Volume 12
Numlber 9

7 May 2024
Pages 2171-2450

Biomaterials
Science

rsc.li/biomaterials-science

ISSN 2047-4849

European
ROYAL SOCIETY PERSPECTIVE ( Society for

Ann M. Rajnicek and Nieves Casan-Pastor

OF CH EMISTRY Wireless control of nerve growth using bipolar

electrodes: a new paradigm in electrostimulation

Biomaterials




7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online
View Journal | View Issue

PERSPECTIVE

Wireless control of nerve growth using bipolar

’ M) Check for updates ‘
electrodes: a new paradigm in electrostimulation

Cite this: Biomater. Sci., 2024, 12,

2180
Ann M. Rajnicek® and Nieves Casafi-Pastor () *°

Electrical activity underpins all life, but is most familiar in the nervous system, where long range electrical
signalling is essential for function. When this is lost (e.g., traumatic injury) or it becomes inefficient (e.g.,
demyelination), the use of external fields can compensate for at least some functional deficits. However,
its potential to also promote biological repair at the cell level is underplayed despite abundant in vitro evi-
dence for control of neuron growth. This perspective article considers specifically the emerging possibility
of achieving cell growth through the interaction of external electric fields using conducting materials as
unwired bipolar electrodes, and without intending stimulation of neuron electrical activity to be the
primary consequence. The use of a wireless method to create electrical interactions represents a para-
digm shift and may allow new applications in vivo where physical wiring is not possible. Within that
scheme of thought an evaluation of specific materials and their dynamic responses as bipolar unwired
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electrodes is summarized and correlated with changes in dynamic nerve growth during stimulation,
suggesting possible future schemes to achieve neural growth using bipolar unwired electrodes with
specific characteristics. This strategy emphasizes how nerve growth can be encouraged at injury sites
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Introduction

Electrical activity at the organism, tissue, single cell, and sub-
cellular scales supports processes key to survival and proper
function in animals, plants and microorganisms. Although
electrical activity of the nervous system is familiar to most
people, electrical signals are present in all cells and their clini-
cal or experimental manipulation can therefore impinge on
important signalling events, cell division, cell migration and
other processes, including tissue repair.

Functional electrostimulation is being used clinically in the
nervous system, where long range electrical signalling is essen-
tial for function. When this is lost (e.g., traumatic injury) or it
becomes inefficient (e.g., demyelination), the use of external
fields can compensate for at least some functional deficits, but
its potential to also promote biological repair at the cell level is
underplayed despite abundant in vitro evidence for its control
of neuron growth.'™ Consequently, an exciting new field of
electrostimulation technologies is emerging based on the
possible interactions of electric fields (EF), electrode materials,
and the nervous system,*’ opening also interdisciplinary
research at the interface of materials science, modelling,
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wirelessly to induce repair, as opposed to implanting devices that may substitute the neural signals.

neuroscience, and electrochemistry. New technologies include
systems that encompass electrical recording, sensing, func-
tional electrostimulation, and attempts to stimulate nerve
growth to repair nerve lesions.®™®

This perspective article considers specifically the emerging
possibility of achieving cell growth through the interaction of
external electric fields using conducting materials as unwired
bipolar electrodes, and without intending stimulation of
neuron electrical activity to be the primary consequence. The
use of a wireless method to create electrical interactions rep-
resents a paradigm shift and may allow new applications
in vivo where physical wiring is not possible. Within that
scheme of thought an evaluation of specific materials and
their dynamic responses as bipolar unwired electrodes is sum-
marized and correlated with changes in dynamic nerve growth
during stimulation, suggesting possible future schemes to
achieve nerve growth using bipolar unwired electrodes. This
strategy emphasizes how nerve growth can be encouraged at
injury sites wirelessly to induce repair, as opposed to implant-
ing devices that may substitute neural signals. This new
approach also considers the significance of the resulting ionic
and redox gradients created within the unwired electrode, the
inherent oxidation state gradients and their electrochemistry,
the related physical resistivity changes of the bipolar unwired
electrode, changes in ionic gradients within the extracellular
medium, and the medium impedance. Those factors may col-
lectively influence the speed and direction of nerve growth and

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-2979-4572
http://crossmark.crossref.org/dialog/?doi=10.1039/d3bm01946b&domain=pdf&date_stamp=2024-04-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01946b
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012009

Open Access Article. Published on 07 Februar 2024. Downloaded on 23.03.26 03:45:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

other environmental factors, including inflammation. The
inherent complex evolution of induced potentials and ionic
and redox state gradients at the immersed unwired electrode
would also impact cell growth, the local tissue microenvi-
ronment, and immunological responses, suggesting specific
key points to be addressed in the future.

Endogenous electric fields and injury
currents in animal tissues

A basic principle in living systems (defined in electrophysi-
ology) is the separation of charged ions across a resistive
barrier (e.g., plasma membrane, organelle membrane). That is,
a gradient of ion distribution in space (e.g, in cell cytoplasm
or within extracellular spaces in tissues). Membrane potential
describes the difference in electrical potential across the elec-
trically resistive membrane and in excitable cells (e.g,
neurons) a rapid wave-like change in potential (action poten-
tial) is the basis for electrical signal conduction. However, in
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non-excitable cells membrane potentials also influence cell
function. On a larger scale, stable voltage gradients in embryo-
nic and adult tissues underpin a range of important events
during development, tissue regeneration, cancer progression,
and wound repair processes.'®>?

The physiological basis for endogenous electrical signalling
at the tissue level is best understood using frog skin as an
example, but the same principles apply to any tightly sealed
ion-transporting epithelium (Fig. 1A), including mammalian
epithelia (e.g. cornea, gut lining, breast ducts, blood vessels,
etc.). Asymmetric distribution of specific ion channels and
pumps in the apical and basolateral membranes of cells in
intact epithelial layers leads to net transport of charged ions
across the structurally polarized cell layers, resulting in separ-
ation of charge across the highly resistive epithelium. For
example, in frog skin Na" moves inside cells passively through
apical (facing the pond water) membrane sodium channels
and it is then actively pumped out of the cells (to the extra-
cellular spaces within the frog tissues) by the Na'/K'/ATPase
pumps located in the basolateral membranes (facing the frog
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Fig. 1 Structurally polarised epithelial cells, in which Na* channels are
restricted to apical cell membrane surfaces (pond water side) and the
Na*/K*/ATPase pumps are localised to the basolateral cell membranes
(frog tissue side). Neighbouring cells are fastened to each other by tight
junctions, which provide a high resistance epithelial seal and they also
aid physical segregation of ion pumps and channels in apical and basal
membrane domains, respectively. Net inward movement of Na* ions
creates an internally positive transepithelial potential difference (TEP)
relative to the pond water of about +60 mV. (B). Upon wounding, the
Na™* ions leak out of the wound, collapsing the TEP to 0 mV at the injury,
but distal to the wound (intact epithelium) the inward ion flow is unin-
terrupted, so the TEP remains +60 mV. The resulting potential difference
between the wound site and intact tissues generates an electric field
(red arrow) parallel to the epithelial layer, with the wound centre as a
cathode (negative). The green wedge indicates the TEP gradient within
tissues. (C) The embryonic neural tube, which is the precursor to the
brain and spinal cord, maintains a potential difference of about —20 mV
across itself. It forms from folds of the outer layer of the embryo, so its
inside lumen shares ion transport traits with apical frog skin.
Consequently, the lumen is negative relative to the tissues just outside
the neural tube. Extracted from ref. 3 under Creative Commons License.

tissues). The Na' ions do not leak out due to the tight junc-
tions that connect neighbouring cells, creating a tight barrier
seal. Consequently, there is an imbalance of charge across the
epithelial layers, with more positive charges at the inside of
the frog’s skin relative to the pond water. This inwardly posi-
tive transepithelial potential (TEP) across the skin is ~+60 mV
in frog, and similar values (on the order of tens of mV) have
been recorded in mammalian epithelia.>*™>’

The TEP is steady until the integrity of the epithelial layer is
compromised. Upon epithelial damage the Na" ions that have
accumulated beneath the epithelium immediately start to leak
out the low resistance wound, but in distal regions the normal
inward Na' transport continues. Therefore, the TEP at the
wound falls catastrophically to 0 mV but the normal +60 mV
TEP persists distally (Fig. 1B). The difference in voltage (TEP)
over distance is, by definition, an electric field. Therefore, the
wound creates a natural electric field in the tissues just
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beneath the epithelium (directed parallel to the epithelium). It
is on the order of hundreds of mV mm™" immediately adjacent
to the wound margins, its magnitude falling exponentially
with distance from the wound. In this scenario the centre of
the wound, where Na' ions are leaking out, is relatively nega-
tive (cathode) compared to distal areas where polarized Na"
ion transport is undisturbed (anode).

In such biological systems the direction of current flow is
conventionally considered to be the direction of movement of
positively charged ions. Therefore, the wound has both a
natural outward injury current (mainly due to leakage of Na*
ions out of the wound) and a correlated electric field arising
from the internal voltage gradient (parallel to the epithelium in
tissues adjacent to the wound). Significantly, the electric field
and injury current have roles in facilitating natural wound
healing and this recognition has led to established clinical
therapies to aid healing using electrical stimulation.>*>°

Injury potentials and currents are always associated with
damaged tissues that exhibit regenerative capacity, including
amputated amphibian limbs, tadpole tails, zebra fish tails,
and juvenile human fingertips.***°? Naturally occurring elec-
trical gradients are also present near the uninjured embryonic
amphibian brain and spinal cord (Fig. 1C), suggesting putative
roles in nervous system development.**™” For example, the
central nervous system emerges in embryos as an upfolding of
parallel ridges of specialised epithelium along the dorsal
midline that fuse to form a distinct hollow tube, the neural
tube (Fig. 1C). The entire embryonic central nervous system
therefore shares the skin’s epithelial barrier and ion transport
propertties, including a ¢rans neural tube potential difference of
about 20 mV between the inner lumen (relatively negative) and
the tissues just outside of the neural tube.***> Consequently,
central nervous system neurons are born into and extend axons
within a naturally occurring electric field in the neural tube,
which in Xenopus laevis frog exceeds 400 mV mm~"*.**3¢

In the context of nervous system damage, injury currents
(ion flow around sites of damage) have been measured near the
damaged lamprey and adult mammalian spinal cords.*”*® It
follows therefore that electric fields imposed through external
electrodes could potentially modify cell function and behaviour,
including the rate and direction of nerve growth in ways that
could stimulate nerve connectivity and tissue repair.>™>*83%1°

How do extracellular electric fields impact cell function? In
the context of healing, externally applied electric fields of a
magnitude similar to those measured in tissues (physiological
electric fields) impact many significant physiological events,
including gene expression, immune function, phagocytosis,
tissue regeneration, and embryonic development.®?*:107*3
However, some clinical therapies for the nervous system use
much higher stimulation amplitudes (non-physiological),
where the applied field near the implanted electrodes may be
large enough to impact neuronal firing and synapse function.
This concept has been leveraged to manage symptoms for
diverse  neurological diseases including Parkinson’s,
depression, epilepsy, and migraine.*>**”>" It may also be the
basis for other recent applications in which implanted elec-
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trode arrays were used to effectively bypass damaged spinal
cord regions to overcome functional deficits in clinically func-
tionally complete (total loss of sensory and motor function
below the injury) spinal injured patients.***’

Although the fundamental mechanisms of the interaction
between cells and electrodes are not fully known, some
common factors emerge. For example, extracellular ionic gradi-
ents (Fig. 1) influence cell behaviour. Sufficiently large extra-
cellular potentials can alter a cell’s membrane potential or
influence the threshold required for firing action potentials,
but smaller, physiological scale potentials steer neuron growth
cone direction and branching, direct migration of neurons,
control neural stem cell fates, control glial cell orientation and
behaviour, and influence immune and inflammatory
mechanisms.>**”°>*> Furthermore, when an injury has
occurred, the existence of new endogenous directional fields
suggests that regeneration may be enhanced with the help of
external fields that modify scar tissue. Implanted materials
used to apply larger potentials always have a foreign body
response, inducing inflammation and fast encapsulation,
which results in an enhanced impedance. Consequently,
sensing or actuating becomes partially hindered, necessitating
removal or replacement of the electrode after several months.

Electrode materials and
electrostimulation protocols

Most studies of nerve cell responses to exogenous electric
fields have used direct current (DC) stimulation because the
endogenous injury currents and wound associated electric
fields are DC in character (Fig. 1). However, alternating current
(AC) fields can occur naturally (e.g., nerve synapse potentials)
and when applied exogenously they impact nerve cell function
and axon sprouting.>® The responsiveness of nerve cells to AC
fields has led to clinical electrostimulation protocols using AC
fields with zero net charge (balanced polarity and intensity
when averaged over the cycle) and oscillation frequencies
determined empirically. These conditions attempt to minimize
tissue damage through net zero delivered charge.

Some studies used slowly oscillating square wave AC pulses
(15-30 min long cycle periods, balanced polarity and intensity
over short and long-time spans) delivered using Pt/Ir wires
intended to stimulate growth of both sensory and motor nerve
pathways in the spinal cord.'®>*™*° Studies using in vitro scratch
models and new materials with large charge capacities based
on iridium oxide (IrOx), IrOx-nanocarbon hybrids, and conduct-
ing polymers with amino acid counterions®* used pulsed DC
fields, or AC net charge protocols over short time periods result-
ing in enhanced repair in both sides of the scratch, but not
when Pt electrodes were used. However, AC stimulation (~300
Hz) is used more often to restore function by acting on spared
nerve pathways which may include central pattern
generators.*>™’ Intriguingly, when using AC stimulation, the
improvement depends on the continued presence of the stimu-
lus rather than affecting a chronic improvement. For example,
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functional recovery (e.g., supporting body weigh in a static
standing position, or volitional ankle flex) is lost when the AC
stimulation is stopped.*>™” A similar response was observed for
AC lumbar spinal stimulation to facilitate gait in Parkinson’s.®®
Therefore, the specific combination of protocol and electrode
material defines the outcome of electrostimulation, with DC
schemes seeming to favour cell growth and repair.

Regardless of the desired electrostimulation method, funda-
mental aspects of electrochemistry must be considered because
electrodes are inevitably immersed in a biological ionic fluid.
Thus, capacitive and faradaic effects exist, and specific limits
must be considered. Steady, long-term DC (no change in
polarity) stimulation is unattractive if the charge capacity of the
electrode is surpassed, due to the generation of undesirable
electrode effects, such as localised pH changes, heat production
and generation of free radical species that are detrimental to
surrounding cells and tissues.”'*®® Therefore, ideal parameters
would deliver current or charge minimizing such undesired
chemical reactions, ideally using large capacity electrodes.

Even state of the art clinical work has used electrodes hard-
wired to an external power source, with materials derived from
fundamental engineering principles. Indeed, in some cases
little attention is given to the electrode material and some-
times it is not even specified in publications. Most electrodes
used clinically are only capacitive in nature (e.g., Pt, PtIr, stain-
less steel, or titanium nitride (TiN)) delivering a small amount
of charge in each pulse.”'® Nonetheless, they are often ade-
quate for the intended purpose. A problem recognised by neu-
rosurgeons using existing implanted electrode materials is
Inflammation and encapsulation, which eventually necessi-
tates electrode removal or replacement as performance decays.
Therefore, there is an urgent need for improved electrode
materials and protocols.

As mentioned above, electric field protocols used clinically to
modulate functional symptoms in the nervous system try to
compensate globally the charge delivered to the biological
system by using AC fields with net zero charge.”'® Electrical
stimulation for Parkinson or depression is done with typical
DBS parameter settings for movement disorders ranging from 2
to 4 V (mm range) amplitude, 60-450 ps pulse width, 130-185
Hz frequency.®* Charge delivery from electrode to the electrolyte
is thus controlled only based on the interplay of the capacitive
and faradaic charge delivered to the electrolyte by adjusting
current and frequency of oscillation.*® However, short time
scale reactions of O, and H,O yielding reactive oxygen radials
are difficult to avoid if the electrodes do not assume the charge
transfer, as is the case for capacitive metal electrodes. And only
by modulating the electrode material properties may the charge
transfer mechanism be switched out of the bulk electrolyte.

Electrode materials and charge
capacities

A number of in vitro studies using different substrate
materials, including those with different topographies, and
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insulating or conducting properties, have revealed clear candi-
date materials, whilst highlighting how little is known about
the mechanisms of interaction of electrodes, materials, cells,
and biological media.®>”* Obviously, direct contact electrodes
must be sufficiently conducting, and the charge transfer
between the electron conducting electrode and the ionic con-
ducting medium is a key factor in the success or failure of the
EF application. As mentioned, charge transfer at the electrode-
cellular medium interphase is unsafe if the electrolyte
assumes the charge, since it involves secondary reactions
related to the production of reactive oxygen species due to
water oxidation and O, reduction. Capacitive aspects on the
other hand are known to induce heating and tissue damage.
Thus, cell culture experiments are performed using salt
bridges at the electrodes to isolate cells from electrode reaction
products, or by using adhesion layers such as collagen, which
provide physiological cell attachment, but they also separate
cells physically from the electrode material. Clinical in vivo
protocols on the other hand, cannot use salt bridges, instead
they minimize damage during electric field application using
very short pulse stimulation times in AC mode, within frequen-
cies that minimize damage for the electrodes used. Indeed, if
inert electrodes like Pt or other noble metals are used the
charge transfer must occur at the ionic liquid near the elec-
trode surface. In vitro cell culture shows however, that short
term stimulation processes with DC and net charge that when
using Pt electrodes, both water oxidation and O, reduction pro-
cesses occur for very low charge injected (in the order of
100 pC cem™?). Specifically, cathodic O, reduction yields
species more toxic than those from water oxidation.®* There is
also evidence that the species released by platinum or steel
metal species are cytotoxic.5636%73

Thus, materials that undergo charge transfer within their
inner structure, thanks to the mixed ionic-electronic conduc-
tivity, may be considered optimal. This is because the material
is able to undergo redox chemical process in which the electron
is transferred into a mixed valence charge state simultaneous
with the ionic intercalation/deintercalation process, thus elimi-
nating the need of the electrolyte reactions. If that occurs in a
specific material within the potential window of aqueous solu-
tions, it greatly enhances the charge capacity limits imposed by
the electrode material. A clear example is the pioneering use of
coatings of IrOx tested,”®”” that lower the electrode impedance.
Since IrOx is actually an oxohydroxide, typical reactions involved
under electrostimulation may be summarized as:”’

Reduction:

Ir3°0, 4+ ze™ +zNat — Na,Ir"™-*7?0,
Oxidation:
Na,Ir35720, — Ir3°0, + ze~ +zNa*

Since Na* intercalation has been observed in it,”” (while K*
initially occluded in the structure is removed upon sterilization).
Equivalent intercalation reactions also happen in the case
of PEDOT-PSS (poly(3,4-ethilenedioxithiophene)-poly(estyrene
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sulfonate)) and other conducting polymers, always simul-
taneously to a change in oxidation state or charge carriers
within the polymer. Remarkably both types of compounds are
oxidized and offer an initial redox behaviour upon reduction.

New materials fulfilling biocompatibility criteria, even in
the presence of electric fields, are appearing in the global elec-
trode scenario. They are mostly based on iridium oxide,
carbon nanomaterials (nanotubes and graphenes, sometimes
in 3D form) and conducting polymers, in bulk and coating
forms, as well as the hybrid materials related to them, IrOx-
carbon nanotubes, IrOx-graphene, and IrOx-nanocarbons-
conducting  polymers.®**”>”7  Thus, as  previously
proposed,®>®*%*75 ysing mixed valence intercalation materials
as electrodes, able to intercalate ions and undergo mixed
valence changes, the charge transfer is greatly enhanced up to
two orders of magnitude with respect to Pt (LC em ™), and
improved neural repair is observed.®® In that sense IrOx has
been shown to achieve charge capacities in the order of 5 mC
ecm ™27 while conducting polymers like PEDOT-PSS reach
10 mC cm™2.”® Multilayer coatings, like polypyrrole coating of
PEDOT polymers, also show better biocompatibility especially
when bioactive aminoacids (e.g. lysine) are used,”® in which
case PEDOT gives polypyrrole more resistance to oxidation in
atmospheric conditions. Hybrid phases containing IrOx and
nanocarbons reach 120 mC cm™2,%"%” while hybrids contain-
ing iridium oxide, nanocarbons but also conducting polymers
result in a nanostructure that involves the polymer encapsulat-
ing IrOx and carbon nanocomponents. The final charge
capacity is only that of the polymer, near 10 mC ecm 2. Such
charge capacity limits define the cathodic charge that can be
delivered during the constant DC potential range used.
Additionally, since the inner solid state reactions behind the
charge capacity are related to reversible redox intercalation
processes as defined below, the new materials offer a whole
range of action not possible until now.%"%>-6¢

Micro and nanostructures

3D structures that enhance the active surface are expected to
increment the charge capacity. Both carbon and platinum
black have been tested in cell growth experiments but few
experiments with electric field application have been
reported.”® Topographic cues have also been demonstrated to
influence neuron growth when using insulating substrates,*>®
and very recently on nanostructured PEDOT-PSS in presence
of EF facilitating directionality of growth.®>

Directionality in repair studies. Neuron
growth using directly connected
electrodes

Beyond the AC alternating field EF protocols used in func-
tional electrostimulation with zero net charge, DC fields may

also be used. A constant field direction (DC) results in induced
directional ionic gradients in the extracellular and intracellular

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm01946b

Open Access Article. Published on 07 Februar 2024. Downloaded on 23.03.26 03:45:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

matrix, which are relevant in tissue growth and embryo
development,"™ as shown previously, inducing cell differen-
tiation and growth but also major changes in development from
original embryos. EF protocols using the new electrode types
(IrOx hybrids and conducting polymers with biologic counter-
ions) with sustained directionality and small application times
(40 min pulsed DC) demonstrated effects on mammalian nerve
cell outgrowth in a scratch wound assay.®! In those experiments,
the effect depends on the electrode used and its chemistry;
capacitive Pt electrodes impaired healing compared to the spon-
taneous healing observed in controls.®® On the other hand, in
the presence of EF stimulation both sides of the scratch wound
edge advanced toward the lesion center, regardless of whether
facing the anode or the cathode.®*

In all cases mentioned above the electrodes were wired
directly to an external programmed power source with a logic
scheme for easy control of applied current, voltage, and pulse
time. However, a substantial serious drawback in electrostimu-
lation protocols aimed to enhance function or repair is the
need to wire the implanted electrode to external power
sources, or to an inserted stimulator unit (e.g., deep brain
electrostimulation®).

New wireless approaches based on
bipolar electrochemical induction

Although a number of wireless approaches are being pursued,
including piezoelectric, and light effects,®®! the closest
approach to a connected electrode is an unwired electrode
where polarization may induce charge transfer in the same
fundamental basis and electrochemical paths tested on con-
nected electrodes.

Attempts have been made to create local microbatteries by
placing power sources directly onto wounded tissues. For
example, materials patterned with alternating dots of Ag and Zn
have been used on skin tissue treatments®*>®® but those reactive
systems that may lead to batteries are not biocompatible and
cannot be implanted without substantial damage to the local
tissue. Metamaterials formed by a composition of spatially orga-
nized materials with diverse properties may lead to a self-rectify-
ing implantable device where current may be induced in a
single direction through an external magnetic field,*” offering
big potential despite the complexity of the acting implant.

Recent experiments have shown that an unwired bipolar
electrode can be generated in vitro through induction of polar-
ization in an immersed conducting material, yielding wireless
bipolar electrochemistry effects on neurons.®® This pioneering
work showed that wireless electrostimulation was possible
through the induction of dipoles at the borders of immersed
conducting materials in the presence of externally imposed
electric fields and that neural growth parameters were affected
without direct wiring to a power source. Significantly, these
experiments are also the basis that sustain the newly rectifier
device®® or any other where the electric field may be generated
by an oscillating magnetic field.
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It was demonstrated that Xenopus laevis neurons isolated
from the embryonic neural tube growing directly on conduct-
ing materials underwent significant neurite outgrowth com-
pared with those grown on insulating materials®® and that
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Fig. 2 Wound closure in a cortical scratch wound assay. (A) and (B)
Fluorescence micrographs of Tau imunostaining. The dark region to the
right is the scratch. Neurites extended spontaneously into the scratch
region. In the presence of EF using various electrodes: uncoated Pt,
bilayer PEDOT-polypyrrole-lysine coating platinum, with Q delivered
80% of the cathodic charge capacities (CSC) values, and IrOx—graphene
coating Pt electrode with equal Q delivered: (A) cathode side and (B)
anode side. (C) Wound closure in a cortical neuron scratch model using
PEDOT-polypyrrole-lysine coatings and IrOx—graphene coatings using
max 40 min stimulation with charge delivery below the maximum
charge capacity of the lower capacity material. Note: as the charge
capacity is enhanced in the material (conducting polymer reduced, or
IrOx—graphene), the repair for a certain Q is larger. Reproduced from
ref. 61 with permission from Elsevier, copyright 2017.
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Perspective

bipolar effects were evident in the materials (Fig. 4).
Electrostimulation effects on cells were observed using much
lower fields (50 mV mm™") than those traditionally used for
insulating materials assays (~150 mV mm™") or other insulat-
ing biocompatible substrates such as TiO, or glass, evidencing
a wireless electrical influence that has been explained and
proven in consecutive publications.®*?

Xenopus neuron cultures offer several advantages over mam-
malian neurons for these experiments, permitting a clearer
interpretation of the effect of the wireless bipolar electrodes on
neuron growth. First, mammalian neurons in vitro typically
require an adhesion layer for cell attachment and to support
neurite outgrowth but Xenopus neurons grow directly on the
uncoated material surface. This provides unimpeded, intimate
contact of the growth cone with the underlying material, so any
changes in the material properties resulting from an imposed
field are sensed directly by the cells and are reflected in changes
in cell growth. Additionally, Xenopus neurite growth cones are sig-
nificantly larger in diameter, and their neurites extend much
more rapidly than those on mammalian neurons. In a practical
sense it is also much easier to control experimental conditions
because no additional growth factors are required for Xenopus
cultures, and only 1% calf serum supplementation is required,
which contrasts to a complex growth factor cocktail and the
addition of 10% serum for mammalian neurons, facilitating time
lapse observations. The low protein content minimizes possible
protein adsorption to electrode materials. Finally, time lapse
observations are readily achievable on Xenopus neurons since
they grow in ambient temperature and CO, conditions, so no
incubator is required. Thus, the experiments are reduced to the
simplest, controllable elements that permit correlation of cell
behaviour with changes in material properties.

While induced bipolar electrochemistry effects had been
known previously, only recently have they been made more
visible.”*™* The essence of the effect requires a conducting
material to be immersed within the electrolyte, which under-
goes an induced polarization (opposing the externally imposed

(A) @8e310A

Conducting piece

d

Fig. 3 Polarization induced on a conducting material immersed in an
electrolyte. (a) Scheme of an electrochemical cell with an immersed
conducting material and (b) the resulting potential profile in absence
and in presence of such material. In b, the red and blue lines represent
the external positive and negative wired electrodes, while the horizontal
charged material is the bipolar electrode. The induced potentials A+ and
A— depend on the distance between external electrodes, d, and the
actual length of the bipolar unwired electrode, |, as expected from clas-
sical electromagnetism rules, as well as the position of the material
within the field lines. Reproduced from ref. 91 with permission from ECS
(IOP publisher), copyright 2022.
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field). Such polarization results in spatially opposed induced
anode and cathode parts, where reactions may occur at the
electrolyte-bipolar electrode interface, thus having electro-
chemistry without the need of wiring the electrode. Fig. 3 illus-
trates a scheme of the voltage profile induced when a conduct-
ing material is immersed in the electrolyte, and the actual vol-
tages deviation at the material Poles that become the induced
cathode and anode. It is actually the deviation from the elec-
trolyte potential profile what we deal with when we speak of
induced potentials. Furthermore, when induced potential are
mentioned it refers to the potential profile induced in the
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Fig. 4 Establishing bipolar conditions in cell cultures: (A) electric field
apparatus. (B) Glass microscope slides coated with PEDOT-PSS (top)
and IrOx (bottom) demonstrating transparency. (C) When the material
used was gold coated onto a titanium adhesion layer (on glass slide) the
phenol red pH indicator in the cell culture medium proved a gradient of
pH developed as a consequence of the electric field (external cathode is
at the left). Phenol red is yellow under acidic conditions an