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ARTICLE INFO ABSTRACT

Peripheral nerve repair (PNR) is a major healthcare challenge due to the limited regenerative capacity of the
nervous system, often leading to severe functional impairments. While nerve autografts are the gold standard,
their implications are constrained by issues such as donor site morbidity and limited availability, necessitating
innovative alternatives like nerve guidance conduits (NGCs). However, the inherently slow nerve growth rate
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(~1 mm/day) and prolonged neuroinflammation, delay recovery even with the use of passive (no-conductive)
NGCs, resulting in muscle atrophy and loss of locomotor function. Electrical stimulation (ES) has the ability to
enhance nerve regeneration rate by modulating the innate bioelectrical microenvironment of nerve tissue while
simultaneously fostering a reparative environment through immunoregulation. In this context, electrically

conductive polymer (ECP)-based biomaterials offer unique advantages for nerve repair combining their flexi-
bility, akin to traditional plastics, and mixed ionic-electronic conductivity, similar to ionically conductive nerve
tissue, as well as their biocompatibility and ease of fabrication. This review focuses on the progress, challenges,
and emerging techniques for integrating ECP based NGCs with ES for functional nerve regeneration. It critically
evaluates the various approaches using ECP based scaffolds, identifying gaps that have hindered clinical trans-
lation. Key challenges discussed include designing effective 3D NGCs with high electroactivity, optimizing ES
modules, and better understanding of immunoregulation during nerve repair. The review also explores inno-
vative strategies in material development and wireless, self-powered ES methods. Furthermore, it emphasizes the
need for non-invasive ES delivery methods combined with hybrid ECP based neural scaffolds, highlighting future
directions for advancing preclinical and clinical translation. Together, ECP based NGCs combined with ES
represent a promising avenue for advancing PNR and improving patient outcomes.

1. Introduction

Neurological disorders due to injury of the peripheral nervous system
(PNS) and central nervous system (CNS) comprise 6.3 % of global dis-
ease burden, affecting circa one billion people. A recent pilot study es-
timates nearly 10 million deaths due to neurological disorders in 2019
alone [1]. Nerve injury can occur in the CNS or PNS, and is a serious
healthcare burden with few treatment options available. Various
ischemic, chemical, mechanical, or thermal factors can induce damage
in CNS or PNS, but the responses of CNS and PNS to such damages are
fundamentally different. Specifically, and also the focus of this review:
the PNS, which can regenerate on its own if the damage is minor, but
surgical intervention is necessary for a larger nerve defect. Peripheral
nerve injury (PNI) remains a significant unresolved healthcare challenge
due to its high incidence, debilitating effects that can lead to irreversible
disability, and substantial financial burden. PNIs are commonly caused
by motor vehicular accidents, penetrating trauma after stabbing in-
cidents, gunshot injuries, and stretching or crushing injuries after falls
[2]. It has been estimated that 13-23/100,000 persons and 2-5%
trauma patients are being exposed to PNI annually [3,4]. There are 360,
000 PNI per year in the USA alone leading to an economic burden of
$150 billion [5,6], with a similar figure of 300,000 PNI per year in
Europe [7]. More significantly, the majority of PNIs result from vehic-
ular accidents involving the most economically productive age group
(16-35 years) in society [8]. Moreover, as CNS trauma can accompany
PNI, an early diagnosis of PNI remains problematic. This is exemplified
by the fact that 10-34 % of the patients with traumatic brain injury
admitted to rehabilitation units are found to have associated PNIs [2].

PNS can recover naturally, but larger defects require surgery to join
the proximal and distal nerve stumps directly to each other or using a
biological or synthetic bridging graft. Despite advances in microsurgical
techniques and a deeper understanding PNI pathophysiology and
regeneration, only 50 % of traumatic PNI patients achieve good to
normal function after surgery, regardless of the repair strategy or injury
location [9]. It has been also reported that 80-90 % of patients show
permanent sensory or motor deficit following nerve repair [10]. While
the regenerative capacity of PNS is higher than CNS, complete recovery
is rare, misdirected, or linked with persistent neuropathic pain. More-
over, age-related structural and biochemical changes cause a gradual
loss of neurons, with mature neurons unable to divide [11]. This
significantly reduces the regenerative and reinnervation capabilities of
nerve fibers, posing a serious threat to mobility and sensory function.

Current clinical treatments for PNI include surgical end-to-end
coaptation, autologous nerve grafts, allografts, and nerve conduits
[12,13]. The gold standard is autologous nerve grafting, but it has sig-
nificant drawbacks, such as sensory loss, scarring, donor site dysfunc-
tion, nerve size mismatch, and limited donor tissue availability. Neural
tissue engineering: combining tissue engineering with cellular seeding,
offers a potential alternative. This approach has sparked interest in

engineered nerve guidance conduits (NGCs) made from various natural
and synthetic polymers, which feature porosity, biocompatibility,
biodegradability, and infection resistance [14-16]. However, bioactive
but electrically passive NGCs fail to replicate the native bioelectrical
environment of nerve tissue and are ineffective in repairing long defect
gaps, especially those ranging from over 30 mm to as much as 15 cm
[15]. Additionally, patients undergoing immediate peripheral nerve
repair (PNR) face a prolonged denervation period of the distal target, as
the regeneration rate in humans is approximately 1 mm/day. This delay
can lead to significant atrophy of the denervated tissue by the time
regenerating axons reach it. Therefore, accelerating nerve regeneration
can lead to improved functional outcomes for the affected tissue.

Just like endogenous electric fields generated after injury have a vital
role in natural wound healing, electric fields following a nerve injury
have been demonstrated to affect regeneration [17]. Such endogenous
electric fields are generated by disruption of transcellular potential
differences due to breaches in ionic gradients at the injury site. Endog-
enous electric fields play a pivotal role in nerve regeneration by
directing neurite growth, promoting branching, and accelerating growth
rates through mechanisms such as the regulation of asymmetric Ca®*
influx, polarization of epidermal growth factor (EGF) receptors, cyto-
skeletal reorganization, activation of Rho GTPases (small signalling G
protein like Cdc42 and Rac, involved in regulation in cell morphology,
cytoskeleton reorganization), and modulation of specific signaling
pathways, including neuronal nicotinic acetylcholine receptors and
phospholipase C (PLC) [17-19].

Acknowledging the role of endogenous electric field, one potential
method for improving nerve regeneration and the effective restoration
of function is exogenous electrical stimulation (ES), which is a versatile
and powerful technique used across a broad spectrum of medical and
therapeutic applications [20-22]. Electrical impulses and ion fluxes
drive the firing of neurons, the beating of hearts, and the contraction of
muscles in every living organism through a complex network of
bioelectrical signals. Therefore, ES provides a potent way to control
tissue and cellular responses with the goal of enhancing or restoring
physiological processes that have been disrupted by disease or injury.
Exogenous ES accelerates nerve repair by promoting axonal growth
through galvanotaxis, enhancing Schwann cell (SC) migration, prolif-
eration, and neurotrophic factor secretion, and modulating cellular
function via calcium influx and activation of regeneration-associated
gene expression [21,22]. Additionally, externally applied ES can also
minimize inflammation through macrophage polarization to the M2
phenotype, creating a favorable microenvironment for nerve regenera-
tion and functional recovery.

ES is commonly used in rehabilitation medicine to help with muscle
re-education and injury recovery, as well as to treat neurological dis-
eases like Parkinson’s disease, epilepsy, and neurotrophic pain, using
various types of microelectrodes (e.g., deep brain stimulating electrodes,
nerve cuff, percutaneous leads, microneedles, etc.). These
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microelectrodes are generally smaller in size and are designed to deliver
highly localized ES to specific nerve fibers or regions. Additionally, most
of these microelectrodes are rigid, not suitable for long-term implanta-
tion and most importantly, lack ability to support any regenerative
function. However, administrating exogenous ES to a nerve injury site to
stimulate reparative processes should be evenly distributed across the
regenerating neural tissue and potentially enable the injured nerve ends
to communicate electrically. In this context, a conductive neural scaffold
or bioelectronic interface not only provides localized stimulation but
also serves as a conductive bridge between injured nerve ends, facili-
tating neural signal transmission and axonal growth.

A wide range of conductive materials have been explored for fabri-
cating electroconductive neural scaffolds including electrically
conductive polymers (ECPs) [23-26], carbon nanotubes (CNTs) [27,28],
graphene [29,30], graphene oxide (GO), reduced graphene oxide (rGO)
[31,32], MXenes [33,34], metals [35,36], and others [37,38]. Out of
those, this review will specifically focus on ECPs; a unique class of
organic conducting polymers having traditional plastic-like flexibility
and metal-like electrical conductivity [39]. Though both ECPs and
carbon based nanomaterials (e.g., graphene, GO, rGO, CNTs) are organic
conducting materials, they are significantly distinct in terms of their
molecular arrangement. ECPs are composed of long chain of organic
monomers with alternating single and double bonds, resulting in a
partial delocalization of z-electrons which enables them to conduct
electricity upon doping [40-43]. In contrast, carbon based nano-
materials are composed of carbon atoms arranged in 2D hexagonal lat-
tices with fully delocalized =-electrons, resulting in excellent
conductivity without any need of doping. Also, ECPs show excellent
redox activity, leading to its enhanced charge transfer and charge stor-
age behaviour through Faradaic mechanisms, while carbon based
nanomaterials show electric double layer capacitance (EDLC) behaviour
for charge transfer (only electron) and storage. Charge carriers in ECPs
(e.g., solution, polaron, bipolarons, discussed in details in Section 4) are
also different from carbon based nanomaterials (electron & hole). Thus,
ECPs are unique type of conducting organic polymers and exhibit
exceptional electrochemical properties, including superior charge
transfer, charge storage, and charge injection capacity, as well as mixed
ionic and electronic conductivity that aligns with the ionic conductivity
in biological tissues [20,44,45]. In this context, ECPs have been exten-
sively explored for building electroconductive neural scaffolds, while
providing ES, for faster nerve regeneration [20,23,25].

Effective solutions are required due to the catastrophic consequences
of PNIs, as previously mentioned. Researchers have investigated a va-
riety of innovative tissue engineering techniques that concentrate on the
development of materials and strategies for the repair of damaged
nerves following an injury, in recognition of this imperative need.
Several reports have reviewed such innovative nerve repair techniques,
emphasizing the use of natural and synthetic material-based hydrogels
as bioengineered scaffolds [46], piezoelectric polymers in neural tissue
regeneration that emphasise the generation of bioelectric cues [47], and
cell-derived extracellular matrices as biomimetic materials [48]. The
promising aspects of conductive and growth-factor-loaded hydrogels are
also highlighted. Liu et al. have discussed both natural and synthetic
hydrogels, including their hybrid thereof, with a particular emphasis on
how they can be tailored for PNR by modifying their mechanical,
biochemical, and electrical properties [46].

Shlapakova et al. have comprehensively highlighted how piezo-
electric polymers like polyvinylidene fluoride (PVDF), and poly-l-lactic
acid (PLLA) can convert mechanical energy due to body movements,
ultrasound, and magnetic fields into electrical signals for nerve repair.
They highlight that magnetoelectric scaffolds, composed of piezoelectric
matrices doped with magnetic materials, exhibit a greater potential than
ultrasound-driven piezoelectric scaffolds due to their non-invasive na-
ture with safe penetration into tissue without attenuation or adverse
effects. These magnetoelectric materials can activate the piezoelectric
response through magnetostriction, i.e., mechanical deformation caused
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by magnetic fields [49], offering an alternative for nerve repair. Another
recent review on a wide range electroactive biomaterials, has discussed
the potential of combining electrical and mechanical cues for advanced
scaffold design for neural tissue engineering purposes [50]. However,
here the focus spanned a broad range of neural tissues, including CNS
repair, and primarily discussed general challenges in biomaterial engi-
neering. Additionally, other reviews have investigated graphene-based
scaffolds combined with ES for PNR, highlighting their unique ability
to promote SC proliferation and neuronal growth, as well as their me-
chanical strength and conductivity [51]. However, challenges such as
standardization of ES protocols and biocompatibility remain unresolved.
Although valuable insights into a diverse array of materials and
strategies, including a wide variety of conductive biomaterials have
been reported, this current review is distinctive in that it concentrates on
the integration of ECPs, a distinct class of organic polymer-based NGCs,
together with ES approaches to improve PNR. With ES and ECP as the
primary emphasis of this review, it not only investigates the engineering
of ECP based NGCs to imitate endogenous electrical fields, but also
evaluates emerging non-invasive ES delivery methods. These technolo-
gies seek to overcome the limits of typical wired ES systems, which
provide significant impediments to the therapeutic application of this
technology. Here, we emphasise the progress, challenges, and emergent
techniques for the integration of ECP based NGCs with ES modules for
functional nerve repair. Due to the slow progress in the clinical trans-
lation of ECP-based neural scaffolds, it is crucial to identify the gaps in
knowledge and technology that are hindering advancement. The fun-
damentals of peripheral nerve physiology post-PNI, especially the roles
of SCs and macrophages in nerve regeneration are discussed, alongside
the effects of ES on regeneration and immunoregulation. The basic un-
derlying mechanisms of electronic and electrochemical properties of
ECPs are also discussed in light of their ability to electrically stimulate
neurons effectively. Recent strategies using ECP based scaffolds com-
bined with ES for nerve regeneration, both in vitro and in vivo, are
reviewed with particular discussion to electrical and electrochemical
properties, biomaterial architecture, ES protocols, and delivery
methods. Finally, the challenges are highlighted, emphasizing the need
to improve material characteristics (e.g., electrical and electrochemical
properties, biodegradability, and bioresorbability) and develop non-
invasive ES delivery methods. These advancements could provide
valuable insights for necessary interventions to support the potential
clinical translation of the technology for functional nerve repair.

2. Peripheral nerve injuries and regeneration

The nervous system controls organs and processes throughout the
body. The PNS consists of a vast network of nerves, including the spinal
nerves that come from the spinal cord, cranial nerves that originate from
the brain, and the sensory nerve cell bodies along with their processes
[Fig. 1(a)]. The peripheral nerves are responsible for transmitting sen-
sory inputs to the CNS and relaying signals from the CNS to muscles and
glands in the body. The PNS is composed of various cell types, each with
distinct roles in the maintenance of the nervous system. These include
neurons, SCs, satellite glia, fibroblasts, endothelial cells, macrophages,
and pericytes. A peripheral nerve has motor and sensory axons in a nerve
trunk enclosed by connective tissue [Fig. 1(b)] [13], whereby SCs form
myelin sheaths around axons to speed up signal transmission. Axons and
myelin sheaths are surrounded by endoneurium, orientated collagen
fibers and the perineurium, made of flattened fibroblasts and collagen,
bundles axons into fascicles. A fibrocollagenous epineurium holds the
fascicles and vasculature (artery and vein) together to form a nerve
trunk. Nerve damage or injury affects the complete or partial micro-
structure of the nerve trunk. Hence, when injury occurs to the PNS, it can
either be non-degenerative, without axonal loss, or degenerative,
involving axonal damage [52]. Seddon classified nerve injuries into
three broad categories: neuropraxia, axonotmesis, and neurotmesis,
depending on the severity of the damage [52,53]. Segmental
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Fig. 1. (a) Human nervous system showing distribution of CNS and PNS. (b) Anatomical structure of peripheral nerve trunk showing the nerve bundles grouped
together by connective tissue and vasculature. (c) Schematic illustration of cellular responses at different stages after PNI showing degenerative processes followed by

regeneration. Created with BioRender.com.

demyelination of axons causes partial or total signal transmission failure
in the least severe neuropraxia. When myelin is regenerated, this con-
dition goes away in healthy people. Axonotmesis occurs when the axon
is injured but the supporting connective tissue is intact. Axonal regen-
eration along the myelinating SC sheet from the proximal end restores
neuronal activity after distal degeneration or demyelination. The worst
injury is neurotmesis, which destroys the nerve trunk and connective
tissue and requires surgery. In 1951, Sunderland divided axonotmesis
damage into three grades, extending this categorization to five. Mack-
innon and Dellon introduced a mixed injury grade with numerous layers
[52]. The latest grade of injury type is a mixed one associated with
multiple layers of injury, introduced by Mackinnon and Dellon [54].
PNS damage can produce nerve transection, disruption of neuronal
transmission and the blood nerve barrier, and inflammatory response
with fibrin deposition, fibrosis, scarring, and neurotoxic cytokine
release. Axonal constancy breaches cause phenotypic alterations at the
lesion site, damaging sensory and motor neurons [55-57]. Wallerian
degeneration under protease activity occurs after PNI because the distal
end is separated from the neuronal body and has no metabolic resources
[Fig. 1(c)]. PNS specific Wallerian degeneration is a well-coordinated
morphological and biochemical event at the distal end that clears
debris to create a milieu for axon regeneration [58]. Disassemblement of
cytoskeleton components, cell membrane breakdown, and distal axonal
fragmentation initiate this degeneration process. Meanwhile, SCs lose
myelin and along with macrophages, they remove degenerated axons,
myelin, and other waste. An array of cellular and molecular activities,
including retrograde reactions and chromatolysis, occur in the cell body.
Nucleic induction upregulates regeneration-associated genes, which are

necessary for axonal regrowth and growth cone formation from the
proximal stump [59]. SCs recruited migrate towards injury site and start
to proliferate. They provide scaffolding by forming well-orchestrated
“Bands of Bunger” to proximal stump-derived regenerating axonal
sprouts. Additionally, SCs release neurotrophic growth factors and cy-
tokines that aid axonal regeneration. Recent advances in neuro-
immunology have shown that macrophage polarization is essential to
PNR [60,61]. Macrophages, which make up 2-9% of peripheral nerve
cells, are phagocytic. After an injury, SCs dedifferentiate and express
pro-inflammatory cytokines including tumor necrosis factor-o (TNF- )
and Interleukin-6 (IL-6), which activate local macrophages and draw
circulating monocytes to the region [60-62]. Pro-inflammatory (crudely
denoted as M1) macrophages clear myelin debris, breaking it down into
cholesterol and lipid molecules essential for new myelin sheath forma-
tion [Fig. 2]. After Wallerian degeneration, macrophages/monocytes
gradually polarize to a pro-regenerative macrophage phenotype, aiding
nerve regeneration. M2 (pro-regenerative) macrophages secrete
vascular endothelial growth factor-A (VEGF-A), promoting blood vessel
formation, which allows SCs to cross nerve defects and guide axon
regeneration. Of course, macrophages do not exist on a binary scale and
a wide spectrum and degree of heterogeneity exist among their pop-
ulations. A recent study showed that ‘M2’ polarization enhances SC
migration, proliferation, and remyelination, improving sciatic nerve
function restoration. The diverse role of pro-inflammatory (M1) and
pro-regenerative (M2) is shown in Fig. 2. New axonal sprouts extend
until they reach the distal target ideally at 1 mm/day. If they cannot
reach the distal target (e.g. muscle), axonal regeneration becomes mis-
directed leading to neuroma and the denervated muscle fiber becomes
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atrophic. In case of a severe nerve injury, axonal regeneration becomes
more disorganized with additional scarring and end-to-end suturing is
not possible. In that case, nerve grafts or nerve guidance channels are
needed to bridge the gap between the proximal stump and the distal
stump.

3. Impact of electrical stimulation (ES) on nerve regeneration

Bioelectricity plays a pivotal role in normal functioning of our body
including movement, cognition, sensation, sight, sensation, blood
transportation through our circulatory system and healing of an injury
[63]. All biological processes in the body are governed by charge
transport phenomena such as transport of ions across the plasma
membranes and of electrons along biomolecules. Electrical potentials
(—60 mV to —100 mV) exist inside and outside cells. Changes in the
transmembrane potential influence cellular functions and continuous
electrical signals through neurons are responsible for the internal body
function. In case of neurons, a transient change in steady state trans-
membrane potential, known as resting potential, represents a specific
electrical event, termed as action potential and it effects the ion influx
through the membrane to condition the intracellular signal transduction
pathways through second messengers such as cAMP and Ca®*, which in
turn regulate enzyme phosphorylation and gene expression [64]. During
an action potential, information is transmitted from one place to another
accompanied by a change in the transmembrane potential from negative
to positive [65]. This action potential event is involved with several
processes, such as depolarization, repolarization and hyperpolarization
of cell membrane. For a typical nerve cell, the resting potential of the
interior of a cell is —70 mV and the membrane starts to depolarize when
the interior potential is drawn to —55 mV, leading to opening of Na™*
channels. When the ion influx through the Na™ channels propel the
interior potential to +30 mV, the membrane becomes completely

depolarized [Fig. 3] [66]. Subsequently, the membrane begins to repo-
larize towards its resting potential by the opening of K channels.
However, during the process of a signal transmission, the repolarization
process goes past the resting potential and peaks to approximately —90
mV. At this point, the membrane becomes hyperpolarized and prevents
the neuron receiving additional stimulus. It also prevents any stimulus
sent to an axon from inducing another action potential in the reverse
direction, ensuring unidirectional signal transduction. After hyperpo-
larization, the membrane attains the resting potential. It has been
documented that for inducing a brief action potential of ~1 ms, the
membrane must be depolarized by ~10-20 mV [67].

Several theories and hypotheses regarding the effect of intervening
electrical signals and its impact on the development and organization of
nervous system have been put forward by scientists since 1891 [68],
with the first reported by Ingvar in 1920 to experimentally demonstrate
the effect of external ES on the orientation of chick nerve growth along
the electrical field lines of action [69]. Later, several studies not only
confirmed this but also reported that neurites facing the cathode grew
several times faster than those facing the anode under a steady direct
current (DC) electric field [68,70,71]. Since then, the clinical success of
ES in cochlear and visual prosthetics, and deep brain stimulation for
managing neurological disorders e.g. Parkinson’s disease, epilepsy, and
dementia; has been established [72]. Given the prominent electrical
activity of neurons, there is an obvious growing interest among research
communities in utilizing external electrical signals to manipulate the
electrical environment of the nervous system in order to achieve effi-
cient regeneration of a damaged nerve.

ES modulates cellular responses via a sophisticated and intricately
interconnected network of cellular mechanisms that are precisely
designed to convert external electrical signals into cellular actions via
receptor-based cell signaling. Tailored ES parameters can induce func-
tional tissue repair with a higher degree of efficiency than conventional
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existing tissue engineering options, contingent upon the specific cell
types. More details regarding general cellular responses under electrical
signals can be found elsewhere [20,73-76]. A variety of cellular re-
sponses, such as proliferation, differentiation, apoptosis, cytoskeleton
reorganization, and axonal growth, can be induced by ES-mediated
cascades of intricate molecular events. ES induces an asymmetric
redistribution of charged receptors on the cell membrane, activating
signaling cascades such as mitogen-activated protein kinases (MAPK),
which regulate transcription of specific mnRNAs and molecular pathways
including extracellular signal-regulated kinases (ERK), p38 MAPK, and
phosphatidylinositol-3 kinase (PI3K), driving various cellular processes
like neurite outgrowth in nerve cells [Fig. 4]. Patel and Poo, 1982 were
one of the first to document an increase in neurite length of single
dissociated Xenopus neurons under a steady electric field [77]. They
hypothesized that ES acted directly in the cell body by altering the po-
tential of cytoplasm, which in turn may induce electrophoretic distri-
bution of cytoplasmic materials important for axonal growth. Further,
ES acting along plasma membrane can aid electrophoretic accumulation
of surface molecules that promote neurite adhesion and outgrowth. ES
can also change the membrane potential through depolarization,
thereby activating growth controlling transport processes across the
plasma membrane. ES directly influences ion dynamics by promoting
Na* influx and K* efflux, while increasing intracellular Ca?* levels via
plasma membrane ion channels and calcium release from endoplasmic
reticulum stores. This release of intracellular Ca?* has been shown to
activate cyclic adenosine monophosphate (cAMP) cAMP, boosting
adenosine triphosphate (ATP) production and driving cAMP response
element-binding protein (CREB)-mediated transcription, which is crit-
ical for facilitating enhanced nerve regeneration [51] [Fig. 4]. This is
also supported by the evidence of direct current stimulation enhancing
ATP production by directing proton migration towards mitochondrial
H1-ATPases [78], which is essential for cytoskeletal reorganization and

related cellular processes [79]. Additionally, ES can induce G-pro-
tein-coupled receptors (GPCR) activation for phospholipase C (PLC)
mediated synthesis of inositol 1,4,5-trisphosphate (IP3) and diac-
ylglycerol (DAG), which in turn induce endoplasmic reticulum to release
its stored Ca2* [76,80]. ES can significantly enhance the intracellular
electrical and metabolic signaling between cells via mediating cell gap
junctions and promoting transfer of signalling molecules like Ca?*, K,
cyclic nucleotides, and inositol phosphates, like IP3 [81]. Another
possible mechanism is the emergence of endogenous currents at the
filopodial tips of growth cones carried by Ca?" ions, which play a sig-
nificant role in neuronal growth including vesicle fusion into growing
membranes and aligning actin and myosin fibers [82]. Other important
effects of the induced Ca?" current include the release of neuro-
modulators and hormones, tubulin polymerization for microtubule for-
mation and protein phosphorylation, thereby contributing towards
assembly and molecular organization of the growing nerve. Thereafter, a
series of studies followed to elucidate the effect of ES on nerve regen-
eration at a molecular level, which found upregulation of various
growth factors and regeneration associated genes both in neurons and
supporting cells. ES has been shown to activate voltage gated calcium
channels (VGCCs) to induce increased intracellular calcium production
in SCs, which leads exocytosis of nerve growth factor (NGF) [83,84]. ES
mediated Ca?* influx plays a crucial role in F-actin polymerization at the
growth cone of a regenerating axon [85]. Ca?* signalling activates pro-
tein kinase C (PKC), a calcium-dependent kinase, which subsequently
triggers the MAPK signalling pathway and promotes neuronal growth
[Fig. 4] [86]. This pathway, comprising key cascades such as ERK1/2,
Jun amino-terminal kinases (JNK1/2/3), p38-MAPK, and ERKS5, are
responsible for regulating various cellular behaviours by modulating
specific mRNA transcription in response to ES [76]. The
Ras-Raf-MEK-ERK pathway, part of the MAPK family, facilitates prolif-
eration and differentiation, whereas the JNK route, triggered by
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and MAPK signaling cascades. This triggers JNK and p38 MAPK pathways, further supporting cellular responses such as cytokine modulation (e.g., IL-6) and
cytoskeletal assembly. Additionally, adenylate cyclase is activated, producing cAMP and further stimulating PKA, contributing to CREB-mediated transcription. ES
activated FAKs promote cytoskeletal dynamics and promoting cellular migration and axonal guidance. ES also effects cell gap junctions (GAP) promoting intracellular
metabolic signaling, which influence cytoskeletal assembly and metabolic activity. Collectively, these pathways orchestrate cellular responses that enhance neurite

outgrowth, axonal guidance, and nerve regeneration. Created with BioRender.com.

intermediates such as Racl or PKC, regulates stress responses, apoptosis,
and inflammation. ES has also been demonstrated to upregulate
expression of glial cell line-derived neurotrophic factor (GDNF),
brain-derived neurotrophic factor (BDNF) and their receptor tyrosine
kinase B (TRKb) for accelerated axonal growth [87-90]. These neuro-
trophic factors elevates the gene expression of various regeneration
associated proteins such as actin, tubulin, galectin-1, growth associated
protein-43 (GAP-43), and neurotrophin-4/5 (NT-4/5). Elevated intra-
cellular neuronal cAMP further promotes of transcription of regenera-
tion associated proteins by activating PKA and CREB for increased
cytoskeletal protein production as discussed [91,92]. Elevated BDNF
expression also inhibit phosphodiesterase by preventing cAMP degra-
dation. ES mediated p38 MAPK pathway is critical for neurite outgrowth
via CREB activation, as p38 MAPK inhibition downregulates both CREB
activity and neurite outgrowth [93]. In addition, ES also stimulates focal
adhesion kinase (FAK) through increased intracellular Cat level,
leading to stimulation of MAPK signalling and P13/Akt pathway for
CREB activation [Fig. 4] [76,80]. All these ES mediated processes ulti-
mately induce accelerated axonal regeneration in PNS, which is sum-
marized in Fig. 4.

Beyond the direct impact on neurons, ES influences interleukin-6 (IL-
6) production, which plays dual roles at different phases of PNI. In the
early phase, increased IL-6 expression fosters an inflammatory envi-
ronment that aids in clearing axonal debris, while in the chronic phase,
controlled ES induces transient IL-6 expression, which supports SC
proliferation and enhances the secretion of neurotrophic factors such as
NGF and GDNF [92,94,95]. ES also upregulates angiogenic factors such
as VEGF and IL-8 for enhanced blood vessel formation [96], which then

helps in the axonal growth as mentioned in the previous discussion.
Additionally, moderate levels of reactive oxygen species (ROS), elevated
via Ca [2]* signalling during ES, activate MAPK cascades (ERK1/2, JNK,
and p38), likely through miR-210 activation, facilitating proliferation
and differentiation [76,80,97,98]. ROS also help control the immune
system by working with myeloid-derived suppressor cells to stop the
immune system from overreacting [99].

Given the essential role of macrophages in clearing tissue debris and
promoting repair after PNI, it is clear that modulating the immune
microenvironment can enhance functional nerve regeneration [100].
While the pro-inflammatory response is crucial for phagocytosing
axonal and myelin debris to create a path for axonal regrowth, excessive
inflammation can hinder repair. Elevated levels of inflammatory pro-
teins and ROS can lead to muscle atrophy and impair locomotor function
after PNI [76,93]. Therefore, timely activation of pro-regenerative
functions of macrophages, by promoting their polarization to a regen-
erative M2 phenotype, is critical for supporting nerve repair and
reducing inflammation. The endogenous electric field generated after
injury has been shown to play a key role in recruiting various cell types,
including circulating immune cells, to regulate the local microenviron-
ment and trigger an anti-inflammatory response to initiate healing
[101-104]. The role of ES in macrophage polarization or regulation of
inflammation for bone tissue engineering has been reviewed by others
[76,105,106]. However, the precise role of ES in the context of PNR
through immunoregulation is limited. There is also a limited under-
standing of the impact of ES on macrophage behaviour currently.
However, some past studies have shown that the use of ES can lead to the
polarization of macrophages towards the M2 phenotype, thereby
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enhancing their ability to promote wound healing and osteogenesis
[105-110]. Most of such studies are limited to murine or J774A.1
macrophages and THP-1 cell lines. Recently, Gu et al. showed that ES
promoted M2 polarization of mouse bone marrow derived macrophages
by upregulating IL-4Ra and toll-like receptor 4 (TLR4) receptors, which
activates ion channels like transient receptor potential cation channel
subfamily member 7 (TRPM?7), which in turn activates signal transducer
and activator of transcription 6 (STAT6) pathway [Fig. 5] [106]. Hu
et al. showed that ES through a MXene/SF hydrogel enhances M2 po-
larization by upregulating M2 markers such as CD206 and F4/80 and
improving macrophage infiltration potential compared to other condi-
tions such as IL-4 treatment or only material-based interventions for
bone regeneration [111]. Similarly, Li et al. showed that ES through
graphene oxide based scaffolds mediates M2 polarization through key
signalling pathways, including the RhoA/ROCK pathway, which upre-
gulates Cdc42, Racl, and ROCK while suppressing hypoxia-inducible
factor-a (HIF-a) protein synthesis and TNF signalling [112]. ES also
inhibits pro-inflammatory MAPK/JNK cascades, promotes ATP synthe-
sis, and maintains an intact tricarboxylic acid (TCA) cycle, essential for
oxidative phosphorylation and M2 polarization [113].

A few studies also report increased M1 polarization due to elevated
Ca [2]* signalling, which activates the NF-kB phosphorylation [Fig. 5]
and its translocation into the nucleus, where it facilitates the tran-
scription of pro-inflammatory cytokines such as TNF-a and IL-1p [114].
Such approaches might be useful in early phase of injury for debris
removal from the injury site and creating space new tissue growth or
axonal sprouting, while ES can further be optimized to downregulate
pro-inflammatory behaviour to create reparative microenvironment.
This is supported by the study reported by Yan et al., who showed ES
mediated downstream PI3K and NF-xB signaling pathways, reducing
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M1-type polarization while promoting the M2 phenotype [Fig. 5] [115].
Dai et al. also demonstrated localized ES through a BaTiO3/P(VDF-TrFE)
piezoelectrical scaffold downregulated the P13K-Akt2-IRF5 signalling
pathway, reducing pro-inflammatory responses and promoting glycol-
ysis and HIF-la-mediated processes associated with M2 macrophage
polarization [Fig. 5] [116]. Another study showed that elevated intra-
cellular Ca®* due to ES activates transforming growth factor p (TGF-B)
receptor, which subsequently phosphorylates SMAD2. The phosphory-
lated SMAD2 forms a complex with SMAD4, which activates regulates
the transcription of M2-associated genes such as Argl and IL-10 in the
nucleus [117]. ES downregulates the proteins like Tab2 and TRAF6 to
prevent TLR signalling components, thereby reduces inflammation and
further supporting M2 polarization [Fig. 5]. Li et al. showed that by
effectively manipulating the ATP-sensitive potassium (KATP) channels
through membrane polarization, macrophage phenotype can be
fine-tuned, for instance inducing M2 polarization and creating an
immunosuppressive and reparative microenvironment [118]. However,
further detailed investigations are needed to fully understand the un-
derlying mechanisms of ES-driven immunomodulation, which is crucial
for enhancing the therapeutic efficacy of this approach in PNR. Although
numerous electroactive biomaterials have been explored to influence
macrophage behaviour, ECP-based biomaterials have rarely been dedi-
cated for immunomodulation. A recent study, however, demonstrated
the use of a PEDOT-based conductive piezoelectric nerve conduit to
regulate the immune microenvironment by activating the
PI3K/AKT-Nrf2 signalling pathway [Fig. 5] [100]. This approach pro-
moted macrophage polarization toward the anti-inflammatory M2
phenotype and supported the repair of the rat sciatic nerve. Owing to the
piezoelectric nature, self-generated electricity was proposed to activate
the M2 polarization in vivo, facilitating repair process. This highlights
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Fig. 5. Molecular pathways of macrophage polarization under the effect of ES, as proposed by previous studies. ES influences macrophage polarization by
modulating ion channels, signaling pathways, and receptor activity. For M1 polarization, ES upregulates TLR4 activity, activating Kv1.3 potassium channels and
increasing MyD88-dependent signaling through TRAF6 and Table 2, ultimately leading to NF-kB activation and downstream pro-inflammatory gene expression.
Concurrently, Akt2 and HIF-1a pathways promote glycolysis, supporting M1 metabolic activity. In contrast, ES facilitates M2 polarization by activating TRPM7 ion
channels and IL-4Ra, triggering the STAT6 pathway to enhance anti-inflammatory gene expression. ES mediated Ca?* levels stimulate PKC and PI3K signaling. This
promotes Akt and Nrf2 pathways for antioxidant and anti-inflammatory responses. Additionally, ES enhances TGF-f signaling to activate SMAD2, further driving M2
polarization. Blocking KATP channels via membrane depolarization also promotes M2 polarization by preventing hyperpolarization-associated M1 pathways. These
mechanisms together regulate macrophage behavior and shift polarization based on the microenvironment and injury stage. Created with BioRender.com.
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the potential of ECP based scaffolds to modulate the local immune
microenvironment while simultaneously providing neuronal stimula-
tion through ES.

4. Electrically conductive polymers (ECPs)

ECPs are a relatively recent class of organic polymers that merge the
electrical, magnetic, and optical properties of metals and semi-
conductors with the mechanical properties of traditional polymers.
Unlike conventional polymers or those blended with conductive mate-
rials, ECPs have a unique structure featuring alternating single and
double bonds along a highly conjugated backbone, enabling efficient
electron mobility and high electrical conductivity [119]. ECPs possess
conductivities of 1-10% S/cm, while typical insulating polymers have
10729 t0 107° S/cm [120]. The first reference to the synthesis of ECPs
was noted by Letherby in 1862, who observed the anodic oxidation of
aniline in sulfuric acid forming a deep-blue powder [121,122]. Despite
this early discovery of this material known as “aniline black” at that
time, it was initially overlooked due to a lack of understanding regarding
ECPs [123]. The breakthrough came between 1973 and 1975 with the
discovery of the electrical properties of poly(sulfur nitride) (SN)x [121,
123]. In 1976, Alan MacDiarmid, Hideki Shirakawa, and A. J. Heeger
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enhanced polyacetylene’s conductivity by 10 fold by doping it with
bromine and iodine, earning them the Nobel Prize in Chemistry in 2000
[124,125]. The electrochemical synthesis of conductive polypyrrole
(PPy) films began in 1979 by Diaz et al. [126] Concurrently, Heeger
reported ECPs synthesized through chemical and electrochemical redox
processes having relatively higher electrical conductivities [127]. The
flexibility of tuning conductivity of ECPs during oxidation has since
drawn great scientific interest. Various ECPs like polyacetylene (PA),
polypyrrole (PPy), polyaniline (PAni), polythiophene (PT), poly(3,
4-ethylenedioxythiophene)  (PEDOT),  poly(p-phenylenevinylene)
(PPV) and its derivatives, have been successfully synthesized. These
materials have been extensively studied and applied in several critical
areas such as optoelectronics such as organic light-emitting diodes and
field-effect transistors [128,129], energy storage devices such as
supercapacitors [130,131] and solar cells [132,133], electromechanical
actuators [134,135], electronic textile [136,137], and anticorrosive
coatings [138,139] to name but a few.

The electrical conductivity of ECPs is aided by intrinsic conjugated
alternating of double bonds and doping [140]. In ECPs, the polymer
backbone’s conjugated alternate single-double carbon-carbon or
carbon-nitrogen bonds distinguish ECPs from other insulating polymers
[Fig. 6(a)] [141]. The backbone of ECPs has a strong ‘sigma’ (¢) bond
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Fig. 6. (a) Molecular structures of some of the widely used ECPs for biomedical applications. (b) Schematic illustration of the formation of 6 and = molecular orbitals
from two sp? hybridized carbon atoms in ECP; sideways overlapping of p, orbitals results in « electron cloud for electron delocalization. Charge carrier formation in
the polymer backbone of ECPs showing (c) soliton in PA and (d) polaron & bipolaron in PAni. (e) Schematic of mixed ionic-electronic electroactivity in ECPs in
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and a weaker ‘pi’ (1) bond with sp? hybridized atoms. Fig. 6(b) depicts
sp? hybridized carbon atoms with 1 s and two p-orbitals, resulting in one
unpaired electron (n electron) per atom. Overlapping out-of-plane p,
orbitals form a n-band, causing electron delocalization on the polymer
backbone. One unhybridized p, orbital remains unaffected when the 2s
orbital hybridizes with two 2p orbitals, creating three sp? hybridized
orbitals. The unhybridized p, orbital is perpendicular to the hybridized
orbitals, while the sp? hybridized orbitals are coplanar with 120° angles.
The hybridized orbitals along the nuclear axis form strong ¢ (sigma)
bonds, forming polymer chains, while the p, orbital perpendicular to the
chain plane overlaps laterally with another carbon atom to form = (pi)
bonds [Fig. 6(b)]. Delocalization of electron clouds in the = (pi) bond
enables charge mobility in polymer chains and between adjacent chains.
The characteristics of the = band significantly impact the
semi-conducting or metallic behaviour of ECPs.

ECPs are intrinsically insulators even with conjugated alternating
double bonds, so they must be doped with simple anionic or cationic
chemical species to conduct electricity. Interstitial doping in ECPs differs
from substitutional doping in inorganic semiconductors [142]. Doping
in ECPs is a charge transfer reaction that partially oxidizes (or reduces)
the polymer, a reaction which is reversible. Doping can change the
conductivity of an insulating or semiconducting polymer from
107191075 S/cm to ~1-10* S/cm in the metallic regime. Doping causes
loosely bound conjugated system electrons to jump around the polymer
chain. The unique bond conjugation in CP’s backbone delocalizes elec-
trons, allowing many atoms to share them. Thus, delocalized electrons
carry charges, making the polymer conductive. Indeed, charge delo-
calization alters ECP band structure, creating localized defects like po-
larons, bipolarons, solitons, and defect bands [Fig. 6(c&d)] [143].
Electrons can then be removed or added to create cations or anions,
which can hop between polymer chain sites under an electrical field,
thereby increasing the polymer’s conductivity. Thus, these spatial de-
fects (polarons, bipolarons, and solitons) act as regular charged particles
in ECPs giving rise to its electrical conductivith property. However, it is
entirely different from delocalized electrons in highly ordered lattices in
metallic conductors. When a charge (electron or hole) is inserted into the
polymer backbone of ECPs through a doping process, it changes their
energy state. As ECPs are soft organic materials, the polymer chain can
adjust its spatial configuration to a more energetically preferred align-
ment, causing a local distortion in the soft polymer chain at microscopic
level coupled with the inserted charge [144]. A large collection of such
spatial distortions or charge carriers (i.e., polarons, bipolarons, and
solitons) collectively contribute to structural or volumetric change (due
to charge insertion) in ECP based materials under the effect of an
external electrical field at macroscopic level. Additionally, the volu-
metric swelling or shrinkage of ECPs are well documented when under a
potential sweep due to electrochemical doping or dedoping process
(reversible insertion/extraction of electrolyte ion), a characteristic
which also makes it highly ion permeable [145]. This type of unique
behaviour of ECPs are distinct whereby ECPs can interact chemically
with the electrolyte ions through their intrinsic redox behaviors, in
contrast to EDLC materials that undergo ion accumulation through
physical adsorption [146-148]. In fact, due to their ion permeability and
reversible oxidation/reduction behaviour, ECPs have been demon-
strated to exhibit both electronic and ionic conuductive behaviour
[discussed in subsequent Section 5] [44,45,149]. The “Intelligent ma-
terial” term given to ECPs has been thus become more justified as they
can engage more effectively with physiological events or any changes in
local microenvironment by virtue of their mixed ionic & electronic
conductive properties. This has also led to excellent electrical conduc-
tivity of ECPs in physiological environment, for instance, PEDOT:PSS
hydrogels have shown conductivity of ~40 S/cm and ~20 S/cm in
deionized water and phosphate buffer solution (PBS), respectively
[149]. The same study showed a negligible decrease in conductivity
(<10 %) after 3 months of incubation in PBS and water. Shi et al. also
showed ~15 % conductivity retention of PPy/PDLLA composite after
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1000 h of incubation in cell culture media [150]. Other studies have
investigated electrolyte ion exchange properties using electrochemical
techniques with ECPs such as PPy [151] and PAni [152] through
oxidation (current increases) and reduction (current decreases), which
evidence ion movement in and out within the polymer matrix with no
indication of ion accumulation. Key properties of ECPs along with their
limitations and applications are summarized in Table 1.

5. ECPs in peripheral nerve repair (PNR)

Over the last two decades, ECPs have transformed the development
of electroconductive biomaterials and soft bioelectronics, owing to their
flexibility and processability akin to traditional polymers, as well as
their excellent electrical conductivity comparable to metals and semi-
conductors. Advancing research in tissue engineering and regenerative
medicine consistently seeks to develop biomaterial scaffolds that can
replicate the dynamic microenvironment of native tissue by mimicking
the composition and topography of the natural ECM. The presence of
electromotive forces in living tissues, which drives potential differences,
controls current flow, and stores charge, has sparked a significant in-
terest in electroconductive biomaterials [63]. In this context, ECP-based
biomaterials provide added functionality by enabling ES of cells, which
is advantageous for promoting regenerative processes in various
stimuli-responsive cells, such as neurons and cardiomyocytes [153].
ECPs possess good optical properties, a high conductivity-to-weight
ratio, the ability to entrap and controllably release biological mole-
cules through reversible doping, and can transfer charge from
biochemical reactions [154]. Their electrical, chemical, and physical
properties can be easily modified for specific applications. ECPs can also
be made biocompatible, biodegradable, and porous, with their proper-
ties further adjustable even after synthesis through external stimuli such
as electricity, light, or pH [153]. Thus, several ECPs such as PPy, PT,
PAni and PEDOT have been shown to effect positively various cellular
activities including cell adhesion, proliferation and migration, DNA
synthesis and protein secretion both in vitro and in vivo. Given the
potential advantages, ECPs have been explored for various tissue engi-
neering applications including nerve [155,156], bone [157,158], car-
diac [159,160], muscle [159,161] and skin tissue engineering [162,
163].

As discussed in the preceding sections, the beneficial effects of ES on
nerve growth and importance of guiding neural scaffold, has inspired
the utilisation of electrically conductive materials in the fabrication of
NGCs. Due to their versatility in processing into various scaffold formats
while maintaining electrical conductivity for efficient signal trans-
mission to and between cells, ECPs have been utilized in the fabrication
of neural scaffolds, such as NGCs, to stimulate cells or tissues for
accelerated nerve regeneration. ES has facilitated the release and uptake
of negative and positive ions by the polymer, the electrophoretic
redistribution of cell surface receptor proteins, and the adsorption of cell
adhesion molecules like fibronectin onto ECP based biomaterials,
thereby accelerating neurite outgrowth [164]. When delivering ES to
cells or tissues, ECP based biomaterials or bioelectronic interfaces stand
out from other electroconductive biomaterials like piezoelectric mate-
rials, carbon nanostructures, and metals due to their ability to offer
mixed ionic-electronic charge transport and reversible redox behaviour
[26,44,45,151,152]. ECP based biomaterials are superior to the carbon
based nanomaterials in terms of their flexibility, while choice of piezo-
electric materials are limited. ECP based biomaterials allow for localized
stimulation around the polymer, offering precise control over the level
and duration of ES, in contrast to directly applied electrical signals.
Uncontrolled ES can cause cells to depolarize recklessly, which can
malfunction neuronal voltage-gated channels and elicit neuronal exci-
totoxicity and death. Numerous studies have also emphasised the sig-
nificance of an efficient and secure ES that can be accomplished by
employing ECPs with high charge density and charge-transfer efficiency
to stimulate cells and tissues at low stimulation potentials [165]. ECPs
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Table 1

Key properties of some commonly used ECPs and their limitations including their major biomedical applications (Refs. 140-143).
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ECPs Key properties Synthesis Methods Demerits Biomedical applications

PPy High conductivity with tunability, Electrochemical polymerization, Chemical Poor solubility, Biosensors,
High stability in air, Stable redox state, oxidative polymerization Brittle, Drug delivery,
Biocompatibility, Ease of synthesis and Surface No biodegradability Tissue engineering, Neural
modification, Can be doped with biomolecules interface,

Bioactuators

PAni High conductivity with tunability, Diverse Electrochemical polymerization, Chemical Poor solubility, Biosensors,
structural forms and oxidation states, oxidative polymerization Poor processability, Drug delivery,
Environmental stability, Redox stability, Poor biodegradability Tissue engineering, Neural
Biocompatibility, Can be doped with interface,
biomolecules Bioactuators

PT High conductivity, Electrochemical polymerization, Chemical Instability in air, Biosensors,
Biocompatibility, oxidative polymerization Poor solubility, Tissue engineering, Neural
High doping levels, Good optical property Poor processability, No interface

biodegradability

PEDOT High conductivity (mixed electronic & ionic) and  Electrochemical polymerization, Chemical Poor biodegradability Biosensors,
transparency, oxidative polymerization Drug delivery,
Excellent redox stability in biological Tissue engineering, Neural
environment, High charge-transfer efficiency, interface
Biocompatibility, Easy post-synthesis
modification, Can be made water dispersible

P3HT Good solubility, Optoelectronic property, Electrochemical polymerization, Chemical Poor biodegradability Biosensors, Drug delivery,
Biocompatibility oxidative polymerization Tissue engineering, Neural

interface
MEH- Good solubility, Chemical polymerization of vinylene monomers, ~ Low conductivity Biosensors,
PPV Easy processing, Electroluminescent properties, precursor route, soluble derivatives for Complex synthesis, Low Bioimaging, Tissue engineering

High density of holes-traps, Biocompatibility, processing

mechanical strength,

are capable to transport both holes and ions when sufficiently hydrated
or when in contact with biological tissue [45]. Ions from an electrolytic
medium can be injected into the ECP matrix during an electrochemical
process, which can induce electrostatic interactions in the bulk of the
polymer and thereby, modulate its conductivity, through a process
called volumetric electrochemical doping [Fig. 6(e)] [25,44]. Biological
tissues, such as nerves and muscles, communicate and function using a
combination of ion and electronic signals. Therefore, as a mixed ionic
and electronic conductor, ECP based biomaterials enables a more
seamless integration with biological tissues. Due to their high trans-
conductance, ECP based biomaterials can translate the electron flow into
the ion flow in the tissue, which is crucial for evoking action potential in
neurons. ECP-based biomaterials exhibit increased charge transfer effi-
ciency, enabling membrane depolarization at low, tissue-safe stimula-
tion voltages, along with superior charge transfer resistance (Rct). The
charge storage capacity (CSC), or available charge density within a
voltage range, should be high to ensure that there are enough charges
available for membrane depolarization during ES. ECP-based bio-
materials allow charge/current injection via capacitive and faradaic
mechanisms. Conventional capacitive neural electrode materials (such
as titanium nitride (TiN), tantalum/tantalum oxide, and so on) store and
transfer charge by charging and discharging the electrode-electrolyte
double layer. While these reactions are stable and do not produce
chemical species during ES, they reduce charge density, limiting the
ability to achieve high charge-injection capacity. Mixed ionic and elec-
tronic conductors, like ECPs offer charge storage capacity through
intrinsic redox reactions at the electrode-electrolyte interface, as well as
electrostatic interactions via volumetric doping. They enable efficient
electron and ion transport during ES, reducing the stimulation
threshold, lowering power consumption, and supporting the possibility
of minimally invasive stimulation, which is critical for long-term nerve
implants. The following sections summarize the most recent research
and developments using the various ECP based biomaterials for pe-
ripheral neural tissue engineering applications, with a focus on identi-
fying specific polymer compositions, scaffold design, appropriate ES
methods/parameters used, and the nature of the study, whether in vitro
or in vivo.
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5.1. Polypyrrole (PPy)

Because of its ease of synthesis and exceptional electrical conduc-
tivity, PPy is extensively researched in tissue engineering. It has excel-
lent electrochemical and conductive properties, as well as
biocompatibility, both in vitro and in vivo [156], and can be synthesized
usually chemical polymerization and electrochemical methods [166].
Furthermore, PPy can easily incorporate anionic biomolecules into its
structure, which improves its biocompatibility and potential for use in
tissue engineering [5]. Thus, PPy allows for easy conjugation with
negatively charged biologically active molecules, which increases its
utility in this field [166].

Schmidt et al. were among the pioneers in evaluating the use of PPy
in conjunction with ES to promote the growth of neurites in PC12 cells
[26]. They tested an electrochemically synthesized poly(styrene sulfo-
nate) (PSS) doped PPy thin film to culture PC12 cells with 100 mV ES for
2 h, resulting in a twofold increase in neurite length compared to the
unstimulated group. Additionally, a 2-h constant current stimulation of
10 mA led to greater neurite growth compared to the unstimulated
group. The study also demonstrated a minimal immune response in
adult male Lewis rats after two-weeks implantation. In a subsequent
study, Kotwal et al. found that ES of PC12 cells grown on PPy film at 10
mA for 2 h increased fibronectin adsorption, which favored longer
neurite outgrowth [164]. These studies established that the application
of ES in the form of a constant electrical field and current has a positive
impact on nerve growth. Following this, Lee et al. investigated the
impact of topographical cues and varied electric potential on neuronal
growth using PC12 cells and primary hippocampal neurons [156]. They
chemically polymerized PPy over aligned and randomly oriented PLGA
nanofibers. The neuronal growth study conducted under ES of 10 and
100 mV/cm, showed that lower electrical potential favored more neurite
outgrowth than the higher potential. The study also concluded that
scaffolds with both topographical and electrical cues may be more
beneficial for neural applications, as aligned PPy/PLGA nanofibrous
meshes showed more neurite outgrowth and a higher percentage of
neurite-bearing cells than random nanofibrous meshes. The application
of ES was also found to accelerate SC migration on electrochemically
synthesized PPy [167]. This study was the first to show that current
flowing through the conductive biomaterials during ES, as well as the
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PPy based neural scaffolds or NGCs assessed for electrically stimulated neural regeneration in-vitro and in-vivo, highlighting their electrical or electrochemical
properties and ES paradigms (parameters and delivery method).

Biomaterials Electrical/ ES Parameters In-vitro/In-vivo Outcome Key points References
Electrochemical
properties
PPy/PSS Resistance: 1 kQ 100mVor10mA, PC12 cells Increased neurite outgrowth e First demonstration of ECP based 26
2h under ES both in voltage and scaffold for ES mediated neurite
current mode growth
e PPy film was synthesized
electrochemically.
e ES was delivered via wired
connection
PPy film Resistance: 10 kQ 10mA,2h PC12 cells ES induced increased fibronectin o PPy film was synthesized 164
adsorption and neurite electrochemically
outgrowth e ES delivered through Ag wires
connected to the PPy film
PPy/PLGA Resistance: 100 mV/cmor 10  PC12 cells, Rat ES induced increased neurite e PPy coating over electrospun PLGA 156
10%-10* Q mV/cm embryonic outgrowth on aligned nanofibers nanofibers
hippocampal neurons than random nanofibers e ES delivered via wired connection
PPy/PSS NA 0.1,05&1.0V, SCs ES induced elevated protein e Electrochemical synthesis of PPy 167
2h adsorption and increased SC e ES delivered via wired connection
migration
PELA/PPy Conductivity: 6.9 N/A PC12 cells, Spraguee- Comparable nerve regeneration e Electrospun nanofibers of blended 170
+ 1.6 mS/cm Dawley (SD) rats efficacy with the commercial PELA/PPy
autograft e Tubular scaffold tested in a 10 mm
sciatic nerve injury model
PPy/Chitosan Conductivity: 1.5 20 Hz, 0.1 ms, 3 SD rats Enhanced axon regeneration, e Freeze drying process to 171
+0.2x1072S/em  V,1h remyelination, motor, and longitudinally oriented
sensory functional recovery after microchannel
ES oCu wires connected to the scaffold
were used for ES
o Tested for a 15 mm sciatic injury
model
PPy/PLCL Conductivity: In-vitro ES: 100 PC12 cells, DRG ES induced increased neurite e Electrospun PLCL nanofibrous 172
~1075S/cm mV/cm, 4 h/day; neurons, extension and expression of tubular constructs coated with PPy
In-vivo ES: 100 SD rats GDNF, BDNF and NT-3; via oxidative polymerization
mV/cm, 1 h Comparable nerve regeneration o Tested for a 15 mm sciatic injury
similar to commercial autograft model
e Wired ES in direct contact with
scaffold
Peptide-PEG- Conductivity: 2.9 10 mV, 30 min Rat olfactory cell Increased axonal outgrowth e PPy was incorporated into self- 173
Thiazole/ x 107*S/em derived neurons under ES assembled laminin derived peptide
PPy by layer by layer assembly
e Pt electrodes were placed in culture
media without in contact with the
scaffold
PPy/SF Conductivity: In-vitro ES: 100 SCs, SD rats ES induced increased SC o Tubular PPy/SF fabricated using 3D 169
~0.11 mS/mm mV/mm; migration along with BDNF, NT- printing and electrospinning
In-vivo ES: 0.1 4/5 and NGF expression; ES e Wired ES protocol in direct contact
ms, 20 Hz, 3V, 1 promoted nerve regeneration with the scaffold
h through activation of MAPKs e Tested in a 10 mm sciatic nerve
pathway injury model
PDA/CGO/ Conductivity: 50 mV/cm, 1 h Primary rat SCs ES induced improved SC e Electrodeposition of blended CGO/ 174
PPy-PLLA ~17.3 S/cm alignment in applied current PPy over electrospun PLLA fibers,
direction followed by dip coating of PDA
e Wired ES protocol in direct contact
with the scaffold
PPy/PLGA Conductivity: Square wave, 0.1 Mouse neural stem ES promoted enhanced neural e Microgrooved PLGA scaffolds 175
~9-39 S/cm ms, 2 Hz, 1V, 20 cells differentiation coated with PPy via oxidative
s/day polymerization
e Wired ES protocol in direct contact
with the scaffold
PPy Conductivity: 7.65 In-vitro & In-vivo: ~ Human neural ES promoted expression of e Electroplating of PPy on a 14 G 168
+ 0.95 S/cm 40 V/m,100 Hz,1 progenitor cells VEGF-A, BDNF, and NTF-3 in metal wire to produce PPy tubes
h (hNPCs), vitro; ES through stem cell e Wired ES protocol in direct contact
immunodeficient RNU embedded NGC showed with the tube
rats enhanced function peripheral o First demonstration of ES of
nerve regeneration and recovery transplanted stem cells on
conductive NGC for PNR in vivo.
PPy/Collagen Conductivity: 2.06 Biphasic charge Primary DRG rat Increased neurite outgrowth o Gel-aspirationejection (GAE), was 176

+ 0.17 mS/cm

balanced
waveform, 20 Hz,
60 mV/cm, 1 h

neurons

under ES
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used for manufacturing of aligned
collagen constructs

Electrodes placed in the medium,
not connected with the materials

(continued on next page)
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Biomaterials Electrical/ ES Parameters In-vitro/In-vivo Outcome Key points References
Electrochemical
properties
PCLF/PPy Resistance: 2 kQ 20 Hz, 10 pA, 1 h  PC12 cells Increased neural differentiation e PPy was chemically polymerized 177
and neurite length under ES over PCLF tube fabricated by
injection moulding technique
e Wired ES protocol in direct contact
with the tube
CGO/PPy/ Conductivity: 11.6 In-vitro: 50 mV/ PC12 cells, SD rat ES promoted nerve regeneration e Electrochemical deposition of CGO 178
PLLA S/cm cm, 2 h/day; and muscle reinnervation in vivo and PPy followed by dip coating of
In-vivo: 0.1 ms, PLLA fiber film and the resultant
20Hz,1V films were wrapped into cylindrical
format to obtain conductive NGC
e Wired ES protocol in direct contact
with the tube
o Tested in 10 mm sciatic nerve injury
model
Alginate-PPy/  Conductivity: Rectangular P19 embryonic stem ES induced enhanced neural e Chemical oxidative polymerization, 179
PLL 0.158 mS/m pulse, 1 Hz, 150 cells differentiation freeze drying and ionic cross-
linking/gelation method was to

ms, 40 mV, 30
min

prepare the conductive hydrogels

ES-mediated oxidation PPy, which enables elevated protein adsorption,
has a crucial role on SC migration and proliferation. The promising
potential of a combined regenerative-rehabilitation approach was
demonstrated using a PPy-based conductive nerve guide, fabricated by
electroplating PPy onto nickel-chromium wires and, for the first time,
integrating it with stem cell therapy and ES for improved functional
recovery in a sciatic nerve injury model [Table 2 & Fig. 7] [168]. The
PPy based conduit, embedded with hNPCs encapsulated in an alginate
hydrogel and combined with ES, represents a milestone achievement, as
this strategy not only promoted the regrowth of damaged nerves but also
achieved motor and sensory recovery comparable to that of healthy
nerve [Fig. 7 (ii)]. While this study had promising results, a conduit with
only PPy has some inherent challenges like flexibility (brittle) and poor
bioresorbable. A PPy/SF NGC with longitudinal guidance can be more
mechanically robust and versatile with improved biodegradability,
which was already tested in a 10 mm sciatic nerve defect in rats under ES
with functional recovery than the control [Fig. 8 (i) & (ii)] [169]. Theses
fabricated NGCs with its outcomes exhibited its significant potential for
clinical use in nerve repair.

The poor solubility of most ECPs including PPy, limits its use alone to
create aligned scaffolding matrices mimicking the neural anatomy to
guide axonal regeneration. However, due its high reactivity or redox
behavior, PPy has been successfully integrated with a range of natural
(e.g., chitosan, collagen, silk fibroin, etc.) and synthetic polymers (e.g.,
PELA, PCL, PLGA, etc.) to fabricate smart electroconductive NGCs.
Several conventional fabrication strategies (e.g., freeze-drying, dip
coating, etc.) as well as additive manufacturing-based technologies (e.g.,
electrospinning, 3D printing, etc.) have been employed to fabricate
these conductive NGCs mimicking the neural anatomy [Discussed in
Section 6]. The published reports of PPy based conductive scaffolds in
PNR in conjunction with ES are summarized in Table 2.

5.2. Polyaniline (PAni)

PAni and its composites have also emerged as strong contenders for
nerve conduit fabrication, owing to their redox stability, which can
enhance charge transfer between the polymer and cell membranes and
promote membrane depolarization. Similar to PPy, the chemical and
electrochemical polymerization methods are similar to obtain PAni
[180]. Though PAni had been demonstrated to possess good biocom-
patibility in vitro and in vivo [181,182], it had to wait longer to see any
demonstration in neural applications. Guo et al. were the first to report
RGD functionalized oligomeric aniline to aid spontaneous neurogenesis
in PC12 cells in absence of NGF [183].

The first ES application using PAni based scaffold was reported by
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Ghasemi-Mobarakeh et al., wherein of a high electrical potential of 1.5V
was administrated to stimulate NSC [184]. The study fabricated PAn-
i/PCL/gelatin electrospun scaffold, which had a low conductivity (2 x
1077 S) due to low volume ratio of PAni as compared to PCL and gelatin
(highest was 15:85). The study demonstrated that 1 h of ES led to
increased cell proliferation and longer neurite outgrowth compared to
cells stimulated for 15 or 30 min, as well as those that were not stimu-
lated. The limitation of a low conductivity of the PAni based scaffold was
addressed by choosing and optimizing a suitable scaffold fabrication
technique. For example, Zhang et al. employed a co-axial electro-
spinning technique to obtain aligned PAni/PLCL/SF nanofibrous scaf-
folds by increasing both mass content (upto 17 %) and w/v% of PAni
against PLCL/SF composite (upto 20 %), which resulted enhanced
conductivity of 30.5 x 1072 S/cm [185]. This study demonstrated
increased SC spreading in the direction of fibre alignment and enhanced
neurite outgrowth under ES using a relatively low electrical potential of
100 mV/cm for 1 h/day for 5 days. Aside from applying a constant
electric field, constant current stimulation together with a PAni based
scaffold yielded improved neurite outgrowth. For instance, a highly
conducting PAni nanoparticles coated ITO glass was shown to two-fold
increase in neurite outgrowth using a very low current of 100 pA [185].
PAni based NGCs with various architectures mimicking nerve micro-
structure have been shown to promote nerve regeneration in vivo
without ES [186-188], while studies conducted in conjunction with ES
remains very limited. Even with a highly conductive NGC, nerve
regeneration rate is slow in absence of ES. For instance, a tubular NGC of
PAni/SF electrospun nanofibers (Resistance: 1 x 102 Q), embedded
with SCs was shown successful regeneration and functional recovery in a
10 mm nerve gap in SD rat after 12 months [187]. The advantage of
conductive PAni was also shown when it was used as a coating over a
zein protein based intraluminal microtubes for a 10 mm sciatic nerve
injury repair [186]. The PAni coated zein conduit showed recovery of
proximal compound muscle action potential significantly in the regen-
erated nerve compared to the uncoated zein conduit. The study
demonstrated enhanced functional nerve regeneration after 12 months
when compared to pure silk scaffolds with improved nerve conduction
velocity, motor unit potential, and muscle action potential. Zaman et al.
also fabricated a highly conductive (0.3 S/cm) and bioactive multi-
channel NGC using decellularized plant tissue modified with PAni/GO
[188]. Similar to PPy, PAni has poor solubility and limited mechanical
flexibility. To mitigate these challenges and enhance bioactivity, PAni
has been blended various natural materials (e.g., collagen, chitosan, silk
fibroin, etc.) and synthetic polymers (e.g., PCL, PLGA, etc.), to fabricate
conductive NGCs in various deign formats. Table 3 summarizes the ev-
idence regarding PAni based conductive scaffolds in PNR.
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Fig. 7. PPy based conductive nerve guides (CNGs) for electrically stimulated PNR. i. (a) SEM images of PPy CNGs (scale bar: 100 pm) (b) Schematic showing a cross-section of insulated CNGs containing hNPCs (blue)
encapsulated in alginate (orange) (top panel) and a longitudinal view with external wires for ES (bottom; scale bar: 15 mm); ii. In vivo implantation showing the (a) experimental timeline, (b) schematic of implanted
CNG and (c) digital photo with insulated wires hidden under the skin for retrieval and ES. iii. The electrophysiological analysis showing (a) a schematic of the proximal stimulation and signal recording from the paw
after 12 weeks of after CNG implantation (left panel) and (b) functional recovery results, with stimulated hNPC-containing CNGs (CNGs + Cells + ES) showing the highest conduction velocity and compound action
potential amplitude compared to controls (*p < 0.05, **p < 0.01, ***p < 0.001; n = 3). Data were analyzed using one-way ANOVA and Tukey’s test. Reprinted and adapted from Song et al. 2021, Copyright Elsevier (2021)

[Ref. 171]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 3
PAni based neural scaffolds or NGCs assessed for electrically stimulated neural regeneration in-vitro and in-vivo, highlighting their electrical or electrochemical properties and ES paradigms (parameters and delivery
method).
Materials Electrical/Electrochemical ES Parameters In vitro/In Outcome Key points References
properties vivo
PAni/PCL/ Maximum current response in mA Steady potential, 1.5 V, duration of =~ Neural stem Enhanced cell proliferation and neurite o Electrospinning of PAni/PCL/gelatin blend. 184
gelatin range under bias voltage +40 V 15, 30, 60 min cells (NSCs) outgrowth under ES e Wired ES protocol employed in direct with the scaffold
PAni/PLLA Conductivity: 3 x 107° S 100 mV/mm, 1 h NSCs ES induced increased neurite outgrowth e Electrospinning of PAni/PLLA blend. 189
e Wired ES protocol employed in direct with the scaffold
PAni/PLCL/ Conductivity: 30.5 &+ 3.1 mS/cm 100 mV/cm, 1 h/day PC12 cells ES combined with NGF release from the e Co-axial electrospinning of PAni/PLCL/SF blend with 185
SF scaffold, promoted neurite outgrowth and NGF.
neural differentiation e Wired ES protocol employed in direct with the scaffold
PAni/ITO Resistivity: 25.9 + 2.5 Q Biphasic rectangular current, 0.8 PC12 cells ES promoted neurite outgrowth through serum e Oxidative polymerization of PAni over ITO. 190
ms, 60 Hz, 100 pA, duration of 1, 2, protein adsorption e Wired ES protocol employed in direct with the scaffold.
and 4 h
PAni/P Conductivity: 16.7 mS/cm Charge balanced biphasic NSCs ES promoted neural and glial differentiation e PVDT and PVI were crosslinked using PEGDA4K to 191
(VDT-VI) waveform, produce mechanically stable hydrogel followed by dip
200 Hz, 75 mV, 6 h/day coating o of PAni
PAni/ NA +500 mV/cm, 1-3 h/day PC12 cells ES induced increased neurite length e PAni/Graphene was prepared by polymerization- 192
Graphene enhanced edge-functional ball-milling method, followed
by spin coating on ITO.
e Wired ES protocol employed in direct with the scaffold.
PAni/ Resistance: 10°-107 Q/cm 500 mV/cm, 2 h/day PC12 cells Enhanced neurite extension and neural e Oxidative polymerization of PAni nanofibers followed by =~ 181
Chitosan differentiation under ES blending with Chitosan.
e Wired ES protocol employed in direct with the scaffold.
PAni/PCL Conductivity: 0.2 S/cm 100Hz,1V,12h NSCs ES showed increased neural differentiation and e Electrospinning of PAni/PCL blend. 193
elevated expression of neural markers. e Wired ES protocol employed in direct with the scaffold
HEC/SPI/ Conductivity: 1.7 S/m 3V,1h SD rat ES through conductive conduit promoted e PAni was polymerized over the HEC/SPI conduits. 194
PAni recovery of nerve motor function and e ES was delivered via wires attached to the conduit.

morphology.

o Tested in a 10 mm sciatic nerve injury model
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5.3. Polythiophene (PT) and its derivatives

Polythiophene (PT) is another candidate ECP with high electrical
conductivity up to 2.0 x 10% S/cm [195]. It is polymerized from thio-
phene consisting of one or more atoms other than carbon (sulfur),
resulting in a polyheterocyle akin to PPy. However, due to the absence of
functional groups, brittleness, and poor solubility, processing 3D scaf-
folds from PT is challenging. Although PT has shown effective func-
tionality within neural electrodes when interacting with neurons [196,
197], there is limited evidence supporting its use in nerve repair ap-
plications. Interestingly, several thiophene derivatives exist, such as 3,
4-ethylenedioxythiophene (EDOT), 3-hexylthiophene (3HT), and
3-methylthiophene (3 MT). These derivatives form ECPs like poly(3,
4-ethylenedioxythiophene) (PEDOT), P3HT, and P3MT, respectively,
which exhibit improved physicochemical properties compared to PT
[12,198]. Particularly, the bandgap in the resulting PEDOT is drastically
reduced by the dioxyalkylene group that is present at positions 3 and 4,
leading to its enhanced electrical conductivity (~10—103 S/cm) and
electrochemical stability [20,199]. Besides, when doped with poly-
styrene sulfonate (PSS), the resulting formulation PEDOT:PSS becomes
partially water soluble or stably dispersed due to the anionic tosylate
ions (SO3). Over the past few years, PEDOT:PSS has emerged as a highly
promising ECP in the field of organic bioelectronics. It possesses a
unique blend of electronic and ionic conductivity [44,45], making it an
excellent candidate for seamless integration with biological tissues.
While the pi electron delocalization due to the alternating single and
double bonds provide the electronic conductivity, the deprotonated
sulphonate group or tosylate anion (SO3) contributes for ionic conduc-
tivity in a hydrated environment. The polymerization of PEDOT oligo-
mers onto long PSS chains results in a porous structured PEDOT:PSS,
which facilitates efficient ion permeability. Thus, PEDOT:PSS is highly
susceptible to volumetric electrochemical doping, resulting in improved
charge-transfer efficiency and charge injection capacity when interact-
ing with biological tissues for neuronal stimulation. Therefore, PEDOT:
PSS based scaffolds or NGCs have been successfully assessed for elec-
trically stimulated axonal growth in vitro and in vivo. For instance, an
aligned PLGA porous NGC coated with PEDOT:PSS was assessed in a 10
mm gap rat sciatic nerve defect under ES of 100 mV (20 Hz), which
showed significantly enhanced axonal growth, remyelination, and
functional recovery than the controls [200]. Histological analysis,
immunofluorescence staining, and electrophysiological assessments
revealed better nerve fiber alignment, thicker myelin sheaths, increased
SC infiltration, and improved CMAPs in the ES-treated groups [Fig. 8
(iii)]. Table 4 further summarizes various PEDOT based neural scaffolds
for neural tissue engineering applications in conjunction with ES.
Another intriguing thiophene-based ECP is P3HT, which has a remark-
ably low band gap and excellent optical properties. Zhang et al.
demonstrated that the conductivity of PLGA/P3HT membranes can be
tuned by adjusting the doping duration with FeCls [201]. Specifically,
the membrane doped for 5 min achieved a conductivity of 102 S/cm,
significantly higher than the 10-® S/cm observed after just 6 s of doping.
The 5 min doped membrane having higher conductivity exhibited
enhanced neurite growth in PC12 cells. Aligned electrospun nanofibers
of this P3BHT/PLGA also demonstrated improved adhesion and prolif-
eration, indicating its potential for neural applications [202]. In addi-
tion, P3HT has the advantage of being easily modified or blended with
electron acceptor materials that are relevant to biological applications
[23]. Therefore, P3HT is widely regarded as a highly suitable material
for organic photovoltaic applications [203]. In recent years, this feature
has been employed to convert light energy into electrical energy and
applied for optoelectronic stimulation of neurons and peripheral nerves
[204,205]. A more detailed discussion on this topic is provided in Sec-
tion 9.5 of this review.
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5.4. Other ECPs

Having reviewed ECPs that have been majorly exploited for nerve
repair applications there exists a minority which are less reported in the
literature. One such material; a PPV based derivative MEH-PPV, has
investigated for electrically stimulated neuronal growth potential. Unlike
other ECPs, MEH-PPV has better solubility options in common organic
solvents such as chloroform, dichloromethane, tetrahydrofuran, toluene,
and chlorobenzene due to its branched alkoxy chains [217]. Due to this
ease of ease of processing, reproducibility, and versatility, MEH-PPV has
been investigated for various applications including organic polymer
photovoltaics, light-emitting diodes, and light emitting electrochemical
cells, as well as in biosensor applications [155,165,218-220]. However, a
just a handful of studies are reported which assess MEH-PPV for tissue
engineering applications although it offers interesting properties for bio-
logical applicatiosn by readily aiding the immobilization of biomolecules
via high density hole-traps. MEH-PPV is a p-type semiconducting polymer
that has low conductivity due to its low hole and electron mobilities.
However, it has been shown that suitable doping can enhance the electrical
conductivity of MEH-PPV for a desired application. For instance, Shin
Sakiyama et al. reported a significant increase in the conductivity of
MEH-PPV using FeCls (p-type dopant) and CsoCO3 (n-type dopant) [221].
The cytocompatibility of MEH-PPV was first reported with L929 fibroblast
cells [206]. In contrast to ECPs such as PPy, PAni and PEDOT, MEH-PPV
based biomaterials for neural applications are less reported. MEH-PPV
based neural scaffolds in combination with ES has been assessed with
neuronal like PC12 cells [155,165,219] whereby nanofibrillar meshes of
MEH-PPV were fabricated along with a biocompatible PCL in a blended
and core-shell formulation using blended and co-axial electrospinning
techniques. Core-sheath nanofibers with MEH-PPV as shell material,
showed superior conductivity than those electrospun nanofibers fomed by
blending MEH-PPV and PCL. Consequently, nanofibers with higher con-
ductivity exhibited enhanced neurite formation and outgrowth in PC12
cells, especially under ES at 500 mV/cm. These studies also demonstrated
neuronal differentiation with or without NGF in presence of ES, reestab-
lishing the impact of ES on cellular differentiation as discussed in Section 2.
In fact, a mechanistic insight on charge transport properties of theses
electrospun nanofibers revealed that increased charge carrier mobility and
low filed conductance enabled efficient delivery of ES to cells for mem-
brane depolarization, leading to improved cytoskeletal remodeling and
neurite elongation [165]. Other ECPs, such as polyindole, polyphenylene
(PPP), polythiophene-vinylene (PTh-V), poly(3-octylthiophene-3-
methylthiophene) (POTMT), Poly(3-alkylthiophene) (PAT), polyfluorene
(PFO), polyfuran (PFu), poly(phenylene sulfide) (PPS), and polypyridazine
(PPd), are emerging that require further exploration. Detailed studies on
their synthesis and biomedical properties are needed before they can be
fully utilized in tissue engineering applications, including nerve repair.

6. Engineering strategies of ECP based NGCs
6.1. Synthesis of ECPs

ECPs are synthesized from their corresponding monomers, mainly
chemical polymerization and electrochemical synthesis methods [23,
39]. Owing to their unique semiconducting feature along with tradi-
tional polymer like flexibility, ECPs have been extensively explored for
energy, sensor, actuator, and electrochromic display applications in
addition to range of biomedical applications [39,222]. Depending on the
final application, a variety of synthesis parameters, such as the dopant,
oxidant, solvent, relative reagent concentration, reaction duration,
temperature, and so on, can be selected. Therefore, ECP synthesis stra-
tegies designed for applications other than biomedical use often involve
toxic and corrosive reagents, whereas biologically compatible dopants,
oxidants, and solvents are preferred for ECPs intended for biomaterial
fabrication. In chemical polymerization, carbon-carbon (C-C) bonds are
formed by combining simple monomers under various physico-chemical
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Table 4

PT derivatives (PEDOT & P3HT) based neural scaffolds or NGCs assessed for electrically stimulated neural regeneration in-vitro and in-vivo, highlighting their electrical or electrochemical properties and ES paradigms

(parameters and delivery method).

Materials Electrical/Electrochemical ES Parameters In-vitro/ Outcome Key points References
properties In-vivo
PEDOT:PSS Conductivity: 5.8 S/m 1V/cm, 100 Hz, 24 h (4 Human ES showed increased neural differentiation and neurite e PEDOT:PSS film was fabricated using GOPS as cross- 206
days) & 12 h (8 days) NSCs outgrowth; Enhanced protein synthesis and adsorption under linker
ES e Wired ES protocol was employed
PEDOT/rGO Conductivity: 1.68-2.41 S/ 3000 pulses/day from TENG MSCs ES generated by TENG promoted neural differentiation e PEDOT/rGO microfibers were fabricated by modified 207
cm (Output: 300 V, 30 pA) capillary hydrothermal method
e ES was delivered using TENG through wires attached to
the microfibrous scaffold
PEDOT Good charge storage and Biphasic waveform, 100 ps, PC12 cells Increased neural differentiation, neurite length and branching e PEDOT film was synthesized electrochemically 208
charge injection capacity 250 Hz, +0.25 mA/cm? e Wired ES protocol was employed
PEG/PEDOT: Higher charge storage Steady state DC, 1000 mV ADMSCs ES induced improved neurogenic differentiation e PEG/PEDOT:PSS hydrogel was casted over a 209
PSS capacity micropatterned PDMS mod followed by photo-
crosslinking
e Electrodes were placed in culture media without direct
contact with sample for ES
PEO/PEDOT: High charge injection Biphasic square waveform, PC12 cells ES on aligned nanofibers showed increased neurite extension e Electrospinning of PEO/PEDOT:PSS blend 210
PSS capacity 100 mV/cm, 100 ms, 1 h/day and elevated expression of neural genes e Wired ES protocol was used
PEGDA/ Resistance: ~660-1000 Q Steady-state DC electric field, =~ DRG Conductive hydrogel combined with ES showed elevated o Stereolithography 3D printing of PEGDA/PEDOT:PSS 211
PEDOT:PSS 1000 mV, 2 days neurons expression of neural markers. blend followed by photo crosslinking
e Electrodes were placed in culture media without direct
contact with sample for ES
PEDOT:PSS/ Conductivity:0.1945 S/cm 0.1 Hz, 400 mV/cm, BNCs ES resulted higher density of axons e PEDOT:PSS was spin coated over electrospun chitosan 212
Chitosan Impedance: 15 kQ frequency: 0.1 Hz, duration nanofibers
CSC: 5.704 x 10°°C ofl,2,and 3h e Wired ES protocol was used
PVA/PEDOT: Conductivity: 2 x 1073 S/m 100 mV/m, Rat MSCs ES showed elevated expression of neural specific markers o Electrospinning of PVA/PEDOT:PSS blend 213
PSS 2h each day from day 10-13. e Electrodes were placed in culture media without direct
contact with sample for ES
PEDOT:PSS/ Conductivity: 1.003 S/cm 50 mV/day, 5 h/day PC12 cells  Enhanced neural differentiation with significant axonal e PEDOT:PSS was dip coated over SF film 214
SF Resistance: 3.833 x 10° Q growth after ES e Wired ES protocol was used
PEDOT:PSS/ Conductivity: 0.07 £ 0.01 S/ 20 Hz, 50 % duty cycle, 100 SD rats ES through the conductive NGC enhanced functional recovery o Electrospun aligned PLGA nanofibers were coated with 200
PLGA cm mV,2h of injured nerve; ES along with conductive coating and porous PEDOT:PSS
morphology of NGC promoted M2 polarization in vivo e Tested in a 10 mm sciatic nerve injury model
e Wired ES protocol was employed
GelMA/ Conductivity: 0.18 S/m Electrical field of 2, 10, 50 &  SD rats ES through the conductive hydrogel NGC showed enhanced o Digital light processing (DLP) printing of GelMA/Chitosan 215
Chitosan/ 100 mV/mm, Duration of functional nerve repair and muscle reinnervation hydrogel followed by freeze drying; PEDOT was
PEDOT 0.5, 1 and 2 h/day polymerized over the freeze dried hydrogel tubes
e Tested in a 10 mm sciatic nerve injury model
e Wired ES protocol was used
EC/P3HT NA Steady state potential of 5V,  PCl12cells  ES showed increased cell behaviour e P3HT was polymerized over EC electrospun mats 216
L]

300 min/day

Wired ES protocol was used
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conditions such as temperature, pressure, and a catalyst. The chemical
synthesis process involves the oxidation or reduction of monomers in
presence of dopant and oxidant, followed by polymerization of suc-
ceeding monomers. Chemical synthesis of ECPs is simple, affordable and
efficient in terms of large-scale production. Electrochemical synthesis of
ECPs involve oxidation of the monomer in electrochemical cell con-
sisting of three electrodes (working, counter and reference). Electro-
chemical polymerization can be carried out utilizing potentiodynamic
processes with either continuous current or voltage. This polymerization
procedure is normally carried out in highly acidic conditions to obtain
ECP with longer polymer backbone. In addition, there are other methods
like as vapor phase synthesis, self-assembly, photo-chemical approach,
and plasma-assisted polymerization that are used to synthesize various
ECPs [39].

6.2. Design considerations for ECP based NGCs

As already mentioned; artificial NGCs have emerged as promising
alternative for bridging damaged nerve ends addressing the shortcom-
ings of autologous nerve grafts and allografts. Various designs of NGCs
with adequate physical, topographical, chemical, and biological cues
have been documented thus far, and this also applies to ECP-based NGCs
[4,16,223]. While linking the injured nerve ends, NGCs provide struc-
tural and trophic support and protection to both, allowing for the in-
vasion of surrounding tissues and axon regrowth along the conduit. An
ideal NGC should be biocompatible and biodegradable, with a physical
design that closely resembles the nerve anatomy to facilitate axonal
regeneration in the longitudinal direction, as well as appropriate
porosity to provide nutritional support. Furthermore, it should be elec-
trically conductive, allowing for signal transmission between the
wounded ends, as well as mechanically durable and flexible. ECP based

Materials Today Bio 30 (2025) 101415

NGCs designed for wired ES, in particular, must be mechanically sturdy
enough to survive electrode placement or wiring. To replicate nerve
architecture, NGCs are crafted into various configurations, including
grooved aligned structures, intraluminal channels, fillers with intra-
luminal fibers, and multilayered conduits [Fig. 9]. Additionally,
biochemical cues, such as nerve growth-promoting factors (e.g., NGF,
BDNF), can be integrated during the fabrication of ECP-based NGCs
[224]. Tissue-engineered conductive NGCs have also been developed by
growing neural supporting cells on them before implantation in nerve
injury models [168]. For further insights into essential NGC features and
their alignment with the biological processes of nerve regeneration,
readers are encouraged to consult recent reviews by Zhou et al. [14],
Rahman et al. [223], Zarrintaj et al. [225], and Marques-Almeida et al.
[50] The various design considerations for a suitable ECP based NGC are
outlined in Fig. 9.

6.3. Fabrication methods of ECP based NGCs

Due to poor solubility, fashioning NGCs into grooved multilayer
configurations using ECPs alone is challenging. To meet the growing
demand for creating an electroconductive microenvironment in NGCs,
various ECPs have been incorporated into NGC configurations by
blending them with other natural or synthetic materials/polymers or
employing various deposition and coating techniques [15,23,223]. ECP
based NGCs in single tube format or with 3D neural anatomical archi-
tectures (e.g., porous, grooved, hollow, intraluminal channels or fibers)
have been fabricated using a variety of conventional techniques such as
freeze-drying [226,227], dip coating [200], solvent casting [228], salt
leaching [229], and electrospinning [155,165,219], as well as through
various additive manufacturing methods like melt electrowriting [230],
3D printing [231,232] and bioprinting [233] [Fig. 9].However, studies

Topographical cues

Grooved architecture on
inner surface

Intraluminal channels Multilayered conduit:i

Neurotrophic/growth factors Neural supporting cells

(NGC)
Electrical and mechanical cues

Conductive flexible
soft hydrogel conduit

Electrical conductivity

Conventional methods

Freeze:d ry
processing

Dip coating

Solvent casting  Salt-leaching

Electrospinning

. Additive manufacturing techniques

|E5

—————aN / \\ \‘ll-IJ [ =
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Melt-electrowriting 3D bioprinting

Fig. 9. Different designs of NGCs with various topographical, electrical, mechanical, and biological cues being explored for PNR applications. (Lower panel)
Schematic depiction of various conventional and additive manufacturing techniques employed for fabrication of NGCs into different architectures as shown in the

upper panel.
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utilizing ECPs for NGCs remain limited due to their inherently poor
solubility, which hinders their ability to replicate the complex micro-
structural anatomy of nerves. In contrast, widely used non-conductive
synthetic polymers such as PCL and PLGA offer better processability
and can be easily fabricated into multilumen or multichannel structures
using advanced additive manufacturing techniques like 3D printing and
electro-writing [234-236]. A common approach to create conductive
ECP-based NGCs is by coating the outer layer of an already fabricated
NGC made from non-conductive synthetic or naturally derived polymers
or their composites. This outer coating can be applied through tech-
niques such as dip coating [200] or in-situ chemical polymerization of
ECPs [237]. Alternatively, ECPs can be incorporated as conductive
fillers in a blend with non-conductive polymers. This requires the ho-
mogeneous distribution of ECPs within the blend to achieve the perco-
lation threshold and ensure optimal electrical conductivity for effective
ES [32]. Previously, a PPy/PLGA-based NGC was fabricated with
parallel-aligned conductive fibers encased within a conductive tubular
structure, designed to facilitate axonal growth and create a biomimetic
environment for nerve regeneration [237]. The parallel-aligned PLGA
fibres were created via electrospinning, which were subsequently coated
with PPy through in-situ polymerization, following integration into a
conductive tubular structure fabricated by dip-coating a PPy/PLGA
emulsion onto a cylindrical mandrel. Similarly in a separate study,
aligned electrospun PLGA fibers were coated with PEDOT:PSS, while the
porosity of the resultant NGC was optimized through phase separation
by varying solvent ratios during electrospinning [200]. Another study
has reported fabrication of a hollow tubular conductive NGCs using a
composite of sodium alginate, PAni, and graphene through a solution
extrusion technique [238].

7. ES paradigm using ECP based biomaterial scaffold for PNR
7.1. ES delivery methods

ES can be applied via three common methods that rely on the
coupling mechanism between the externally applied electrical signal
and the cells or tissues; and can be categorized as direct coupling,
capacitive coupling, and inductive coupling [20,76,239]. Direct
coupling is the most common and straightforward method for delivering
ES, involving the placement of two conductive electrodes in a cell cul-
ture medium or at the injury site in vivo. For electroconductive scaffolds,
such as ECP based biomaterials or NGCs, one electrode is directly
attached to the scaffold, while the other is positioned around the
cell-seeded scaffold in the culture medium [155,219] or surrounding
soft tissue in vivo [168]. Although this is a well-established and widely
used method, careful attention is needed during the development of ECP
based scaffolds/NGCs to prevent unwanted electrochemical degradation
reactions, which could result in the production of toxic byproducts,
sudden temperature increases, and pH changes. In capacitive coupling,
two electrodes are positioned at opposite ends of the culture medium or
target tissue without direct contact, with the electric field driving the ES.
This non-invasive approach allows electrodes to be placed outside the
stimulation site in vivo [240]. However, the delivered ES may not be
localized, potentially affecting surrounding tissues undesirably. More-
over, the applied electric field may not be uniform across the cell system
or injury site, resulting in inefficient stimulation. Inductive coupling for
ES is also non-invasive, using a conductive coil placed around the cell
culture system or target tissue to generate an electromagnetic field for
stimulation. However, this approach requires a magnetic material and is
rarely employed with ECP based scaffolds.

7.2. ES regime for PNR
An ES regime involves various parameters, including the type of

waveform, frequency, amplitude, pulse width, and duration of the
signal. These parameters must be carefully optimized based on the
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conductivity and electrochemical properties of the ECP based scaffold,
as well as the target cell or tissue type. Such optimisation is crucial to
effectively trigger the desired biological response, such as an action
potential for nerve repair. Careful calibration enhances the safety and
efficacy of therapeutic interventions, ensuring effective treatment while
minimizing potential adverse effects.

Waveforms that have been investigated for ES of neuronal tissue
include cathodic monophasic, charge balanced and imbalanced biphasic
and charge balanced with interphase delay [20]. Although effective, a
monophasic waveform involves unidirectional current flow, which can
lead to irreversible faradaic reactions and potentially cause tissue
damage [Table 5] [20,148,242]. A charge balanced waveform has been
widely used for neural applications [148,241,243]. While irreversible
faradaic reactions can still occur during both the cathodic and anodic
phases with metal or carbon nanomaterial-based electrodes, they are
less likely with ECP based electrodes or scaffolds due to their unique
reversible doping/de-doping (oxidation/reduction) behaviour. A
charge-imbalanced biphasic waveform or the inclusion of an interphase
delay further reduces the likelihood of faradaic reactions, thereby
minimizing the risk of tissue damage. Additionally, charge-balanced
symmetric biphasic waveforms, asymmetric biphasic waveforms, and
monophasic capacitor-coupled waveforms have also been used for
neuronal stimulation [20,148].

As discussed in Section 3, the aim of ES should be to evoke a func-
tional response in nerve cells during stimulation. In other words, ES
should drive the resting potential of a typical nerve cell from —70 mV to
+30 mV for membrane depolarization and trigger an action potential.
Motor neurons can produce action potentials at frequencies ranging
from 5 to 100 Hz, depending on their state-whether at rest, active, or
undergoing maximal or continuous contraction [244]. Previous research
has shown nerve regeneration occurring in rat models when utilizing
various ES settings (without using any biomaterials), which includes
frequencies ranging from 1 to 20 Hz, amplitudes between 50 mV and 3
V, and pulse widths of 0.1-1 ms for 1 h durations [83,245-248]. In these
studies, ES was applied in voltage mode, which involves applying a
constant potential across the electrodes, causing current flow (charge
transport). In voltage mode, the current flow or charge transfer process
is heavily influenced by the impedance of the biological tissue and the
electroconductive scaffold (if any). Alternatively, ES can be used in
current mode, which involves setting a certain current across the

Table 5
Overview of various waveform types, their descriptions, and their effects in
specific applications [20,241-243].

Waveform Type Description Effects

Cathodic
Monophasic

Unidirectional current flow Highly effective in
stimulation but can cause
irreversible faradaic

reactions and tissue damage

Charge-Balanced
Biphasic

Alternates current flow
between cathodic and anodic
phases, maintaining net
charge balance

Reduces faradaic reactions
compared to monophasic
waveforms; safer for tissue

Charge- Slight imbalance in charge Further minimizes faradaic
Imbalanced between cathodic and anodic reactions; lowers risk of
Biphasic phases tissue damage

Biphasic with Includes a delay between Reduces overlap of reactions,
Interphase cathodic and anodic phases minimizing faradaic
Delay reactions and enhancing

Charge-Balanced

Equal amplitude and duration

safety
Effective for stimulation with

Symmetric for cathodic and anodic minimal tissue damage
Biphasic phases

Charge-Balanced Unequal amplitude or Customizable for specific
Asymmetric duration for cathodic and nerve responses; reduces
Biphasic anodic phases adverse reactions

Monophasic Includes a capacitor to limit Prevents direct current
Capacitor- current flow buildup, reducing faradaic
Coupled reactions
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electrodes and automatically adjusting the voltage across the biological
tissue or scaffold to match the specified current. Tang et al., for example,
used ES at 2 Hz for 20 min with a current of less than 6 mA to repair a
damaged ulnar nerve using acupuncture needles [249]. Typically, ES in
voltage mode is considered safer (than the current mode) since it allows
for the selection of a potential below the water electrolysis window,
reducing the likelihood of harmful electrochemical reactions in the
target tissue or conductive scaffold. The ES regime for PNR becomes
more complex when administered via electroconductive biomaterials,
such as ECP based scaffolds as intrinsic conductivity and electro-
chemical properties, such as redox potentials, charge carrier concen-
tration and mobility, charge injection capacity, and electrochemical
charge-transfer resistance, have a significant impact on stimulation ef-
ficiency [20,32,165]. As a result, ES parameters used with different ECP

Table 6
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based scaffolds can vary greatly, both in vitro and in vivo. Tables 2-4
give a summary of these parameters across several in vitro studies and
studies in nerve injury models. However, irrespective of the variation of
the ES parameters across studies, most ECP-based NGCs demonstrate
good conductivity in the range of 5-17 S/cm [Tables 2-4], which is well
above the conductivity of peripheral nerve tissue (0.003-0.026 S/cm)
[12,250] which drives an enhanced nerve regeneration under ES. In
addition, Hsiao et al. showed NIR driven electric field generation in
P3HT based scaffold in the range of 220-980 mV for electrically stim-
ulated axonal growth [Table 7] [251]. All these clearly indicate the
ability of the ECP based neural scaffold to mimic or support the
endogenous electric field following an injury or to drive neuron cell
resting potential for membrane depolarization.

Quantitative and qualitative comparison of functional recovery using ECP-based NGC with exogenous ES in a small animal nerve injury model following PNI.

ECP based Study details Sciatic Electrophysiological Measurements Histological & Immunofluorescence Outcomes
Nee f;;llinon Index Nerve Conduction Peak Amplitude
Velocity (NCV) (m/ (PA)
s) (mV)
PPy/ Injury model: Rat PPy/Chitosan PPy/Chitosan + ES: PPy/Chitosan + Regenerated axonal area, myelinated axonal density and
Chitosan Nerve gap: 15 mm + ES: 60.3 23.6+0.71 ES: 18.9 4+ 0.93 diameter are higher on PPy/Chitosan + ES
[171] Study duration: 12 weeks +3.25 PPy/Chitosan-ES: PPy/Chitosan-ES:
ES parameter: 3V, 20 Hz, 1 h PPy/Chitosan- 21.5 + 0.82 17.9 + 0.93
every 2 days for 8 sessions post-  ES: 72.5+5.66 Chitosan + ES: 20.9  Chitosan + ES:
surgery Chitosan + ES: +0.73 17.1 + 0.85
71.543.62
Chitosan -ES:
72.5+5.66
PPy/PLCL Injury model: Rat PPy/PLCL + PPy/PLCL + ES: PPy/PLCL + ES: Total myelinated fiber counts, the myelinated fiber
[172] Nerve gap: 15 mm ES: 235+ 1.2 61.34 + 4.21 8.07 +£ 0.24 diameter, the average axon diameter, and myelin sheath
Study duration: 8 weeks PPy/PLCL-ES: PPy/PLCL-ES: 41.23  PPy/PLCL-ES: 6.27 thickness are higher on PPy/PLCL + ES than the
ES parameter: 100 mV/cm, 20 341 +21 + 1.54 +0.14 unstimulated group
Hz, 1 h per day on days 1, 3, 5, Autograft: 21.4 Autograft: 63.32 + Autograft: 9.34 +
and 7 post-implantation +1.1 2.54 0.12
PPy/SF Injury model: Rat PPy/SF + ES: - - PPy/SF + ES group showed enhanced myelin sheath
[169] Nerve gap: 10 mm 48.2 + 5.1 thickness, axon diameter, and number of myelin lamellae,
Study duration: 24 weeks PPy/SF-ES: outperforming the non-stimulated (PPy/SF - ES)
ES parameter: 3V,20Hz, 1hper 56.8 + 6.2
day on every 2 days for 7 Autograft: 30.5
sessions +4.0
PPy [168] Injury model: Rat - PPy + hNPC + ES: PPy + hNPC + ES: PPy + ES group showed a greater number of myelinated
Nerve gap: 10 mm 60 > NCV>80 0.7 > NCV>0.9 nerve fibers, increased myelin thickness, and better-
Study duration: 12 weeks PPy + hNPC-ES: 40 PPy + hNPC-ES: organized axonal structures compared to unstimulated
ES parameter: 40 V/m, 100 Hz, > NCV>60 0.2 > PA>0.7 controls
1 h per session, applied on days PPy + ES: PPy-ES: PPy + ES: PPy-ES:
1, 3, and 5 post-implantation Autograft: 80 > Autograft: 2.1 >
NCV>100 NCV>2.3
C-GO/PPy/ Injury model: Rat - C-GO/PPy/PLLA + C-GO/PPy/PLLA + C-GO/PPy/PLLA + ES showed significant improvement in
PLLA Nerve gap: 10 mm ES: ~34.59 ES: ~2.96 axon diameter (~3.4 pm) and myelin thickness (~0.43 pm)
[178] Study duration: 12 weeks C-GO/PPy/PLLA- C-GO/PPy/PLLA- compared to the non-ES group (axon diameter: 2.6 pm;
ES parameter: 1 V, 20 Hz, 0.1 ES: ~28.06 ES: ~2.51 myelin thickness: 0.38 pm)
ms, 1 h per day for 7 days Autograft: ~36.87 Autograft: ~3.12
HEC/SP1/ Injury model: Rat HEC/SPI/PAni NA HEC/SPI/PAni + Enhanced myelinated fiber density, axon diameter, and
PAni Nerve gap: 10 mm + ES: 55.9 ES: 15.6 myelin thickness were observed on HEC/SPI/PAni + ES as
[194] Study duration: 12 weeks HEC/SPI/PAni- HEC/SPI/PAni-ES: compared to the non-ES groups
ES parameter: 3V, 20 Hz, 1 h ES: 61.5 10.5
every 2 days for 7 days HEC/SPI/PAni HEC/SPI/PAni +
+ BDNF: 55.9 BDNF: 9.6
Autograft: 53.5 Autograft: 18.5
PEDOT:PSS/ Injury model: Rat PEDOT:PSS/ PEDOT:PSS/PLGA PEDOT:PSS/PLGA PEDOT:PSS/PLGA + ES group showed enhanced axon
PLGA Nerve gap: 10 mm PLGA + ES: + ES: + ES: diameter, myelin thickness, and functional recovery
[200] Study duration: 12 weeks —55 < SFI < 1>NCV >1.5 20 > PA > 30 compared to non-stimulated conduits and control groups.
ES parameter: 100 mV, 20 Hz, 2 —45 PEDOT:PSS/PLGA- PEDOT:PSS/PLGA-
h every other day for 5 sessions PEDOT:PSS/ ES: ES:
post-surgery PLGA-ES: 1.5 > NCV >2 15>PA>25
—70 < SFI < PLGA: 1.5 > NCV PLGA: 10 > PA >
—50 >2 15
PLGA: -75 < Autograft: 0.5 > Autograft: 20 > PA
SFI < —55 NCV >1 > 30
Autograft: —55
< SFI < —45
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Table 7

P3HT based conductive photovoltaic biomaterials assessed for optoelectronic neuronal stimulation, highlighting their optoelectronic properties (photoelectrical

conversion) and light stimulation parameters.
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Materials Optoelectronic/other Light Stimulation In-vitro/In-vivo Outcome Key points References
relevant properties Parameters

P3HT:PCBM Photocurrent: ~2 nA 10 mW/mm?, 50 ms, Hippocampal OptoES showed membrane e P3HT and PCBM mixer was spin 291

532 nm neurons potential modulation in coated over a ITO glass substrate
neurons e First demonstration of OptoES
modulation of neurons via
photovoltaic (capacitive)
mechanism
P3HT/ Surface potential: 1-2 1-15 mW/mm?, Hippocampal OptoES induced current e Graphene was chemical vapor 204
Graphene mV at 1 mW/mm? 50-500 ms, 550 nm neurons, Retinal injection mediated voltage deposited on PET substrate,
explants modulation in hippocampal followed by P3HT spin-coating
neurons and promoted light-
sensitivity recovery in blind
retina explants
ZnO/PbS/ Photocurrent & 7 mW/mm?, 20 ms, Hippocampal Incorporation P3HT led to e ZnO, PbS, and P3HT were spin 297
P3HT/ITO: photovoltage density: 780 nm neurons higher photocurrent coated over ITO/PET substrate
RuO,/ITO ~500 pA/cm? and ~180 response; OptoES induced e NIR (780 nm) was used for
mV at 10 ms pulse, 1 photovoltaic capacitive ionic photostimulation (Possibility of
mW/mm?, 1 Hz current resulting modulation photochemical effect was
of neuronal action potentials mitigated)

P3HT Photocurrent density & 1s,1 Hz, 30 min, 7 Human NSCs OptoES showed increased e Nanofibrils of P3HT was spin 288
photovoltage: ~ —36 mW/cm?, 539 nm neuronal differentiation and coated over a glass slide to form a
mA/cm? and ~0.45 V at maturation nanoweb substrate
10 ms pulse, 1 mW/mm?,
1Hz

p-carotene/ Photocurrent density & 780 nm NIR light driven ~ PC12 cells NIR based OptoES generated e f-carotene & PTCDI-C8 were 251

PTCDI-C8/ photovoltage: ~0.17 generated electric fields electric field in the range of deposited over PEDOT:PSS layer

PEDOT: mA/cm and ~0.42 V at in the range of 220-980 mV/m, resulting in on ITO; Similarly, P3BHT & PCBM

P3HT/ 100 mW/cm? 255-1260 mV/cm, enhanced neurite outgrowth were also deposited over PEDOT:

PCBM/ were used for neuronal PSS in a separate configuration.

PEDOT stimulation Photovoltaic device was devel-
oped by integrating both of these
configurations

PCL/P3HT/ Photocurrent: 20-80 pA 500 ms, 1 Hz, 6 mW/ PC12 cells OptoES promoted neurit e P3HT NPs were synthesized by 295

Collagen at 3-10 mW/cm? and cm?, 30 min, 530 nm outgrowth through L-type microemulsion technique,
530 nm voltage-gated calcium followed by electrospinning of
channel activation PCL/P3HT blend
e Collagen was coated over PCL/
P3HT electrospun fibers by
electrospraying
ZnO/P3HT/ Photocurrent density & 10 ms, 100 mW/cm? at SH-SY5Y cells OptoES promoted effective e Photovoltaic device was device 298
PCBM/ photovoltage: 3.1 mA/ 445, 530 and 630 nm modulation of membrane was fabricated by successive
PEDOT:PSS cm? and 470 mV, at 50 potential in neuronal cells deposition of ZnO, P3HT/PCBM
ms, 2 Hz, 100 mW/cm? at and PEDOT:PSS over ITO glass
445, 530 & 630 nm
P3HT/ Photocurrent: ~60 pA at 500 ms, 1 Hz, 6 mW/ Cortical OptoES promoted growth of e P3HT NPs synthesis by 296
Collagen/ 500 ms, 1 Hz, 2-10 mW/  cm?, 30 min, 530 nm neurons, BMSCs cortical neurons in the miniemulsion method
MAH cm?, 530 nm photoactive conductive o Self-assembled P3HT/Collagen
hydrogel as well as neural hydrogel was modified by MAH
differentiation of BMSCs
PCL-P3HT/PPy  NA 40 mW/cm? 532 nm, 1 PC12 cells The fabricated system had o Electrospinning of PCL/P3HT 287
h/day low impedance, showed free blend followed by in situ
radical scavenging; polymerization of PPy
Improved neurogenesis
under OptoES
Patterned NA 28.8 W/m, 623 nm, 30 PC12 cells Enhanced neurite outgrowth e Patterned P3HT film was 299
P3HT film & min under OptoES fabricated by photolithography
P3HT/PCL e Electrospinning of P3HT/PCL
blend
P3HT/PCBM/ Photocurrent: ~142 pA Hippocampal neurons: Hippocampal High light responsivity at e P3HT/PCBM blend was spin 286
ITO at 20 ms, 15 mW/mm?, 20 ms, 15 mW/mm?, neurons, Retinal ~ lower threshold of 0.3 pW/ coated over ITO glass substrate
532 nm 532 nm; Retinal explant mm; OptoES promoted e Photoactivity of P3HT as a single
explant: 10 ms, 4 mW/ neuronal activity in neurons component was tested
mm?, 532 nm and restored light sensitivity
in the retinal explant
P3HT/PEDOT: NA Visual cortical RCS rats Conductive photovoltaic e PEDOT:PSS and P3HT were 205
PSS/SF responses were formulations retained sequentially spin-coated on silk

recorded at flash stimuli
of 20 cd/m?, 100 ms,
0.5 Hz at 30 and 180
DPI

photoactivity after 10 month
of implantation; Visual
restoration achieved by
OptoES in RCS rats

substrate

Demonstrated vision restoration
using photovoltaic OptoES in-
vivo
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8. ECP based NGCs toward clinical translation and challenges

The pathophysiology following PNI is highly complex, which is why
only a few FDA-approved NGCs exist. These NGCs are based on selective
ECM proteins or synthetic biodegradable/bioresorbable polymers,
including collagen (e.g., NeuroMatrix, NeuroMend, NeuroFlex, Neu-
raGen, NeuraWrap, COVA ORTHO NERVE, NervAlign), chitosan (e.g.,
NeuroShield, ProVeil), calcium alginate and glycosaminoglycan (Ver-
saWrap), PLCL (e.g., Neurolac, NEUROCAP, Vivosorb), poly(glycolic
acid) (PGA) (Neurotube), PGA/collagen (Nerbridge), and porcine ECM
(e.g., AxoGuard, Nerve Tape) [252]. Interestingly, there are currently
only a few ongoing clinical trials focused on PNR, involving the use of
processed human nerve grafts (Avance), PCL/PLLA (Polynerve), and
decellularized, allogeneic grafts of arteries or veins (NerVFIX) [Source:
https://clinicaltrials.gov/]. Obtaining FDA approval for commerciali-
zation is a lengthy and complex process, as reflected in the limited
number of clinical trials for PNR. This process requires the safety and
efficacy of the intended medical device or implant to be thoroughly
validated from the preclinical stages. In this regard, various ECP based
NGCs have been mostly validated in small animal models [100,169,
253]. Despite this, preclinical studies have shown promising results
using ECP-based bioelectronics and NGCs for neural recording and nerve
repair, suggesting their potential for clinical translation. PEDOT, PPy,
and more recently, P3HT have been leading contenders in this category.
Notably, a PEDOT:PSS electrocorticogram electrode has already been
tested in 30 human subjects [254]. However, a significant challenge in
the clinical translation of ECP based NGCs is their poor biodegradability
and bioresorbability. Additionally, delamination from the bulk scaffold
in aqueous environments poses a concern for long-term stability, which
is crucial for effective nerve repair. The integration of an ES module with
an ECP-based NGC offers significant advantages over its non-ES coun-
terpart and can potentially yield outcomes that are comparable to or
superior to the autograft group in terms of functional recovery following
PNI in small animal models [Table 6]. In addition, the absence of an
effective non-invasive ES protocol, along with the practical limitations
of traditional wired ES systems, remains a major constraint in preclinical
studies involving ECP based NGCs in conjunction with ES. While per-
forming ES through conductive NGCs in a sciatic nerve injury models,
practical issues are often encountered such as exposed wired electrodes
causing itching in the animals and health deterioration from repeated
anaesthesia during ES sessions. These challenges introduce variability,
complicating accurate comparisons with control groups. Most existing
studies have used conventional wired ES approaches with trans-
cutaneous electrode placement, which is intrusive and unsuited for
delicate tissues such as nerve. Additionally, secondary surgeries to
remove electrode wires may impede nerve regeneration further.

9. Emerging strategies for ECP based biomaterials in ES
mediated PNR

9.1. Improving electrochemical performance

When implanted, neural scaffolds come into direct contact with ion-
rich biological tissues and fluids. As a result, ECP based electro-
conductive NGCs will experience electrochemical reactions during ES in
the presence of such biological fluids. The well-established reversible
redox activity of ECPs causes the polymer chains to undergo continuous
cycles of oxidation and reduction, interacting with ions in biological
fluid. Typically, the ECP chains or networks swell during reduction and
shrink during oxidation due to the influx and efflux of ions from the
biological fluid. This continuous volume change induces significant
structural alterations, mechanical stress, and disruption of the n-conju-
gation. In light of this, ECP based materials can store a large amount of
charge through volumetric faradaic processes, but can suffer from poor
cyclic stability [146,147]. Hence, it is always desirable to maintain a
stable conductive network for efficient charge transport during ES in a
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hydrated environment. Besides, the volumetric change during reversible
redox activity also leads to reduced bulk electrical conductivity in the
polymer. As discussed in Section 4, ECP can inject charges into biolog-
ical tissues and vice versa via volumetric electrochemical doping
mechanism, which is favorable for an ideal bioelectronic interface. An
ideal bioelectronic interface in the form of a conductive NGC for
neuronal stimulation should also offer efficient charge-transfer reactions
so that electron flow in the bulk of the polymer induce ion flow in the
biological tissue. During the optimisation of NGCs to mimic the neural
anatomy, the bulk conductivity and charge mobility of the ECP network
are often compromised. Therefore, in order to develop a highly efficient
bioelectronic interface for NGC with high electrical conductivity, charge
density, and low electrochemical impedance, that can trigger an action
potential for membrane depolarization at low stimulation potentials for
neural applications, ECPs can be blended with other conductive mate-
rials including carbon based nanomaterials [207,255] and metal nano-
particles [256,257] [Fig. 10(a)]. There are reports of highly conductive
CNTs blended with PEDOT yielded a three fold higher charge injection
capacity (CIC) 0 10.9 + 1.9 mC cm~2 than a conventional TiN electrode
[258]. Subsequently, this CNT/PEDOT electrode stimulated retinal
ganglion neurons at a lower voltage threshold with less energy con-
sumption, safe for biological tissues. This study combined the comple-
mentary properties of PEDOT and CNT to enhance performance:
PEDOT’s ability to facilitate charge transfer through valence changes in
its polymer chain improves CIC, while CNT contributes high electrical
conductivity, rapid charge mobility, and an increased surface area for
greater electrochemical interaction and charge storage density. Xiao
et al. similarly reported nitrogen doped graphene blended with PEDOT
to generate an enhanced electrochemical performance with low charge
transfer resistance, higher charge density and long-term stability for
robust neurite outgrowth [259]. PPy was also coated over the electro-
spun PLA/rGO nanofibers through oxidative polymerization resulting in
their increased conductivity, which showed accelerated neurite
outgrowth of PC12 cells under ES [260]. Furthermore, the electro-
activity of a PPy-based aligned NGC has been enhanced by incorporating
fMWCNTSs, which resulted in improved SC proliferation and migration,
as well as promoted neural differentiation of PC12 cells [27]. The
importance of low power stimulation is recognised in terms of thera-
peutic feasibility, and hence, there is still opportunity for further
improvement in creating highly electroactive NGC. MXenes, a unique
class of two-dimensional nanomaterials of transition metal carbides,
nitrides, or carbonitrides, with high surface area, excellent conductivity
and electrochemical properties, superior electrochemical stability, and
unique surface chemistry (e.g., hydrophilicity), are expected to be one of
the key players with ECP based highly electroactive bioelectronic
interface for NGC development. For instance, a PLA based nerve conduit
coated with PPy and titanium carbide (Ti3C,Tx) showed effective neurite
growth and macrophage polarization under ES [261]. PEDOT:PSS film
when incorporated with Ti3Cy MXene showed exceptionally high volu-
metric capacitance (607.0 + 85.3 F cm’s) and electrochemically sta-
bility [262], which further validates this perspective.

9.2. Integration with self-powered stimulation module

The majority of reports in clinical or laboratory settings use standard
electrical stimulators to administer ES to cells or tissues via NGCs. In
most situations, conventional electrical stimulators rely on external AC
or DC power supplies, which are costly, bulky and non-portable.
Furthermore, an electrical stimulator connected to a 220 V power
source attached to a patient’s body may be painful, unpleasant, and
risky. Battery-based power sources like Li-ion batteries, have also limi-
tations in terms of their functionality, their rigid structure, conformity,
potential toxicity and limited lifetime. An additional concern that is the
removal of the battery after the desired function through a secondary
surgery, which is again a costly and risky process for a patient with nerve
injury. Consequently, numerous studies have underscored the necessity
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Fig. 10. Schematic illustration showing recent strategies employed for development for ECP based NGCs combined with ES delivery methods for PNR focussing on
(a) Material development, (b) Self-powered ES using glucose oxidation, (c) Bipolar electrochemical stimulation, (d) Photovoltaic ECP for optoelectronic stimulation,

and (e) Self-powered ES using biomechanical energy harvester.

of creating a self-powered ES system that is both portable and durable,
with a compact size and minimal weight, and that can be integrated with
an NGC based on ECP for neuronal stimulation.

Implantable piezoelectric nanogenerators (PENGs) or triboelectric
nanogenerators (TENGs), can harvest irregular biomechanical human
energy and convert it into useable electrical energy, [136,263]. The
development of both PENG and TENG technologies has been pioneered
by Z. L. Wang’s research group at the Georgia Institute of Technology,
USA. Their work has demonstrated the effective use of these technolo-
gies to harness bodily movements, such as muscle contractions, walking,
or heartbeat, to produce functional electrical outputs [264-266].
Although such electrical output depends on the material’s durability and
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the source frequency, it can align with the endogenous electric field
observed during nerve injury. These outputs (PENGs: 40 mV-30 V,
36-80 pA; TENGs: 50 mV-47 V, 0.6-30 pA), harvested from ambient
irregular biomechanical energy, are sufficient to enable therapeutic ES
for nerve repair [76,263,267-274].

PENGs utilize the electric charges generated during mechanical
stress through the piezoelectric effect [269-271]. The implementation
of PENG or self-powered piezoelectrical systems in PNR has recently
commenced [269-274]. These studies have successfully demonstrated
the fabrication of implantable PENGs or self-powered piezoelectrical
systems using biocompatible synthetic polymers, such as polyvinylidene
fluoride (PVDF), poly-e-caprolactone (PCL), poly(L-lactic acid) (PLLA),



R. Borah et al.

and poly(3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV) [269-271].
The electricity generated was then utilized for electrically stimulated
nerve regeneration [Fig. 10(e)]. Most of these or self-powered piezo-
electrical devices were mainly focussed on delivering the ES (not
localized and controlled) with or without having any scaffolding role in
PNR, with ultrasound or body movement as the source for mechanical
stimulation of the material. It is to be noted that efficient energy har-
vesting depends on the choice of piezoelectric materials (i.e., dielectric
constant) and design configuration of the piezoelectrical device. Hence,
it is very challenging to achieve energy harvesting with an ideal piezo-
electric NGC design architecture. A notable advancement in this area
involved the integration of a piezoelectric device, composed of potas-
sium sodium niobate nanowires, PLLA, and PHBV encapsulated with
PCL or PLA, with a NGC made of hydroxyethyl cellulose (HEC), soy
protein isolate (SPI), and conductive black phosphorus (BP) nanosheets
[271]. This system demonstrates an ultrasound-driven (100 kHz)
piezoelectric effect for delivering ES (12 V, 36 pA) in a rat sciatic nerve
injury model. Another strategically designed piezoelectric scaffold (not
in ideal NGC architecture) composed of silk fibroin (SF), PVDF-HFP, and
TisC2Tx MXene was used to generate electrical output of ~100 mV and
body movement was utilized as mechanical energy source for ES to
promote nerve repair in vivo [272]. Studies in this direction have just
recently emerged and only very recently, a PVDF/PLCL piezoelectrical
device was integrated successfully with an ECP based PEDOT/SF cryogel
scaffold [273]. The system used mechanical deformation from body
movement and surrounding tissue forces to generate piezoelectric
stimulation (~500 mV) in a rat sciatic nerve injury model. Hence,
integration of ECP based NGCs with PENGs can be viable option for
self-powered ES in PNR. The viability of this approach is also inspired by
effective integration of TENGs with ECP based neural scaffolds for
self-powered electrically stimulated nerve repair [Fig. 7(e)] [207].
TENGs can convert biomechanical energy into electricity with the
coupling of triboelectric effects and electrostatic induction [263]. In
both PENGs and TENGs, a highly conductive current collector is essen-
tial to collect the electric charges, generated during the piezoelectric
process and triboelectrification. ECPs or a hybrid blend of ECPs with
carbon based nanomaterials can effectively play this role and can ensure
efficient utilisation of harvested electricity for ES. Guo et al. fabricated a
highly conductive rGO/PEDOT microfibrous neural scaffold (up to 2.41
S/cm) [207]. This conductive microfibrous scaffold was integrated with
a TENG with current output 30 pA for delivering ES to promote the
neural differentiation of mesenchymal stem cells (MSCs). However, the
current output obtained from PENGs/piezoelectrical systems or TENGs
are generally very low, ranging from several pA to few pA [47,136,263,
269-271]. Therefore, while integration of such sustainable power
sources with conductive NGCs is fascinating, one need to mindful to
enhance the electroactivity of the NGC sufficiently so that they can
effectively utilize low current output for ES purpose. For this, strategies
discussed in the preceding section can be adopted.

9.3. Bipolar ECP based scaffolds for wireless ES

The majority of ES studies which employs ECP or other conducting
materials have used standard wired ES modules for nerve repair with a
very high efficiency [32,155,168,219,275]. Nevertheless, difficulties
that arise from using wired electrodes on a target site have not been
adequately addressed. The highly invasive wiring that connects the
power supply to the tissue or conductive scaffold at the stimulation site,
raises concerns regarding infection, bleeding, loosening, secondary
nerve injury, and anaesthetic complications [276]. The hardwired
power supply can also limit patient movement during ES in clinical
settings, thereby decreasing stimulation efficacy. Device failure owing to
persistent fatigue on wires, patient discomfort, and post-surgical pain
are all additional risks related with the wired ES approach. In the last
decade, non-invasive wireless stimulation techniques have evolved as an
alternative to traditional wired ES methods, effectively overcoming the
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constraints noted above. In tandem, ECP based scaffolds have been
investigated in connection with one of the new wireless stimulation
techniques, which works on the principle of bipolar electrochemistry for
neural applications [276-280].

A pioneering work Rajnicek et al. showed that dipole polarization
can be induced in conducting substrates, preferably one with mixed
ionic-electronic features or species of different redox behaviours, under
the influence of an externally applied electric field [Fig. 10(c)] [277].
The electric field was generated in the culture medium by two driving
electrodes connected to a power supply (not connected to the conducted
substrate). The generated electric field induces electrochemical inter-
actions/changes in the conducting substrate including charge transfer
with the cell culture medium and the neuronal cells seeded on them.
Therefore, the conducting scaffold needs to possess sufficient bipolar
characteristics potentially at the two extremities for oxidation and
reduction reactions, which can induce charge carrier movement in the
bulk of the polymer. The first bipolar electroactivity in an ECP was re-
ported by Ishiguro et al., in a polythiophene based derivative, poly
(3-methylthiophene) (P3MT) [281]. Since then, various ECPs, such as
PEDOT, PAni and PPy, have been shown to exhibit bipolar electro-
activity [280], which can be further enhanced by incorporating different
dopants or blending with suitable redox-active species. This is attributed
to their ease of processing, versatility, and high redox activity. However,
the development of ECP-based bipolar neural scaffolds for bipolar
electrochemical stimulation is still in its early stages, with only limited
evidence available. In a significant development in this direction, Qin
et al. of the Intelligent Polymer Research Group at University of Wol-
longong demonstrated reversible and recoverable bipolar electro-
chemical activity of PPy based films using biologically relevant dopants
dextran sulfate (DS) and collagen [276]. The resultant PPy film was
capable to direct neurite outgrowth in PC12 cells under bipolar elec-
trochemical stimulation, which was achieved at a much lower driving
voltage (<1 V/cm) compared to metallic bipolar electrodes. Recently,
the same research group developed a tissue compatible soft, and flexible
ECP based bipolar scaffold, with superior bipolar electrochemical
properties, using PPy co-doped with redox active poly
(2-methoxyaniline-5-sulfonic acid) (PMAS) and collagen, which was
further blended with PEDOT:PSS [280]. Wireless bipolar electro-
chemical stimulation was successfully administrated to PC12 and
SH-SYS5Y cells for enhanced neural differentiation using the same scaf-
fold. Research in this area is still emerging, and considerable effort is
required to develop ECP-based bipolar scaffolds that mimic neural
anatomy, to effectively apply this wireless, non-invasive ES for PNR.

9.4. Glucose oxidation for self-powered wireless ES

In one interesting approaches of wireless self-powered energy gen-
eration, endogenous glucose in bodily fluid can be oxidized to generate
electrical energy, which can be used to power implantable medical de-
vices [282]. This technique was utilized to develop both implantable
and external glucose biofuel cells to energy generation [283]. Typically,
in a glucose biofuel cell, glucose is oxidized at an anode and oxygen is
reduced to water at the cathode [Fig. 10(b)]. The anode and cathode are
often divided into distinct chambers by an ion-selective membrane,
which allows protons produced by oxidation at the anode to travel
unidirectionally to the cathode. Charge neutrality in the whole cell is
restored via a redox process involving the protons that arrive at the
cathode through the solution, the electrons that arrive at the cathode
through the external circuit, and the oxidant at the cathode. A suitable
bioelectronic interface with a distinct anodic and cathodic region can
carefully be designed, by incorporating an oxidizing agent at the anode
for glucose oxidation. For instance, Rapoport et al. devised a bio-
electronic substrate for glucose fuel cells based on nanostructured Pt and
single-walled carbon nanotubes that can provide up to 180 mW em 2 of
peak power and 3.4 mW cm ™2 of steady-state power as brain-machine
interface [284]. Inspired by this, a PPy/bacterial cellulose based
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nanofibrous scaffold was designed using Pt deposition at one side
(anode), while depositing nitrogen doped CNTs (cathode) for glucose
oxidation [285]. The study demonstrated an electric potential genera-
tion up to 300 mV in PBS with glucose concentration of 5 x 10~3 M. This
self-powered ES system in presence of glucose showed longer neurite
outgrowth in DRGs than that without glucose oxidation. Additional
research is required to thoroughly investigate the potential of physio-
logic glucose oxidation-based self-powered ES technology when com-
bined with ECP-based neural scaffolds for PNR.

9.5. Photovoltaic ECP based scaffolds for optoelectronic stimulation
(OptoES)

One other wireless ES approach involves utilisation of optoelectronic
or photovoltaic materials, which can convert light energy into photo-
current through an internal conversion mechanism [286-290]. This
optoelectronic wireless stimulation offers several advantages, including
deep cell and tissue penetration (e.g., with NIR light), improved spatial
localization and resolution, and no harmful effects on biological tissue
[204,286,291]. Light sources in the red to near-infrared range have been
shown to successfully achieve optoelectronic stimulation for nerve
regeneration in vivo. Optoelectronic stimulation using white, and red to
NIR laser were successfully demonstrated for restoration of vision in
blind rats P3HT based retinal implants [205,286,292]. Recently, Sun
et al. developed an optoelectronic device using a thin-film silicon diode
interfaced with molybdenum (Mo), which enabled highly efficient
charge injection and ES for the functional recovery of injured facial
nerves, as well as sciatic nerve stimulation in SD rats using a 635 nm
laser [290]. Photovoltaic materials, like inorganic silicon based opto-
electronics have been demonstrated to convert light inputs into electric
signals to stimulate neurons and peripheral nerve [289,290,293].
However, most of these devices have been optimized for dry environ-
ments, and their rigidity and susceptibility to corrosion under physio-
logical conditions make them less suitable for interfacing with biological
tissues [204]. In this context, organic photovoltaic materials, such as
ECP based optoelectronics, are better suited for biological tissues due to
their soft, flexible nature and mixed ionic-electronic transport behav-
iour. However, not all ECPs exhibit photovoltaic properties, with only a
few polythiophene-based derivatives, such as P3HT and P3MT,
demonstrating such capabilities. In addition to being electrically
conductive, a photovoltaic material must also be capable of absorbing
light and converting it into electricity. Organic semiconductors can
induce neuromodulation through photovoltaic conversion, or/and
photothermal conversion or/and photocatalytic reactions [294]. In ECP
based photovoltaics, all three processes co-exist depending upon light
illumination parameters (wavelength, duration, power, intensity) as
well as on the material or device properties. Organic photovoltaics
stimulate neural activity via capacitive coupling or reversible Faradaic
processes at the material’s surface or within its bulk. When light is
absorbed, charges either accumulate at the surface, affecting the
surface-electrolyte double layer, or are transferred into the solution via
Faradaic reactions [Fig. 10(d)]. Effective stimulation is based on ener-
getic asymmetry in the semiconductor, which facilitates charge transfer
at the electrolyte interface. Spatial asymmetry, which is commonly
achieved using heterojunctions, increases carrier generation and po-
tential difference in the surrounding electrolyte. When a semiconductor
is combined with conductors as anode and/or cathode, efficiency in-
creases. The specific stimulation mechanism is determined by the
interfaced materials, favouring capacitive coupling or Faradaic pro-
cesses. Organic semiconductors allow for photovoltaic neurostimulation
with pulse durations ranging from a few to several tens of milliseconds
and intensity levels below 1 mW/mm?, falling within the conventional
neurostimulation range. A pioneering work showing optoelectronic
stimulation of hippocampal neurons via photovoltaic (capacitive)
mechanism using P3HT based bulk heterojunction blended with [6,
6]-Phenyl C61-butyric acid methyl ester (PC60BM) and ITO, was
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reported by Ghezzi et al. [291] whereby a laser pulse of 532 nm at 10
mW/mm? was used for photostimulation, which yielded a photocurrent
in pA range. To optimize energy conversion based on the solar cell
principle, the bulk heterojunction architecture should be designed to
expand the interface between the donor (p-type) and acceptor (n-type)
materials. Additionally, a highly conductive layer is integrated with the
heterojunction to enhance the likelihood of charge pair separation under
stimulation and subsequent charge collection. For example, a
P3HT-based implant with a standard solar cell configuration was shown
to induce photostimulation of retinal neurons through a photovoltaic
mechanism and successfully demonstrated visual restoration in a Royal
College of Surgeons (RCS) rat model of retinal dystrophy [205]. The
implant was constructed in a multilayered configuration, featuring a
semiconducting P3HT layer attached to a highly conductive PEDOT:PSS
layer on a biocompatible and flexible silk fibroin substrate. The
conductive PEDOT:PSS layer serves to collect the holes generated during
light stimulation through capacitive charging and accumulates negative
charges at the polymer/biological fluid interface. In an effort to further
improve the photoconversion efficiency, PEDOT:PSS layer was
substituted with a more conductive graphene layer for effective charge
extraction from photovoltaic P3HT layer [204]. The implant was shown
to modulate action potentials in primary hippocampal neurons and
restore light sensitivity in blind retinal explants. This emerging field of
using organic photovoltaic materials for neuronal stimulation holds
significant promise for wireless ES in nerve repair. Recently, there has
been a notable increase in research utilizing P3HT-based photovoltaic
interfaces for neuronal stimulation [287,295,296]. However, the effi-
ciency, particularly in terms of generated photocurrent, remains low (in
the pA range) and needs to be improved. Additionally, the application of
ECP based photovoltaic materials in the design and fabrication of NGCs
is still in its early stages, and it is crucial to maintain the essential het-
erojunction architecture for effective electron-hole generation under
light illumination. Table 7 summarizes the studies on P3HT based
conductive photovoltaic biomaterials involving optoelectronic neuronal
stimulation.

10. Future perspectives and conclusions

While numerous in vitro studies have explored the fundamental
principles of using ECP based bioactive scaffolds to deliver ES to neural
cells, resulting in enhanced neurite outgrowth, neural differentiation,
and proliferation; there is not enough of pre-clinical or in vivo studies
investigating the use of ES with ECP-based NGCs, a short-coming that
limits clinical translation of ECP based biomaterials. Although several
studies have demonstrated that PPy and PEDOT based NGCs support
functional recovery in sciatic nerve injury models after long-term im-
plantation with little to no immune response; safety and efficacy still
remain significant limitations for ECP based NGCs. When blended with
non-conductive materials prior to 3D scaffold fabrication techniques (e.
g., electrospinning, 3D printing, freeze-drying, etc.), it is essential to
ensure that the ECP fillers are evenly distributed within the blend or
dispersion to achieve the percolation threshold, thereby forming a well-
connected conductive network. Such reduction in electroactivity ne-
cessitates higher ES parameters, such as increased electric field or cur-
rent, to facilitate charge transfer at the scaffold-tissue interface, but use
of high stimulation parameters also raises the risk of electrochemical
degradation and tissue damage.

An additional challenge is administering ES to nerve injury site in a
living body. Clinically, ES is typically applied externally via adhesive
electrodes or through invasive microelectrode implantation for condi-
tions like Parkinson’s disease or neurotrophic pain. However, no stan-
dardized protocol exists for ES delivery in PNR using ECP based NGCs
We have summarized various non-invasive ES modules currently being
evaluated with ECP based scaffolds, including self-powered approaches
using implantable TENG/PENG devices or glucose oxidation, bipolar
electrochemical stimulation, and opto-electronic photovoltaic
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stimulation.

The synthesis and fabrication procedures have a considerable impact
on the characteristics and performance of ECP based NGCs, as is
commonly acknowledged. These procedures entail selecting various
processing components, such as appropriate reagents (such as dopants
and oxidants), to produce specified material properties. These qualities
include conductivity, mechanical properties, biocompatibility, biode-
gradability, target tissue architecture, component spatial distribution,
and anisotropic properties. While there are significant efforts are
currently being devoted, it is equally important to address their biode-
gradability and bioresorbability to align with the bioactive properties of
existing commercial NGCs (e.g., NeuraGen, Neurolac, etc.). One poten-
tial approach is to leverage the flexible chemical synthesis process of
ECPs or their unique doping-dedoping characteristics. Since ECPs are
susceptible to anionic dopants, various negatively charged biomolecules
can be incorporated into their structure. Indeed, anionic biomolecules
such as hyaluronic acid (HA), chondroitin sulfate (CS), amino acids like
lysine and glutamate, and even the RGD peptide, have been used as
primary or secondary dopants for various ECPs, demonstrating
enhanced conductive properties [300-304]. ECPs synthesized or modi-
fied through this bioactive doping approach can also be blended with
other electrochemically stable conductive materials (e.g., carbon based
nanomaterials) to create biohybrid electroactive biomaterials with
improved biodegradability and bioresorbability.

Similarly, the recently demonstrated non-invasive bipolar electro-
chemical stimulation has only been tested in vitro. It is still unclear how
*the driving electrodes’ can be positioned non-invasively for in vivo ES.
One potential solution is to replace these electrodes with TENG/PENG
systems, which could generate an electric field at the injury site and
induce redox reactions on the ECP based bipolar NGC, enabling non-
invasive ES. Another area that has received limited attention is the
study of immunoregulation mechanisms under ES during PNI, which
remain poorly understood. Gaining a clearer understanding of these
mechanisms could pave the way for more effective therapeutic in-
terventions in PNR. Stem cell therapy combined with ECP-based ES has
shown potential for promoting functional nerve regeneration, as
demonstrated by Song et al. [168], and this approach should be further
explored using recent innovative wireless ES strategies.

Future research efforts also need to consider and embrace artificial
intelligence (AI) and machine learning (ML) approaches, which can offer
innovative and advanced solutions for NGC design, optimisation of ES
protocols and their integration. AI has rapidly evolved due to ad-
vancements in computer hardware and deep learning technologies,
particularly in healthcare applications, which has been acknowledged
by FDA as well as 26 Al based healthcare solutions which were approved
by 2019. Stewart et al. highlighted how Al can enable the creation of
personalized NGCs by analysing patient-specific anatomical data, such
as nerve dimensions and injury characteristics, to tailor conduit designs
for optimal outcomes [305]. Deep learning models could potentially
optimize scaffold architectures, biomaterial properties (e.g., conduc-
tivity, biodegradability), and electrical parameters to ensure effective
axonal growth and functional nerve regeneration. Furthermore, Al en-
hances 3D bioprinting processes by reducing variability and enhancing
precision and scalability. Iterative enhancements and the reduction of
experimental time can be facilitated by such predictive algorithms,
which can evaluate the performance of NGC under various conditions.
ML models can be used to effectively optimize the ES protocols (e.g.
amplitude, frequency, pulse width, duration) based on the real time
feedback from the neural environment with the help of electroneuro-
grams or other sensors [306-308]. Advanced techniques like convolu-
tional neural networks and genetic algorithms can further be employed
to fine tune these protocols for precise and selective neural activation
depending on treatment requirement. This domain, which is highly
interdisciplinary, has only recently emerged and has the potential to
significantly improve the machine-assisted production and design of
NGC by incorporating data from advanced imaging and computational
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modelling.

In addition to the technological advancements, the development of
appropriate ethical and regulatory frameworks is essential as ES tech-
nology becomes more prevalent in clinical settings, particularly for
treating neurological disorders. Since ES can alter neurological functions
and other biological processes, ethical considerations such as consent,
privacy, and the risk of misuse of information, must be carefully
addressed. Regulatory bodies will need to establish stringent standards
for future ES devices and therapies to strike a balance between inno-
vation and patient safety.

A deeper understanding of the complex interactions between ECP
based biomaterials, electrical signals, nerve tissue, and surrounding
tissues could pave the way for more efficient, personalized, and inte-
grated therapeutic strategies for functional nerve regeneration. This
knowledge could also be applied to the repair of other electrically
excitable tissues, making the combined use of ES and ECP based bio-
materials a promising approach to address some of the most pressing
medical challenges and ultimately improve patient quality of life.

Any data reported in this review will be available upon reasonable
request.
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