charge transfer, with chemical alterations of
ionic species at the electrode-electrolyte interface to fa-
cilitate rapid charge transfer, is the primary mechanism
of materials such as iridium oxide and platinum (though
platinum also demonstrates a strong capacitive component
under certain conditions®®). These materials allow a large
charge injection capacity, facilitating the transfer of large
stimulation volumes with even very small electrodes but
at the cost of irreversible chemical reactions at the tissue-
electrode interface, causing gradual degradation of the
electrodes and a reduction in performance over time, in
addition to the risk of tissue damage .+

Given the impact of electrode material on interface be-
havior, careful selection of the most appropriate material
for a given application is essential to ensure optimal per-
formance and long-term efficacy.

Improving Performance

Optimizing the performance of interfaces to improve
stimulation technology has the potential to allow more
effective stimulation over long periods as well as viable
long-term recording, opening the possibilities of wider ap-
plications of targeted and closed-loop technologies.
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FIG. 1. Schematic of capacitive and faradaic charge transfer mechanisms. Left: Charge is transferred by charging of an electri-
cally active double layer between the electrode and electrolyte, followed by discharge into the electrolyte. This involves no chemi-
cal alterations of local species but has a limited charge injection capacity for a given surface area. Right: Charge is transferred
through a faradaic mechanism via oxidation and reduction of chemical species on the surface of the electrode and within the
electrolyte. This provides high charge injection capacities, but the resulting electrochemical reactions can produce degradation of

the electrode and damage to local tissue.
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TABLE 2. Major mechanical, electrical, and biological
approaches to optimizing interfaces

Mechanical Electrical Biological
Array coatings Electrode geometry Antiinflammatory
Mechanical character- ~ Stimulation waveforms Pro-integration
istics

Implantation methods Novel materials Biological materials

By manipulating the effect of the device on the body via mechanical altera-
tions, the dynamic interface between the device and the body via electrical
considerations, and the response of the body to the device via biological
interventions, improved bioelectronic interfaces can be developed.

Approaches to interface optimization can broadly be
considered as targeting mechanical, electrical, and biolog-
ical considerations (Table 2). This framework effectively
covers the effects of an implanted device on the surround-
ing tissues, the functional interface between the device
and the body, and the body’s response to the device. The
mechanical, electrical, and biological considerations of
interface design are therefore clearly linked, and an un-
derstanding of how each of these contributes to long-term
functioning is essential to the application of these tech-
nologies.

Mechanical Approaches

Mechanical methods of implant optimization aim to
improve hardware integration by reducing the foreign-
body response to rigid implanted materials. These ap-
proaches include bioactive coatings,**-*? alterations in de-
vice mechanical characteristics,*?**3” and minimal-trauma
implantation methods.*

Coating electrode arrays with substances aims to re-
duce the tissue response and therefore scarring around
the bioelectronic interface. These coatings include bio-
molecular layers that prevent protein adsorption and re-
duce tissue migration, reducing local scarring.** Implant
coating with a gelatin layer has also shown promise in re-
ducing the local response to even rigid implants,*#* pro-
viding a buffer between the rigid material and the local
tissues, as well as a biological role in improving blood-
brain barrier restoration after insertion trauma.*' These
approaches offer great potential in improving long-term
implant viability with minimal alterations to currently
used technologies.

A promising approach to reducing the chronic me-
chanically driven inflammatory process is the alteration
of implant characteristics to mimic those of the local tis-
sues, eliminating the mechanical mismatch across the
interface.’® This allows the integration of the electronic
interface into tissues without a chronic inflammatory re-
sponse. Using soft elastomeric substrates has been shown
to provide a stable interface for subdural recording and
stimulation of the cortex and spinal cord over long peri-
ods in animal models.”*" Fully deformable biocompatible
conductive materials allow the mechanical characteristics
of the electrodes and conductive tracks to be manipulated,
potentially eliminating all rigid elements from the inter-
facing device components.*#¢ These advances in the me-
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chanical aspects of implanted neural hardware design have
shown significant potential in a wide range of neurological
and neurosurgical disease, from epilepsy monitoring* to
restoration of function following spinal cord injury,’ as a
result of their long-term stability.

These implanted electronics with tissue-like mechani-
cal characteristics have clear benefits over standard rigid
interfaces, but implantation of penetrating electrodes
poses an obvious challenge due to the stiffness required
to penetrate tissue and ensure accurate positioning, poten-
tially limiting tissue-like arrays to superficially accessible
areas. Integration of biological polymers into the array
substrate, forming a rigid device,*® potentially allows al-
teration of substrate mechanical characteristics over time.
These polymers then become hydrated once implanted
in tissue, gradually dissolving and reducing the rigidity
of the implant until its mechanical characteristics match
those of the surrounding tissues. This allows an array
to be designed to be rigid enough to penetrate to the de-
sired location, followed by a reduction in implant rigid-
ity over time, thereby allowing accurate deep placement
while simultaneously avoiding the chronic inflammatory
response.

While these mechanically optimized devices offer the
potential to mitigate the chronic inflammation that limits
device performance, early insertion trauma remains an
issue. While image-guided and stereotactic implantation
techniques reduce the amount of tissue manipulation re-
quired for interface placement, this initial inflammatory
reaction remains difficult to overcome using purely me-
chanical alterations to device characteristics, particularly
in the context of penetrating electrodes. While there is
some evidence that approaches such as high-speed pneu-
matic implantation may reduce tissue trauma,” these ap-
proaches are limited in their efficacy. The development
of entirely novel interfacing approaches seeks to bypass
this barrier entirely, using, for example, an endovascular
route to place electrode-containing stents within cortical
veins to facilitate stable chronic recording from adjacent
tissue.*

The broad range of emerging options for mechanical
optimization of interface technology highlights the need
to consider the specific requirements of the device being
implanted, with careful selection of the ideal mechanical
characteristics and implantation methods to ensure ac-
curate placement and effective long-term recording and
stimulation.

Electrical Approaches

A number of emerging approaches to optimizing the
transfer of charge between electronic implants and neural
tissue exist, allowing more accurate recording and stimu-
lation. These include improvements in electrode geome-
try,> careful selection of stimulation waveforms,?* and the
use of novel electrode materials.>'-53

Electrode geometry is an important determinant of
charge injection capacity, particularly with materials
that transfer charge by predominantly capacitive mecha-
nisms.?* The greater the electrode surface area available
for transfer, the greater the charge injection capacity. In
order to mitigate the need for very large electrodes and
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FIG. 2. lllustration of the impact of surface features on effective surface area of electrodes. A: Example of a simple planar array
with exposed electrode contacts with a geometrical surface area of 1 mm?. B: Close-up of electrode contacts highlighted in A,
showing smooth contact surface. The effective surface area is roughly equal to the geometrical surface area. C: Close-up of
electrode contacts highlighted in A, showing coarsened contact surface. The effective surface area is much greater than the
geometrical surface area. This allows for a far greater charge injection capacity by allowing more surface area to exchange charge
with tissues, without needing to increase the geometrical size of the electrodes. This can be achieved by incorporating micro- or

nanoscale features into the electrode design.

allow localized, selective stimulation, approaches to im-
proving electrode geometry have focused on increasing
the effective surface area of the electrodes by altering
their micro- and nanoscale surface features.

Simple approaches such as roughening the surface of
the electrode can greatly increase effective surface area
for an electrode of a fixed geometrical size, increasing
its charge injection capacity and therefore its stimulation
potential (Fig. 2).>° Approaches aimed at incorporating
micropores or nanopores into the electrode’s surface mi-
croarchitecture can massively increase the surface area
available for charge transfer, potentially allowing high
stimulation currents through even very small electrodes.?*
These approaches have the potential to overcome the ma-
jor limitations of capacitive materials and can allow very
selective stimulation by targeting small areas of local tis-
sue.>*

The importance of optimizing stimulation waveforms
to achieve stable long-term results is increasingly recog-
nized.®>* This is particularly the case for materials that
rely on faradaic charge transfer. An unbalanced stimula-
tion waveform, such as a simple square pulse, results in
current moving in only one direction across the tissue-
electrode interface. Over time, with gradual accumulation
of electrochemical reactions, this leads to degradation of
the electrode and damage to the surrounding tissues.*®
These reactions include the electrolysis of water with con-
sequent local pH changes and gas formation, electrode

dissolution and corrosion, and oxidation of local biologi-
cal molecules with resultant tissue damage.”* The use of
a charge-balanced waveform, with equal charge moving
in both directions across the interface over the course of
a stimulation cycle, can overcome this issue by allowing
reversal of the interface electrochemical reactions during
the reversed charge transfer phase. This prevents electrode
degradation and tissue damage over time, leading to more
stable long-term performance.*

These charge-balanced waveforms can take a number
of forms, with the essential feature being net equal flow
of charge across the interface during a stimulation cycle.*
An initial stimulatory square pulse may therefore be fol-
lowed by any waveform with a net equal volume, from ex-
actly symmetrical square pulses with opposite polarity to
longer, lower-amplitude pulses and complex exponential
functions, depending on the stimulation requirements and
local tissue characteristics.*

While improvements in the geometry and electrochem-
istry of current materials have great potential to improve
chronic interfacing, the emergence of novel electrode ma-
terials offers an increasingly promising avenue to achiev-
ing optimal electrical performance over time. These ma-
terials aim to improve on the limitations of currently used
electrodes. Major examples include 1) carbon nanotube
electrodes,”? which offer a very large effective surface
area, increased charge injection capacity, and favorable
mechanical characteristics, and 2) silicon carbide, which
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offers improved biocompatibility and reduced corrosion,
with improved performance over time.

The increasing appreciation for the importance of
electronic considerations has led to a wide range of new
approaches to improve interface stability. Appropriate
selection of electrode material, optimization of electrode
characteristics, and selection of an appropriate stimulation
waveform are essential steps in ensuring the long-term vi-
ability of an implanted stimulating or recording interface,
with the emergence of novel materials offering a broad
range of future options in clinical interface selection. By
matching stimulation parameters to the characteristics of
the interface material and by matching material selec-
tion to the required charge injection capacity (linked to
required electrode size and amount of charge transfer re-
quired), it is possible to match interface characteristics to
the specific task required.

Biological Approaches

Targeting the biological response to implanted devices
offers further approaches to improving long-term inte-
gration with the nervous system by reducing the body’s
response to the device. These approaches include antiin-
flammatory strategies to reduce reactive gliosis®-’ and
methods aimed at encouraging integration of the implant
into the surrounding tissues.*®’

Given the role of inflammation in interface degradation,
the use of antiinflammatory drugs to reduce scarring and
improve viability is an obvious first step. This has been
shown to improve long-term performance.>> Steroids have
been the most widely investigated, though other antiinflam-
matory therapies have also shown promise.®' Systemic ad-
ministration at the time of electrode insertion reduces scar-
ring and improves performance.®’ Local administration has
also shown promise, with coating of the implant effectively
reducing local inflammation.’®*® This antiinflammatory
strategy has led to the development of drug-eluting elec-
trode arrays, which gradually release dexamethasone over
time from microfluidic channels within the array,’’ lead-
ing to a sustained reduction in local inflammation and im-
proved long-term electrode performance.

Moving beyond approaches to reduce inflammation,
incorporation of growth factors and other bioactive mol-
ecules into array components has also shown promise
in increasing tissue integration.® Array coatings may be
able to inhibit microglial adhesion and encourage neural
growth surrounding the electrode sites,*>¢> while the elu-
tion of growth factors may have potential in encouraging
the survival of local neural populations, increasing the
contact between electrodes and local neural tissue.’

Following this aim to increase integration with local
tissues, a more radical approach involves the development
of electrode arrays based entirely on extracellular matrix
components,*63%4 allowing for true tissue integration.
Such electrodes demonstrate excellent mechanical charac-
teristics and show a reduction in local inflammation and
glial scarring compared with synthetic foreign materials,5
as well as encouraging the survival and growth of local
neurons,®> with a corresponding increase in implant func-
tion over time.% These approaches open the possibility of
fully biocompatible interfaces derived entirely from mate-
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rials normally present in the brain, which can be used for
highly selective recording and stimulation.

Careful consideration of the biological response to the
implanted electrode array therefore reveals a number of
potential approaches to improving hardware function in
the chronic implanted setting, from systemic to local and
antiinflammatory to growth factors and biological arrays.
Selection of optimal bioactive array features for a given
application is likely to increasingly represent an important
consideration when planning long-term stimulation or re-
cording.

Conclusions

Brain-machine interfacing technologies have had a ma-
jor impact on the treatment of neurological disease and
have demonstrated huge potential for the treatment of a
wide variety of conditions. Existing technologies have
demonstrated long-term viability and clinical benefit. The
increasing application of these technologies is, however,
limited by challenges in establishing a stable, long-term
interface for reliable recording and stimulation. This pre-
vents the use of highly selective stimulation and the ac-
quisition of clinically useful recordings in long-term use.
These limitations are primarily driven by inflammatory
reactions to implanted devices and by electronic limita-
tions of current hardware technologies.

By understanding and carefully manipulating the ef-
fects of an implanted device on the body, the functional in-
terface between the device and the body, and the response
of the body to the device, highly accurate, application-spe-
cific neural interfaces can be developed. Rapid progress
is being made in many areas related to the mechanical,
electrical, and biological considerations of bioelectronics,
increasing the scope of potential interfaces and their po-
tential applications.

However, without a thorough understanding of how
these developments impact the clinical viability of in-
terfaces and how these considerations interact with one
another, this progress will not be translated to improved
treatment options for patients. While ongoing progress in
the individual areas of bioelectronic hardware is impor-
tant, a focus moving forward must be on ensuring ade-
quate knowledge among clinicians on the limitations and
emerging approaches to interfacing technologies and on
the application of these technologies to real clinical prob-
lems.

These advances represent considerable new additions
to the neural interfacing armamentarium, opening up the
potential for application-specific bioelectronic device de-
sign, with tailoring of the implanted device’s mechanical,
electrical, and biological behaviors to the specific require-
ments of the desired application for optimal long-term neu-
ral interfacing. The combination of multiple approaches,
tailored to specific applications, is likely to be the most
successful strategy to realizing optimal neural interfaces,
but without an increased appreciation for the complexity
of the neural interface and an emphasis on applying new
technologies, with integration of clinical and engineering
expertise, many of the promising advances in engineering
and materials science are likely to remain in the laboratory.
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