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Abstract

Repair in the human nervous system is a complex and intertwined process which offers
significant challenges to its study and comprehension. Taking advantage of the progress in fields
such as tissue engineering and regenerative medicine, the scientific community has witnessed a
strong increase of biomaterial-based approaches for neural tissue regenerative therapies.
Electroactive materials, increasingly being used as sensors and actuators, also find application in
neurosciences due to their ability to deliver electrical signals to the cells and tissues. The use of
electrical signals for repairing impaired neural tissue presents therefore an interesting and
innovative approach to bridge the gap between fundamental research and clinical applications in
the next few years. In this review, first a general overview of electroactive materials, their
historical origin and characteristics is presented. Then, a comprehensive view of the applications
of electroactive smart materials for neural tissue regeneration is presented, with particular focus
on the context of spinal cord injury and brain repair. Finally, the major challenges of the field are
discussed and the main challenges for the near future presented. Overall, it is concluded that
electroactive smart materials are playing an ever-increasing role in neural tissue regeneration,

appearing as potentially valuable biomaterials for regenerative purposes.



1. Introduction

The human central nervous system (CNS) - comprising primarily the brain and spinal cord - is
a complex and intertwined network of millions of cells that control movements, senses, cognition
and emotions ! Injuries to the CNS are diverse and widespread, including neurodegenerative
diseases, neurodevelopmental diseases, and traumatic injuries, all largely contributing to
morbidity and mortality in developed and developing countries. Despite extensive research,
development of therapeutic interventions for CNS brings an important number of challenges, in
part due to its unique physiological and anatomical features: the arrangement of the brain and
cord inside bone structures such as the skull and vertebrae; the vascular system with selective
permeability; and ultimately the limited capacity for self-repair, as opposed to the peripheral
nervous system (PNS) %

Few treatment options are available for patients with CNS injury, being the traditional
therapeutic approaches mainly based on palliative care, where symptoms are managed without
overcoming disease progression or promoting tissue regeneration. Therefore, and due to the
limited ability of the CNS to spontaneously regenerate following traumatic injury or disease,
patients often suffer from permanent functional damage and long-term disability, which poses
further challenges for the development of therapeutic interventions .

The critical need for regenerative medicine strategies and recent advances on our
understanding of CNS regeneration and its challenges have markedly improved the availability
of potential reparative strategies. Some of the most promising approaches rely on biomaterials,
which have come a long way since their conventional use mainly as structural elements with

defined properties. Nowadays, biomaterials have significantly changed the panorama of



therapeutics for the nervous system. Biomaterials play a key role in providing a suitable
environment for tissue regeneration, particularly by mimicking the extracellular matrix in
supporting cellular growth and differentiation *. To further expand their applicability and foster
their tissue regenerative capability, biomaterials are frequently combined with biological factors,
cells or molecules °>. Moreover, their tunable chemical and/or physical properties such as
stiffness, mechanical strength, pore size and structural features have allowed the development of
tailored systems, optimizing the interaction of biomaterials with cells and living tissues °. This
understanding of biological systems and their interface with biomaterials has provided the
opportunity to achieve relevant improvements, either through neuroregenerative or
neuroprotective biomaterial-based approaches.

Naturally occurring or synthetic biomaterials have been developed to act as scaffolds, matrices
or constructs " Although the state of the art in biomaterials design has been evolving throughout
the years, their ultimate goal remains the same: to interact with, or mimic, biological systems in
order to restore, repair, maintain or replace damaged tissue or biological functions ®. Based on
their applications, biomaterials can be engineered in different forms from a great variety of
primary products, such as ceramics, metals, polymers or even living cells and tissues
Furthermore, to fulfill safety and health criteria, biomaterials should be non-toxic, non-
immunogenic and biocompatible *

This review presents an overview of the use of a specific subset of biomaterials, electroactive
polymers, for nervous system regenerative therapies. Starting from a brief historical perspective,
this review introduces the main types of electroactive smart materials. Then, the main focus is set

on reviewing the applications of these materials for neural tissue regeneration, including brain

and nerve repair in the context of spinal cord injury. Finally, major challenges and concerns that



remain in this field are presented and discussed, as well as future directions to follow in the
upcoming times.

2. Electroactive smart polymers: an overview

It is generally considered that biomaterials for tissue regeneration applications should present
as much similarities as possible with the existing tissue they are intended to interact. In fact, the
extracellular matrix (ECM), as a highly dynamic structure constantly remodeling and interacting
with cellular constituents, has an active role in processes such as tissue differentiation,
morphogenesis and homeostasis '* However, and although advances in polymer science over the
past decades have turned polymers into one of the most prevalent classes of materials used for
tissue regeneration, most of the scaffolds being used remain non-responsive to external changes
of the environment !'2, Therefore, the need for stimuli-responsive materials that interact with
native tissues has been spurring the interest in a subset of electroresponsive polymers such as
electroactive smart polymers. By definition, electroactive polymers are systems able to respond
specifically to electrical fields, mainly either by delivering electrical signals or by shape or size
variations, leading to stimulus/response behaviors !°. The observed electrically-coupled response
of these polymers to stimulus can be reversible or irreversible, ranging from the delivery of
electrical signals, to changes in their polymeric structure or intrinsic properties upon the stimulus
4 In line with these unique characteristics, electroactive materials have also been referred to
smart or intelligent materials in the literature.

The first documented report of electroactive material properties dates back to 1880 when
Wilhelm Roentgen observed a difference in length of a fixed rubber band with a weight attached
on one end when electrically charged and discharged '>!°. Some years later, in 1899, Sacerdote

extended Roentgen’s experiment, confirming it, and conveyed the effect of the strain response to



electric field activation '®!7. In 1925, the field further progressed with the fabrication of the first
electroactive polymer, the electret, made by a subsequent cooling and solidification process of
equal parts of Carnauba wax and resin, together with beeswax, under a direct current bias field
1819 However, the interest in the field started to decrease gradually in the following years and it
was only in 1969, with the discovery of piezoelectricity in poly-vinylidene fluoride (PVDF) by
Kawai, that electroactive materials started to draw attention again in the research community 2°.
In fact, this achievement launched research into PVDF-based materials but also into other
polymer systems that would exhibit similar electroactive responses. Improvements in the latest
years have shown the ability to form electroactive polymers into various shapes, with different
flexibilities and higher strain capabilities making them a promising technology with a wide
variety of applications, attracting scientists and engineers from different fields "

As biomaterials capable to respond to environmental changes, electroactive polymers can be
categorized in several groups according to their electrical characteristics: dielectric polymers,
ionic conductive polymers, intrinsically conductive polymers and electrically conductive
polymer composites ', Actuation of dielectric polymers is driven by electrostatic forces, and
includes electrostrictive, electrostatic, piezoelectric, and ferroelectric materials '°. In contrast,
ionic polymers, such as gels, involve mobility or diffusion of ions within the polymer, often

requiring an electrolyte for the actuation mechanism 22

. Finally, intrinsically conductive
polymers and polymer composites, increasingly used as biomaterials, are characterized by their
electronic conductivity ¢

16,

Although electroactive materials are most commonly applied to sensors and actuators

extensive research and development efforts have been carried out to allow their successful
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application in a broad range of biomedical areas such as tissue engineering , cell/drug

delivery 2° and microbiology °.

2.1. Electroactive dielectric polymers

Dieletric polymers are passive polymers with the ability to store electric energy when electrical
fields are applied. These materials are full of charged particles that move once the material is
stimulated with external electric fields providing the material with a charge storage capability 7.

One of the representatives of dielectric polymers are piezoelectric materials, which are able to
induce an electrical charge in response to an applied mechanical strain and vice-versa 2*2° Since
the discovery of piezoelectricity, back in 1880 by the Curie brothers *°, research in the field of
piezoelectric materials has enjoyed exciting and rapid developments, including the integration of
these materials in biological systems. In fact, a real prospect for piezoelectric materials for neural
tissue regeneration was created, particularly taking into account the importance of electrical
charges for physiological neuronal activity 3! Moreover, the non-invasive nature of the generated
electrical charges, derived only from mechanical forces and not depending on the use of external
power sources, also lead to another great advantage of piezoelectric materials 3'*. Interestingly,
piezoelectricity can be found in some mammalian tissues, particularly the ones containing o-
keratin, such as hair, or tissues rich in collagen, including cartilage, tendons and bone >*-

In the last decades, a variety of piezoelectric materials emerged, including inorganic, organic
and hybrid alternatives. Inorganic piezoelectric materials, or piezoceramics, comprise lead
zirconate titanate (PZT), barium titanate (BaTiO3), zinc oxide (Zn0O), aluminium nitride (AIN),
lithium niobite (LiNbO3) and quartz, among others. Their piezoelectricity can be explained by

dipolar variations when the piezoelectric material is under stress 2% Although piezoelectric



ceramics present high piezoelectric coupling coefficients, the use of ceramics for tissue
regeneration purposes might bring some constrains, mainly due to limited flexibility, fragility
and the difficulty on preparing them in a variety of shapes *** To overcome these limitations,
organic piezoelectric materials started to gain more relevance for tissue regeneration purposes.
Piezoelectricity in organic materials occurs by re-orientation of the molecular dipoles inside the
polymer, which includes synthetic polymers and natural biopolymers. Synthetic polymers
include the widely investigated poly(vinylidene fluoride) (PVDF) and co-polymer approaches by
conjugating with trifluoroethylene (PVDF-TrFE) or hexafluoropropylene (PVDF-HPF), among
others; poly-L-lactic acid (PLLA); and poly-3-hydroxybutyrate-3-hydroxyvalerate (PHBV)
29.3132.34 * A dditionally, natural biopolymers that exhibit piezoelectricity include cellulose, chitin,
chitosan and collagen 3*** Together with high processing flexibility, piezoelectric polymers also
have the ability to meet the biocompatibility and biodegradability criteria for products to be used
in regenerative medicine, constituting a great advantage when compared with inorganic materials
34

2.2. lonic conductive polymers

To ensure successful tissue regeneration, biomaterials should fulfil several features, among
which the ability to mimic the natural microenvironment of tissues at the site of implantation *°.
Although this issue remains one of the biggest challenges in the field, the development of
hydrogel-based approaches appears as one attractive strategy to be pursued. Hydrogels based on
ionic conductive polymers, which have their electrical conductivity due to the motion of ionic
charge, are typically hybrid polymeric structures that usually combine two different polymers: an
inherently conductive polymer and a non-conductive polymer. While the conductive polymer is

responsible for the electrical conductivity, the non-conductive polymer, characterized by highly



hydrated gel properties, provides in vitro and in vivo biocompatibility, structural support for cells
and diffusion capacities of small molecules % These attractive characteristics have opened up a
whole new range of possibilities for hydrogel-based approaches, particularly for neural
regeneration purposes, mainly based on their biocompatibility and their ability to incorporate

distinct (nano)materials 7.

2.3. Intrinsically conductive polymers

Intrinsically conductive polymers are another type of smart polymers with high conductivity
and compatible with a vast array of biological molecules ***. The mode of charge propagation in
conductive polymers is based on the movement of ions into and from the polymer structure
either through conjugated systems or between neighboring redox sites *>*°. Conductive polymers
offer a vast number of possibilities, mainly due to their versatility, easy and inexpensive
synthesis and flexibility. In fact, these polymers allow fine-tuning of their electrical, physical or
chemical properties to meet the specific needs of their application !

The first report of conductive polymers dates back to 1862, when Letheby synthesized
polyaniline (PANI) trough anodic oxidation of aniline in dilute sulfuric acid, resulting in an
insoluble blue pigment deposit on a platinum electrode ** Nevertheless, it was not until the end
of the 1970s that the field was significantly launched, with the discovery and preparation of
polyacetylene (PA) with increased conductivity after halogen doping **** Importantly, Alan
J.Heeger, Alan G. MacDiarmid and Hideki Shirakawa were jointly awarded the Nobel Prize in
Chemistry in 2000, “for the discovery and development of conductive polymers” 4

A large effort has been made on the development of conductive polymers. Currently there are

more than 25 conductive available polymer systems, which greatly expands their biomedical



applications 6. Although polypyrrole (PPy) has become by far one of the most studied and used
conductive polymers, growing evidence in the literature also supports the use of PANI and poly
(3,4-ethylenedioxythiophene (PEDOT), particularly for tissue regeneration purposes *’.

2.4. Electrically conductive polymer composites

Together with the aforementioned conductive polymers, carbon nanomaterials, particularly
carbon nanotubes and graphene, can be used to increase electrical conductivity of polymers,
creating electrically conductive polymer composites. These carbon-based conductive fillers
allow the formation of filler-polymer matrix interactions, which are responsible for an increase in
conductivity while still maintaining the polymeric characteristics of the material, thus garnering
a great deal of interest as innovative tools for tissue engineering applications **. Graphene is a
two-dimensional material formed by single layers of carbon atoms connected through sp’
hybridization forming a honeycomb pattern *°. Due to their electrical conductivity and capacity
to be functionalized for improved biological capacities, graphene and particularly graphene-
based nanocomposites have made significant contributions in neural regenerative medicine >* 2,
According to the number of layers, sheet dimensions and functionalization, graphene-based
materials can be grouped in different categories, being single-layer graphene, graphene oxide
(GO) and reduced graphene oxide (rGO) among the most commonly applied for regenerative
purposes >>. Together with two-dimensional materials, graphene sheets can also be rolled into
hollow cylindrical tubular structures to originate carbon nanotubes (CNTs). Like graphene
sheets, CNTs also present high electrical conductivity, strength, flexibility and the possibility for
chemical functionalization, which results extremely useful for neural tissue regenerative

purposes 5455
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3. Electroactive materials for neural tissue regeneration

The CNS is affected by a vast array of different pathologies, that can be roughly divided in two
classes, leading to divergent clinical issues: neurodegenerative diseases, such as Alzheimer’s
disease and Parkinson’s disease, which consist in progressing and debilitating conditions that
ultimately result in cellular degeneration and neuronal death; and injuries derived from an
external trauma, such as spinal cord and traumatic brain injuries, where the neural tissues are
physically damaged %"

Preventing or treating the degenerative process, and ultimately neuronal loss, the central
pathological outcome of a CNS injury, is still one of the biggest challenges facing neuroscientists
today. It has long been considered that the adult CNS does not regenerate following injury, and
although an initial growth response after injury might be observed, the fact is that adult central
neurons fail to regrowth due to a multitude of factors, ranging from the inhibitory environment
the axons encounter within the lesion, to the intrinsic inability of injured axons to regrow 2.
Therefore, an urgent need to develop more sophisticated and combinatorial treatment strategies
for CNS injury arise, as no options are yet available to allow complete or near-complete tissue
regeneration or replacement for recovery of function in the injured area.

In the next sections, various emerging electroactive-based approaches are described
particularly regarding their biocompatibility, in vitro cell adhesion, proliferation and
differentiation, molecular mechanisms underlying neural regeneration and effects in promoting

functional and neurological recovery (Figure 1).
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Figure 1. Schematic overview. Electroactive polymers can be subdivided according to their
conduction mechanism into electronically conductive polymer composites, piezoelectric
polymers, ionic conductive polymers and intrinsically conductive polymers. Overall, studies
focusing on electroactive-based approaches for neural regeneration are devoted to the evaluation
of the biocompatibility of the materials, in vitro and in vivo performance and underlying

molecular mechanisms for neuroregeneration !3-21:47-5%,
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3.1.  Electroactive materials for neuronal outgrowth and differentiation (in vitro)

The multipotentiality and self-renewing capabilities of stem cells have spurred an
unprecedented interest and excitement over them in the past few decades. Since the
acknowledgment that neural stem cells (NSCs) or multipotent neural progenitor cells continue to
be generated throughout life, in the subventricular zone (SVZ) and the dentate gyrus of the
hippocampus, growing interest in their therapeutic potential has been observed **-°!* Considering
their regenerative ability upon injuries and diseases, and the fact that they are able to primarily
differentiate into neurons, astrocytes and oligodendrocytes, NSCs are suitable candidate cells for
the cellular repair of lesions of the CNS, and therefore, regarded a key population to consider for
neural tissue regenerative therapies 2% Accordingly, several reports have been testing the
behavior of NSCs, and other neuronal-like cells on scaffolds or interfacing electroactive
materials in recent years (Table 1), unwrapping numerous possibilities and opportunities for

regenerative therapeutic approaches.

3.1.1. Electrically conductive materials

Conductive polymers have been gathering attention for neural tissue regenerative applications
due to their physical and chemical properties, but also because their polymeric features, such as
processing flexibility. When combined with electrical stimulation, PPy containing the anionic
dopant dodecylbenzenesulfonate (DBS) induced differentiation of NSCs towards neurons rather
than glial cells, with neurons presenting highly branched long neurites when compared with
unstimulated cultures . Nonetheless, conductive polymers are not biodegradable, which could
induce immune responses and adverse reactions. In order to by-pass this issue, conductive

polymers have been combined with other biodegradable polymers with biologically relevant
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properties. For example, aligned PPy-PLLA fiber films could guide neuron-like rat
phaeochromocytoma (PC12) cells outgrowth and their neurites extension along the direction of
fiber axis which is further enhanced upon electrical stimulation ®°. Similarly, electrically
stimulated PPy-PLLA fiber films coated with chitosan and poly(caprolactone) (PCL) also
promoted neurite growth and alignment of PC12 cells, fostering the application of conductive
polymer composites for neuroregeneration ®* On a different approach, components of the ECM
such as laminin, fibronectin and collagen have been used to significantly increase PC12 cell
adhesion, neurite growth and length on conductive fiber-films of PLLA fibers and PPy
nanoparticles ¢’.

PEDOT, one of the most investigated polythiophene derivatives, has been demonstrated to
provide appropriate cell growth environments for neural regeneration, mainly due to its high
electrical conductivity and chemical stability ® When doped with polystyrene sulfonate
(PEDOT-PSS), aqueous dispersion of PEDOT in solution is facilitated. Using fibrous scaffolds
based on silk fibroin functionalized with PEDOT-PSS or dimethyl sulfoxide (DMSO)-treated
PEDOT-PSS (optimized conductance), Magaz et al assessed the biological responses to these
substrates on analogue NG108-15 neuronal cells. Results demonstrated that cells remained viable
on all scaffolds groups while presenting better metabolic activity and proliferation when
compared with neat silk. Moreover, scaffolds were able to support neurite sprouting during the
differentiation phase . By improving the functionality of PEDOT:PSS with incorporation of
3,4-ethylenedioxythiophene (EDOT) oligomers, Ritzau-Reid et al demonstrated that
oligoEDOT-PCL is biocompatible and enhanced neurite length and branching of NSCs upon
electrical stimulation, reinforcing the potential of polythiophene-based materials for neural tissue

engineering "%
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In vitro studies have shown that graphene-based materials are biocompatible and induce
biological responses from different tissues/cells. Indeed, graphene has been reported to promote
neurite sprouting and outgrowth of mouse hippocampal cells 7!, astrocyte to neuron
communication 7? and neuronal differentiation of human neural stem cells "*’* Moreover, taking
advantage of electrophysiological recordings and calcium imaging, graphene was also described
to enhance and support neuronal performance and electrical signaling in a functional neuronal
network 7> Nevertheless, the abovementioned studies were performed on planar two-dimensional
(2D) graphene substrates, which fails to recapitulate the ECM structure and environment
observed in an in vivo situation. To overcome these limitations, three-dimensional (3D)
graphene-based materials have begun to be explored. Particularly, it was described that 3D
graphene foams are able to support NSCs growth and proliferation, as well as enhance their
neuronal and astrocytic differentiation, when compared with 2D graphene films ’® On a different
set of experiments, NSCs behavior on various stiffness of 3D graphene foams was investigated,
revealing that a stiff scaffold has a better performance on NSCs adhesion, growth and
differentiation toward astrocytes when compared to soft scaffolds, thus highlighting the
important role of mechanotransduction to guide adhesion, proliferation, and differentiation of
NSCs 7.

Similar to graphene, CNTs have become a promising and useful platform for neural tissue
regeneration mainly due to their electrical, structural and mechanical properties, but also because
they can be further functionalized with chemical or biological relevant molecules. According to
the number of layers of graphite, CNTs can be classified as single-walled CNTs (SWCNTs) and

multi-walled CNTs (MWCNTSs) 8. MWCNTSs modified by amino groups have been shown to be

biocompatible and to promote nerve growth factor (NGF)-dependent outgrowth of neuronal
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neurites in dorsal root ganglion (DRG) neurons and of PC12 cells 7 In fact, a recent study using
3D-printed MWCNTs functionalized with amine and incorporated with poly (ethylene glycol)
diacrylate (PEGDA) scaffolds demonstrated enhanced NSCs growth on MWCNTs embedded
scaffolds, as well as neuronal and oligodendroglial differentiation of NSCs upon electrical pulse
stimulation, suggesting this scaffold as a promising candidate to promote neural differentiation
8- In a different approach, a fibrous scaffold comprising polyurethane (PU) and silk fibroin
associated with functionalized MWCNTs was also evaluated for neuroregeneration, showing
growth and proliferation of Schwann cells (S42), together with the differentiation and
spontaneous neurite outgrowth of PC12 cells ®!. Using a combinatorial approach based on a
scaffold composed of MWCNTs and poly(lactic-co-glycolic acid) (PLGA) together with
electrical stimulation, Wang et al reported that, upon stimulation, PC12 cells and DRG neurons
cultured on the scaffold presented enhanced neurite extension, together with increased cellular
attachment, proliferation and myelin basic protein (MBP) expression on Schwann cells *2.
Similarly, combination of CNTs with positively charged poly(caprolactone fumarate) (PCLF)
and [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MTAC) also resulted in improved
growth and differentiation of PCI2 cells, together with enhanced neurite protrusions upon
electrical stimulation ¥ Although a vast array of studies has been carried out on the effect of
CNT-based scaffolds on the behavior of NSCs, a comprehensive picture of the molecular
mechanisms underlying these interactions are yet not understood. To fulfill this goal, using a
CNT-multilayered nanocomposite Shao et a/ demonstrated that, besides promoting cell adhesion,
viability, differentiation, neurite outgrowth, and electrophysiological maturation of NSCs-
derived neurons, the interactions between this CNT-based composites and NSCs involved the

integrin-mediated interactions mainly activating focal adhesion kinase (FAK). This subsequently
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initiates downstream signaling events that regulate neural cell survival, proliferation,

differentiation, and synapse formation %,

3.1.2. Piezoelectric polymers

Piezoelectric scaffolds have been increasingly employed for tissue engineering purposes, once
they enable electrical stimulation without the need of an external power source ** PVDF films
were shown to support and enhance neurite growth and branching of rat spinal cord neurons *>
while PVDF-TrFE promoted neuronal differentiation of hNSCs and neurite extension of DRG
neurons 7 Moreover, PVDF-TrFE films containing BaTiO3 nanoparticles promoted viability
and differentiation of human neuroblastoma SH-SYS5Y cells, together with ultrasound mediated
cell adhesion, differentiation and increased neurite length of cells seeded on the scaffolds 2.
Similarly, ultrasonically stimulated poled B-PVDF membranes also led to increased neurite
generation in PC12 cells, with comparable efficiency to commonly used NGF protocols ¥ It is
well known the importance of oriented growth of neural cells and neurites for recovering of
nerve functions. In fact, extensive progress on bio-fabrication technologies has brought to light
techniques such as electrospinning to create contact-guidance fibrous matrices which have been
successfully applied for the growth of neural networks. One such example are PLLA nanofibrous
scaffolds, which have been shown to promote the differentiation of PC12 cells ** guide the
neurite outgrowth of SH-SY5Y cells °!* guide neurite outgrowth of DRGs and Schwann cell

migration along the aligned fibers °*%°

and promote cell adhesion, growth, proliferation and
directed-neurite outgrowth of mouse induced pluripotent stem cells (iPSCs)-derived NSCs
(iNSCs) ** Furthermore, in order to improve biocompatibility, processability and biological

effects, the surface modification of nanofibrous scaffolds has been considered. Aligned PLLA

nanofibrous scaffolds coated with GO have been reported to promote rat Schwann cells
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proliferation, as well as proliferation, differentiation and NGF-dependent neurite growth of PC12

cells .

3.1.3. lonic conductive polymers
A number of in vitro studies using PC12 cells demonstrated that conductive hydrogels, either

based on PEDOT % carbon nanotubes *’~'% or graphite nanofilaments '°!

are able to support cell
adhesion, viability and proliferation, without cytotoxicity. In a step further, reports using
conductive hydrogels based on PANI !> PEDOT 19194 CNTs/PPy '°° have also demonstrated
NSCs adhesion and differentiation, mainly towards neurons and astrocytes. In a different set of
experiments, a bioprinting system consisting of a 3D printed conductive hydrogels using
PEDOT:polystyrene sulfonate (PSS) solution, was used in combination with electrical
stimulation to evaluate neuronal differentiation. Results have demonstrated the effectiveness of
the fabricated material by the evaluation of neuronal differentiation capacity upon stimulation of

encapsulated DRG neuronal cells '%.

Table 1 Summary of electroactive materials that promote in vitro neuronal outgrowth and

differentiation
Type . )
. Biological
Category electroactive Svs teri Outcomes Authors (years)
material Y
Differentiation into St ot al O
: ewart et a
ppya) (DBS)b) NSCs®) neurons, hlghly
branched and long (2015)
Conductive neurites
polymers
Guid foutorowth Zouetal®
ppy_PLLAd) PC129 uidance or outgrow

and neurite extension (2016)
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Xu et al *°

PPy/PLLA  coated PC12 Neurite outgrowth and
with Cs?/PCL® alignment (2019)
PLLA fibers/PPy
nanoparticles coated PCI12 Cell adhesion, neurite  Zhou et al ¢’
with laminin, growth (2017)
fibronectin, collagen
h)_pQQi)
PEDOT®-PSS Increased  metabolic Magaz et al ®
. ~15k Wi
DMSO)-PEDOT- NG108-15 activity, neural
PSS sprouting (2020)
Biocompatibility, Ritzau-Reid 7°
OligoEDOTV-PCL iNSCs™ proliferation and
differentiation. (2020)
Mouse Biocompatibility, Lietal ™
Graphene films hippocampal neurite sprouting and
cells outgrowth (2011)
Biocompatibility,
Laminin-coated adhesion, .I;\;Ohfe?a?on Park et al T
raphene films NSCs and differentiation 2011
& towards neurons and
Graphene-based astrocytes
materials Adhesi
esion,
. proliferation Guo et al ™
rGO™ microfibers NSCs . N .
differentiation intro (2017)
neurons
Adhesi .
proli?selr(:tli’on Lietal ™™
3D-graphene foams  NSCs differentiation towards (2013)
astrocytes and neurons
Proliferation and
neuronal and Lee et al 8%
MWCNT-PEGDA®  NSCs oligodendroglial
differentiation  upon (2018)
Carbon stimulation
Nanotubes
(CNTS) Growth and  Shrestha ef al 8V
PUP/Silk-MWCNTs ~ S429; PC12 proliferation;
differentiation and (2019)
spontaneous  neurite
outgrowth
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PLGAY/MWCNTs PC12; DRGY; Neurite extension; Wang et al 8%
attachment and
Schwann cells  proliferation (2018)
; 831
- t) s
CNT-MTAC proliferation (2020)
Royo-Gascon et
. . . A
PVDEY Rat spinal Neunt@ extension and g4/
cord neurons branching
(2013)
Neuronal Lee eral ™
PVDF-TtFEY NSCs differentiati
ifferentiation (2012)
Lee etal ¥
PVDEF-TrFE DRG Neurite outgrowth
(2011)
Ultrasound-mediated Genchi et al 88
EZ,EE)TKFE/ SH-SY5Y? differentiation and
} neurite growth (2016)
. . Ultrasound-mediated Hoop et al ™
Piezoelectric PVDF PCI2 cells neurite outgrowth
scaffolds £ (2017)
) Yuetal®
PLLA PC12 ?.‘;?““’tr.‘ p and
ifferentiation (2015)
Viability,
proliferation, guidance Yu ef al®!
PLLA SH-SY5Y of neurite outgrowth,
promote glucose and (2016)
lactic acid metabolism
Chick DRG: Guidance of neurite Wang et al %%
and Schwann cell
PLLA rat Schwann
cells growth  along the (2009)
aligned fibers
Adhesi th .
rolffselr(:tli’on grOV;n(i Lineral ™
PLLA iNSCs D e
guidance o eurite (2018)

outgrowth
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Proliferation, = NGF- 95
PC12; dependent Zhang et al
GO-coated PLLA ? . e
Schwann cells  differentiation;
. . (2016)
proliferation
Biocompatibility,
: 99,100a
rGOa-CNTpega- proliferation, Lin et al
PC12 cells .
OPFY spreading and (2016)
stimulated neurite
development
CAGNFs? on Biocompatibility, Homaeigohara
: 1015
alginate PC12 cells . ‘ etal
proliferation and
differentiation (2019)
Biocompatibility, Xu et al %%
PEDOT/CMCS* PC12 cells adhesion, viability and
proliferation (2018)
PC12  cells Er‘(‘)’ﬁ‘f’;?i?;flhty’ o Wueral”
bb) ce)
Conductive Ch/CNT :Zﬁs RSC6™ euronal cells and (2017)
Hydrogels Schwann cells
Adhesion,
prght:(e.ratlon, ] anc} Xu et al 1%
PVVI_PANI NSCs fnuction ot neura
and glial 2016)
differentiation via
electrical stimulation
Wang
. Proliferation and
_ ee)
PEDOT HA o NisCs differentiation into et al 1951%%
Cs/Gel matrix
neurons and astrocytes
(2017/2018)
HA incorporated Neuronal
with CNTs and/or hfNSCs differentiation, Shin et al 1%
PPy improved
hiPSC-NPCs™  electrophysiological (2017)
functionality

3 Polypyrrole (PPy); ® dodecylbenzenesulfonate (DBS); © neural stem cells (NSCs); ¢ poly-L-
lactic acid (PLLA); © neuron-like rat phacochromocytoma (PC12) cells; P chitosan (Cs); &
poly(caprolactone) (PCL); ™ poly(3,4- ethylenedioxythiophene) (PEDOT); " polystyrene
sulfonate (PSS); ¥ dimethyl sulfoxide (DMSO); ¥ analogue neuronal cells (NG108-15); D
oligomers of 4-ethylenedioxythiophene (EDOT); ™ induced pluripotent stem cells-derived neural
stem cells (iNSCs); ™ reduced graphene oxide (rGO); ® multi-walled carbon nanotubes
(MWCNTs), poly (ethylene glycol) diacrylate (PEGDA); P polyurethane (PU); ¢ s42 Schwann
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cells; ? poly(lactic-co-glycolic acid) (PLGA); ® dorsal root ganglion (DRG); ! poly(caprolactone
fumarate) (PCLF), [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MTAC); Y
polyvinylidene fluoride (PVDF); ¥ polyvinylidene fluoride trifluoroethylene (PVDE-TtFE); ™
barium titante (BaTiOs); ¥ neuroblastoma cell line (SY-SY5Y); ¥ reduced graphene oxide
acrylate (GOa) sheets and carbon nanotube poly(ethylene glycol) acrylate (CNTpega)
crosslinked with oligo(polyethylene glycol fumarate) (OPF) hydrogel (rGOa-CNTpega-OPF); ?
citric acid functionalized graphite nanofilaments (CAGNFs); @ carboxymethyl chitosan
(CMCS); "™chitin/carbon nanotube (Ch/CNT); ¢© Schwann cell (RSC96); Y multifunctional
high-strength hydrogels (termed PVV);  hyaluronic acid (HA), chitosan/gelatin (Cs/Gel);
human fetal neural stem cells (hfNSCs), human induced pluripotent stem cell-derived neural
progenitor cells (hiPSC-NPCs).

Despite the ever-increasing number of reports on the in vitro capabilities of electroactive smart
materials to promote neuronal growth and differentiation, there is still a lack of studies
addressing which are the underlying molecular mechanisms. The vast majority of electroactive
materials proposed are composed of polymeric structures and therefore benefit from some
polymer features useful for tissue regenerative purposes, such as chemical modifications and
tunable properties of synthetic polymers, as well as extracellular matrix-like mimetics in the case
of natural polymers. Although the literature existent does not explore the dual role of polymeric
electroactive materials on cell interactions, on one hand as matrix polymeric materials and on the
other as stimulus-generators, it is reasonable to consider that at least part of the effects observed
might also be due to the polymeric nature of the material. In fact, a wide variety of polymeric
structures have thoroughly been applied for regenerative tissue applications in the latest years %,
However, the effect of electrical cues and electrical stimulation on cell migration, proliferation
and differentiation is well known '%°, therefore the impact of electrical cues on neuronal behavior
should also be considered.

Cellular differentiation is, in fact, an intricate and complex process mediated by a variety of
factors, either intrinsic, such as epigenetic mechanisms and the dynamic interplay between the

genome, or as the result of extrinsic signals provided by the microenvironment surrounding the
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cells. In fact, for the electroactive materials to have an effect on the cell, the physical cue sensed
in the environment by the cell must be transduced into a molecular signal, and although the
molecular mechanisms involved in cell differentiation are somehow described, the effect of
electroactive materials on these processes is still unknown. Therefore, therapeutic approaches
with electroactive materials, as strategies able to promote regeneration and growth, require a
profound knowledge about their biological performance and the molecular mechanisms
underlying their effects.

Although the vast majority of reports on the biological effects of electroactive materials do not
mention the underlying molecular mechanisms, one study addressing PC12 differentiation by
ultrasound stimulated B-PVDF, investigated the molecular mechanism behind it using
biochemical inhibitors targeting different pathways. PC12 differentiation is described to be
mediated by MAPK/ERK (mitogen-activated protein kinases/extracellular signal-regulated
kinases) pathway, in the presence of NGF, and the cAMP (cyclic adenosine monophosphate) —
dependent pathway, which can be triggered by extracellular stimuli such as intracellular calcium
concentration ''* In order to understand which pathway could be playing a role in PVDF-
induced differentiation, PC12 cells were treated with different inhibitors: K252a, which blocks
TrkA receptor, where NGF molecules bind; roscovitine (RV), a blocker of p35/cyclin dependent
kinase (Cdk5), a downstream effector of the MAPK/ERK pathway; and lanthanum chloride
(LaCls), a calcium channel blocker. Results have shown a significant reduction of neurite
outgrowth when using the calcium channel blocker LaCls, suggesting that differentiation of
PC12 cells on piezoelectric B-PVDF causes the activation of calcium channels, and that calcium

influx plays a significant role in this process. Furthermore, the independent action of NGF and
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piezoelectric stimuli was also confirmed, once inhibitors of the NGF-triggered differentiation
pathway did not influence B-PVDF stimulation and vice versa %

In a different set of experiments, CNTs were shown to stimulate neurite outgrowth of DRG
neurons by activation of the ERK signaling pathway independent of the phosphatidylinositol 3-
kinase (PI3K)/Akt signaling pathway. Even with MAPK/ERK kinase (MEK) inhibitor U0126,
phosphorylated ERK was induced by CNTs, which suggests that this activation could occur
through alternative signaling pathways than the Ras/Raf/MEK cascade ''! Although this data
should be interpreted with cautions, taking into account the indirect nature of inhibitor studies,
results have shown that in fact, CNTs can promote neurite outgrowth of NGF-treated neurons
through phospholipase C (PLC) signaling pathway, activating ERK independent of
Ras/Raf/MEK cascade ''2,

Neuronal activity, including cellular growth, communication, differentiation and survival, is
greatly dependent on endogenous electrical cues. In fact, an intrinsic property of neurons is their
ability to respond to internal and external stimuli. Although electrical stimulation has been
increasingly applied for neural regeneration, it remains under study how electrical stimulation
exerts its effects at the molecular level. Several signaling pathways might be implicated in
mediating the effect of electrical activity on neurons, such as PI3K/AKT, MEK/ERK, and
calcium related mechanisms !'3!!* Electroactive materials certainly have a different effect on the
tissues when compared with electrical stimulation, however the pathways underlying their effects
might be similar. Thus, the molecular mechanisms underlying the cellular response to electrical
stimulation might be useful candidates as a starting point when investigating the signaling

pathways involved in electroactive materials-induced neuronal growth and differentiation.
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Overall, electroactive materials do show promise in fulfilling a role for use as regenerative
materials, however, reports with these materials must address the molecular pathways behind
those capabilities in order to allow these approaches to move to human clinical trials in the near

future.

3.2. Electroactive materials for neuroregeneration in the context of spinal cord injury

Traumatic spinal cord injury (SCI) is a neurological disorder that causes permanent or
temporary loss of motor and sensory function due to an external trauma to the cord, affecting
thousands of individuals per year ''> Lack of an available cure has placed SCI as a significant
burden globally, with wide-ranging physical, emotional, social and economic consequences for
patients, families and society. Despite knowing that the extent of trauma is dependent on the
severity and anatomical placement of the lesion, a complex and distinctive pathophysiology
occurs immediately following the initial injury suffered upon the mechanical impact ''® In fact,
SCI is an ongoing process, characterized by a cascade of secondary and deleterious events such
as neuroinflammation, opening of the blood-brain or blood-spinal cord barrier, ischemia,
excitotoxicity, and increased oxidative stress, among others ''®!'" The progression of injury
further exacerbates cell death, propagating an inhibitory environment for regeneration, that leads
to demyelination, formation of an astrocytic glial scar and ultimately neuronal death, resulting in
continued and prolonged dysfunction and degeneration ''®

The permanent disability after SCI is associated with failure of axon regeneration and the
disruption of neural circuits and connectivity. Therefore, functional recovery highly depends on

enhancing neuroplasticity to foster the growth of injured and spared axons, to increase the
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strength of the connections still available and to stimulate de novo formation of circuits and
connections ''* To address neuroplasticity, different neuro-rehabilitative, neuro-chemical and
electrical stimulation approaches have been considered and evaluated in preclinical and clinical
studies. However, very few succeeded at showing some effects on axonal regeneration ''%!20- By
mimicking both mechanical and electrical signature of the native spinal cord, electroactive
materials could offer promising avenues to promote neuronal regeneration and re-establish
axonal pathways in order to restore neurological function in SCI.

Electroactive scaffold-based approaches, mainly due to their effects on supporting and guiding
regeneration of neural tissue at the injury, have been increasingly applied in the context of SCI
121'

A recent study using a conductive 3D nanofibrous scaffold with core-sheath structure
containing a blend of conductive and biocompatible polymers (PLGA, PCL and PANI)
demonstrated that, although the conductive scaffolds did not show any significant toxicity or
negative effect on tissue regeneration, those conductive scaffolds had low ability in locomotor
recovery when compared with non-conductive ones '*> Taking into account the complexity
underlying the pathophysiology of SCI, combinatorial strategies are expected to be more
effective for maximizing the effect of treatment of SCI '** In fact, studies combining scaffold-
based approaches with biomolecular or cell therapy have been developed. As an example,
combining methylprednisolone (MP), a glucocorticoid used for the management of SCI, with a
nanofiber hybrid scaffold composed of PCL/polysialic acid (PSA) resulted on the suppression of
tissue acute inflammation and apoptosis, mainly through decreased tumor necrosis factor-o
(TNF-a) and interleukin-6 (IL-6) release due to inhibition of microglia/macrophage activation

and reduction of caspase-3 protein expression. Moreover, the scaffold also led to a reduction of
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glial scar formation and improved axonal regeneration, which resulted in a better functional
recovery outcome 2%, Besides pharmacological approaches, combining growth factors closely
related to nerve regeneration could also have a great potential for SCI applications. In fact,
combination of insulin-like growth factor 1 (IGF-1) and brain-derived neurotrophic factor
(BDNF) with GO-incorporated PLGA (PLGA/GO) electrospun nanofibers promoted NSCs
proliferation and neuronal differentiation in vitro together with improved functional locomotor
recovery, reduced cystic cavity and increased number of neurons at the injury site '**
Interestingly, in the absence of functionalization with growth factors, rGO scaffolds also led to a
pro-angiogenic and pro-regenerative scenario in the injured spinal cord, further encouraging
investigation with graphene-based materials 25127,

On a different perspective, combination of 3D electrospun PLGA/polyethylene glycol (PLGA-
PEG) nanofiber scaffolds with iNSCs on a gelatin sponge, filled the lesion cavity and allowed
iNSCs long-term survival and differentiation into neurons and glial cells within the 3D scaffolds
in vivo. Moreover, the cell-seeded scaffold was also able to promote functional recovery of the
spinal cord '?® Similarly, using nanofibrous PCL scaffolds containing iNSCs together with
activated Schwann cells, also promoted tissue remodeling and motor function recovery in a SCI
model %% suggesting a positive role for combinatorial approaches of conductive scaffolds with
NSCs for SCI therapeutics.

In order to re-establish communication across the injury, Lee et al developed fibrous
piezoelectric PVDF-TrFE conduits with Schwann cells to bridge the completely transected adult
rat spinal cord. Results have shown that the conduits are a suitable milieu for Schwann cells

adhesion and proliferation, and most importantly supported regeneration of sensory and

brainstem axons across the aligned fibers of the conduit, together with extension of
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astrocyte/glial fibrillary acidic protein (GFAP)" processes and blood vessel formation '

However, no behavioral assessments were performed once the animals were only evaluated for 3
weeks to examine early repair. Multi-channel nerve conduits also present an important role in
guiding axonal growth and functional recovery after SCI. Sun et al fabricated two PLLA multi-
channel conduits, one with ladder-like porous channel wall (LNCs) and the other with nano-
fibrous channel wall (NNCs), in order to evaluate lesion-induced biological responses into a
complete spinal cord transected injury rat model. The implantation of both conduits, but
especially NNCs, alleviated inflammation and the accumulation of astrocyte/collagen scar, and,
importantly, promoted the recruitment of endogenous NSCs and orientation control of axonal
growth on the scaffolds. Furthermore, the denser micro-/nano-structured walls of the channel
walls also allowed the confinement of the nerve fiber extension within the channels playing an
important role in modulating the observed biological responses '*!*

Conductive hydrogels have also been excellent candidates for SCI regeneration, mainly due to
their ability to mimic both the 3D soft mechanical signature and electrical transmission function
of the native spinal cord. A recent study by Zhou et a/ demonstrated the therapeutic efficacy after
SCI of a highly conductive and biocompatible conductive polymer hydrogel based on tannic acid
(TA), a plant-derived polyphenol, and conductive PPy polymer. Results in vitro have shown
differentiation of NSCs into neurons while suppressing the development of astrocytes. In a SCI
hemisection mice model implanted with the hydrogel, authors described an activation of
endogenous NSCs neurogenesis in the lesion area, resulting in significant motor recovery. The
possible mechanism behind the new endogenous neurogenesis observed could be explained by
the endogenous electrical transmission properties of the material which is able to restore the

interrupted spinal circuit in the area of the lesion '*2.
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Taking into consideration the limited treatment options for SCI, electroactive materials are a
particularly promising therapeutic strategy. Studies have demonstrated that electroactive
materials have proven to mitigate the inflammatory response that is commonly observed on SCI,
reduce glial scar tissue formation, leading to better functional recovery outcomes. Although
combinatorial strategies with scaffold-based approaches and biomolecular or cellular
components have demonstrated the best results, the use of electroactive materials per se should
not be discouraged. In fact, several non-smart biomaterials have demonstrated promising
outcomes in preclinical animal studies, further encouraging the research into biomaterials for
regenerative purposes '>°. Considering the complexity underlying the pathophysiology of SCI,
mechanisms involved in the favorable outcomes observed are yet to be unveiled. Moreover, the
multifactorial nature of combinatorial approaches should also be taken into consideration when
looking for the mechanistic processes behind the therapeutic effects observed. Breaking it down
into the different parts that compose the biomaterial is definitely the best approach to look into
the underlying mechanisms involved. Overall, electroactive biomaterials are able to fill the lesion
cavity and create a pro-regenerative environment, either through cellular or soluble molecules
incorporation, and support and guide axonal growth and plasticity, mainly achieved due to their

capacity of electrical-stimulus generators.

3.3. Electroactive materials for brain repair

Brain injury can be acquired in several and distinct ways, ranging from neurodegenerative

conditions, vascular processes such as stroke, or acute lesions such as traumatic brain injury, to

name a few '** Compromise or injury of the brain is, obviously, associated with a dramatic
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impact on survival, function and overall health. Additionally, few therapeutic approaches are
presently available to achieve functional recovery, worsening the outcomes of such devastating
conditions.

Neurodegenerative disorders are a wide-ranging class of debilitating conditions that result in
progressive loss of disease-specific neural population and they include Alzheimer’s disease (AD)
and Parkinson’s disease (PD), among others '*> Increased prevalence of these disorders, owing
in part to increased lifespan over the years, has become a great problem worldwide. Therapeutic
strategies available nowadays are mainly symptomatic treatments, and therefore regenerative
approaches are still lacking. Biomaterials have been trying to fill that void, being considered
interesting and potential approaches in this field '*® Using trimethyltin chloride (TMT)-induced
rat neurodegeneration model, a recent study co-engrafted CNTs and NSCs isolated from human
olfactory bulb and demonstrated that the injected composite restored cognitive deficits and
neurodegenerative alterations associated with the rat model '*” The mechanism by which this
composite induced positive effects on cognitive and histological features is not completely
understood. The authors suggest that implanted NSCs can migrate into the damaged areas and
via cell replacement, integration and neuroprotective mechanisms promote repair and restoration
of the deficits observed.

Parkinson’s disease (PD) is characterized by the progressive degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc), causing an array of motor disabilities such
as tremor, rigidity and bradykinesia '*® PD is the second most common neurodegenerative
disorder, and, unfortunately, no cure or neuroprotective treatments are yet available, which
prompts the need for alternative disease-modifying therapeutic approaches in a near future '

Thus, electroactive approaches are starting to be explored. A composite scaffold containing
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electrospun PLLA nanofibers, together with glial derived neurotrophic factor (GDNF) embedded
on a hydrogel was effective in promoting cell survival and dopaminergic axon growth in vitro as
well as in improving the survival of ventral midbrain grafts and reinnervation of the striatum in
an in vivo mice model of Parkinson’s disease. The observed effects might be attributed to the
sustained GDNF release over weeks from the composite scaffold that led to a persistent bound of
GDNF allowing a synergistic effect on dopaminergic growth and innervation '%°. Similarly,
collagen scaffolds loaded with GDNF also demonstrated positive effects on an ex vivo
organotypic brain slice Parkinson’s disease model '*!.

Stroke is a global health problem, constituting one of the leading causes of mortality,
morbidity and long-term disability worldwide !** Despite its prevalence and impact for patients,
caregivers and society as one, few therapies for stroke recovery are available. In recent years,
biomaterial-based therapies have been recognized as attractive approaches to promote tissue
repair and functional recovery following stroke '* Particularly, considering the electrical
properties of the CNS, electroactive polymers have been more and more explored '** A recent
study demonstrated that electrical preconditioning of human neural progenitor cells with a PPy
conductive scaffold improved functional outcomes and the post-stroke neurologic environment
in vivo. RNASeq results demonstrated that several pathways were involved in hNPCs-increased
stroke recovery, particularly regarding angiogenesis, cell proliferation and survival. Furthermore,
electrical preconditioning led to the secretion of important regulators of these processes such as
vascular endothelial growth factor- A (VEGF-A) and matrix metallopeptidase-9 (MMP-9). The
authors proposed that exogenous VEGF-A increases endogenous VEGF-A production and its
upstream regulators, being this the primary mechanism that explains the observed in vivo results

195 Also acting as cell delivery systems, collagen and chitosan, naturally electroactive polymers,
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were combined in a composite with bone marrow MSCs (BMSCs) and its effect evaluated on
ischemic stroke. Results have shown a good biocompatibility of cells with scaffold, improved
neurological function and reduced pathological changes in the brains of ischemic stroke rats '4°.
On a different perspective, the use of carbon nanotubes impregnated with NPCs from the SVZ
also provided positive results on cell differentiation and functional recovery %" Understanding
the mechanisms related to in vivo differentiation of stem cells, as well as their behavior in
response to lesions in the brain is crucial to consider, define and develop new stem cell-based
therapies for repair of the nervous system.

Traumatic brain injury (TBI) is an acute condition that begins with the initial mechanical
deformation of the brain parenchyma due to the application of an external physical force '*8. The
condition progresses from this primary injury to a myriad of secondary biochemical, cellular and
physiological events that ultimately lead to neuroinflammation, axon degeneration and cell death
199- Currently, TBI is a worldwide condition with high morbidity, disability and mortality, for
which there are few efficient therapies with the ability to restore lost functions.

The plethora of events following TBI, which include excitotoxicity, inhibition of axonal
regeneration, neuroinflammation, oxidative stress and cell death, together with limited
availability of neurogenic niches and the intrinsic inhibitory nature of the CNS, constitute a
hostile environment for axonal regrowth and successful regeneration in the brain '** Cell
processes such as cell adhesion, orientation, migration and differentiation are processes highly
dependent on cell-substrate interactions and external stimuli from the ECM. Biomaterial
scaffolds, being able to mimic the natural environment of cells and act as growth-permissive
substrates, are a promising strategy to enhance cell survival, neurite extension, and ultimately

neuroregeneration of the damaged tissue to restore brain functions '*% Unlike inert biomaterials,
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electroactive materials provide a platform to interact electrically with cells, raising the possibility
of enhancing brain repair and regeneration at the injury site.

After severe cases of TBI, a large cranial defect site is formed, which might cause the
diffusion of injections or suspension treatments from the site of injury to the surrounding tissue,
leading to an ineffective healing process. To address this concern, PCL and PCL-tricalcium
phosphate (TCP) scaffolds were designed to act simultaneously as delivery vehicles and
structures to support the large cranial defect. Results indicated that PCL-TCP reduced
inflammation when compared with PCL scaffolds, conferring a notable advantage for the
combined scaffolds. However, none of the scaffolds caused further changes to vascular supply in
and around the defect or hindered vascularization '°'>2 On a different approach, but also using
PCL scaffolds, graphene functionalized PCL microfiber scaffolds were implanted into the
striatum or SVZ of adult rats to evaluate the inflammatory responses of microglia and astrocytes.
Results demonstrated that PCL graphene-coated scaffolds suppressed microglia and astrocytes
activation, while allowing and supporting astrocyte guidance within the scaffold and neuroblast
migration from the SVZ !5 Overall, graphene as a polyelectrolyte multilayer coating on
electrospun PCL microfibers appears as a valuable electroactive substrate for brain repair.
Different mechanisms have been suggested to explain the bioactive properties of graphene and

75,154 and

graphene-based materials, such as electrical coupling between graphene and cells
modulation of bioelectric properties of cellular membranes >

Conductive hydrogels have also appeared as attractive biomaterials to fill the irregular
lesion cavity by easy injectable delivery while providing cell migratory cues for regeneration. In

fact, fibronectin/PLLA composite fibers dispersed in an agarose/methylcellulose hydrogel

implanted within the rat striatum demonstrated ability to integrate infiltrating
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macrophages/microglia and resident astrocytes, providing validation of a tissue engineering
scaffold that could be used following brain injury !** Using an acetylcholine-functionalized
graphene oxide hydrogel, Pradhan ef al demonstrated its biocompatibility, the ability to promote
neurite outgrowth and stabilization of microtubule networks, together with the increase of the
expression of some key neural markers, such as growth-associated protein 43 (GAP43),
microtubule-associated protein 2 (MAP2) and neuron-specific class III beta-tubulin (Tujl), in rat
cortical primary neurons. Moreover, this hydrogel presented a neuroregenerative potential upon
injection on focal brain injury rat models '*’. However, the underlying mechanisms are not
described.

Nevertheless, considering the multistep pathophysiology of TBI, therapeutic interventions that
target multiple mechanisms simultaneously are expected to present more efficacious results. Tan
et al demonstrated that chitosan porous scaffolds combined with BMSCs transplanted into TBI
rat models led to improved neurological deficits, together with BMSCs survival, proliferation

and differentiation into nerve cells in the lesioned area of the brain 2%

Similarly, a combined
collagen-chitosan scaffold impregnated with BMSCs also presented positive effects on the
recovery of neuropathological injury in TBI rat models '*°. The possible mechanisms behind
stem cell-combined biomaterials can range from the differentiation of stem cells into neurons
and glial cells, the effect of the secreted molecules by the cells, which will improve the local
microenvironment of the lesion, and lastly, the stimulation of the immune system towards an
anti-inflammatory state to promote immune regulation and homeostasis.

Overall, the use of electroactive materials offers promising future therapies for SCI and brain

injury (Table 2). Nowadays, a great number of investigations are looking into combinatorial

approaches, mainly based on the complexity of the pathological process that occur following
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traumatic CNS injuries. In fact, combinations of electroactive materials with stem cells, growth

factors or pharmacological compounds have been greatly expanding the therapeutic and

regenerative potential of electroactive materials for SCI and brain injury, being one step further

as effective strategies to promote successful recovery of neuropathological injury in the CNS.

Table 2 Summary of electroactive materials for neuroregeneration: in vivo proof of concept

in the context of spinal cord injury and brain injury

Type of electroactive material

Outcomes

Authors (years)

Spinal cord injury

Nanofiber hybrid scaffold

PCL/PSA® combined

with MPY

PLGA/GO® combined with IGF-
19 and BDNF?

PLGA/PEG? combined with
iNSCs®
Nanofibrous PCL scaffolds

combinaed with iNSCs and SCM

PVDE-TrFEY conduits with SC

PLLAY multi-channel
with NNCs®

conduits

Suppression of tissue acute
inflammation and apoptosis;

reduction of glial scar;
improved axonal
regeneration; functional
recovery

Reduced  cystic  cavity;

increased number of neurons
at the injury site; functional
recovery

Long-term  survival and
differentiation of iNSCs in
vivo; functional recovery

Tissue remodeling;
functional recovery

Regeneration of sensory and
brainstem axons across the
aligned fibers of the conduit;
blood vessel formation; no
behavioral assessment

Reduction of inflammation
and accumulation of
astrocyte/collagen scar,
orientation control of axonal
growth on the scaffolds

Zhang et al 124

(2018)

Pan et al '%

(2019)

Liu et al 1?8

(2015)

Zhou et al '¥

(2018)

Wu et al 130

(2018)

Sun et al 1!

(2019)
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TA/PPy" hydrogel

Activation of endogenous
NSCs™ neurogenesis in the
lesion area, resulting in
significant motor recovery

Zhou et al '*?

(2018)

Brain injury

CNTsV
NSCs?

engrafted with OB-

PLLA/GDNF% hydrogel

Collagen/PEG
GDNF

scaffolds  with

Preconditioning of NPCs" with
PPy

Collagen/chitosan composite
combined with BMSCs¥

CNTs impregnated with NPCs

PCL and PCL-TCPY scaffolds

Restoration of cognitive
deficits and
neurodegenerative alterations
of  TMTP-induced  rat
neurodegeneration model

Promotion of cell survival
and dopaminergic  axon
growth in vitro;
improvement of survival of
ventral midbrain grafts and
reinnervation of the striatum
in an in vivo mice model of
PDV

Protection of SN®
dopaminergic neurons
against some PD ex vivo
organotypic  brain  slice
models

Improvement of functional
outcomes and post-stroke
neurologic environment in
Vivo

Improvement of neurological
function and reduced
pathological changes in the
brains of ischemic stroke rat
models

Improvement of cell
differentiation to heal stroke
damage

Support large cranial defect
of TBIY); reduction of
inflammation in TBI models
with PCL-TCP scaffolds

Marei et al '’

(2017)

Wang et al '

(2016)

Ucar et al '*!

(2019)

George et al 145

(2017)

Yan et al 140

(2015)

Moon et al ¥

(2012)

Nga et al ! (2015)

Choy et al

(2013)135
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Suppression of microglia and
astrocytes activation into the

Zhou et al '3

Graphene functionalized PCL striatum and SVZY of adult
scaffolds rats and neuroblast migration (2016)

from the SVZ

Integration of infiltrating . 156
FNY/PLLA composite fibers in macrophages/microglia and Rivet et al
agarose/methylcellulose hydrogel resident astrocytes in the (2015)

Ach?/GO hydrogel

Cs*®  porous scaffolds

BMSCs

Collagen/Cs scaffold

BMSCs

with

with

striatum

Neurite outgrowth of rat
cortical primary neurons;
neuroregenerative  potential
upon injection on focal brain
injury rat models

Improved neurological
deficits of TBI rat models

Improved  recovery  of
neuropathological injury in
TBI rat models

Pradhan et al 17

(2019)

Tan et al

Yan et al >°

(2019)

Poly(caprolactone) (PCL); polysialic acid (PSA); ® methylprednisolone (MP);  poly(lactic-co-
glycolic acid) (PLGA); graphene oxide (GO); ¥ insulin-like growth factor 1 (IGF-1); © brain-
derived neurotrophic factor (BDNF); D poly(lactic-co-glycolic acid) (PLGA); polyethylene glycol
(PEG); ® human induced pluripotent stem cell-derived neural stem cells (iNSCs); M Schwann
cells (SC); Y polyvinylidene fluoride trifluoroethylene (PVDF-TrFE); ¥ poly-L-lactic acid
(PLLA); © nano-fibrous channel wall (NNCs); Y tannic acid (TA); Polypyrrole (PPy); ™ neural
stem cells (NSCs); ™ carbon nanotube (CNT); © olfactory bulb (OB); P trimethyltin chloride
(TMT); @ glial derived neurotrophic factor (GDNF); P Parkinson’s disease (PD); ® substantia
nigra (SN); ¥ human neural progenitor cells (NPCs); “ bone marrow mesenchymal stem cells
(BMSCs); Y tricalcium phosphate (TCP); ™ traumatic brain injury (TBI); ¥ subventricular zone
(SVZ); ¥ fibronectin (FN); ? acetylcholine (ACh); * chitosan (Cs).

4. Major challenges and future directions

The concept of one-size fits all no longer applies to the rapidly evolving biomedical field,

urging the need for precise therapeutic approaches. A relevant advantage of electroactive
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materials resides in the fact that these materials retain some of the processable and favorable
characteristics of polymers, allowing optimization and further functionalization to control
physical, chemical and biological properties for tailored and versatile applications '* In fact, the
paradigm of scaffolds design and applicability for tissue regeneration shifted from the use of
materials in a passive way, just as supporting structures for cells and tissues or vehicles for drug
delivery, to active materials that provide a (often time dependent) behavior which is useful and
necessary for effective tissue regeneration '¢*

As described here, promising results have been achieved for tissue regeneration approaches
using electroactive smart materials, both in vitro and in vivo (Figure 2), however, so far, few
materials have successfully met the demand of clinical need. Failure of these strategies can be
mainly attributed to the immense complexity of the nervous system: on one end, and although
electroactive materials have demonstrated the ability to promote growth and differentiation of
neurons, the restoration of neural circuits and functional connectivity is still a long way ahead;
on the other end, the inhibitory nature of the injured CNS constitutes another major barrier for
neural regeneration. Besides, after implantation at the injury site, biomaterials encounter a
physiologically complex and dynamic environment, that might impact the structural integrity of
the material, and its functionality in the tissue. Progress in understanding all the functional
requirements of neural regeneration would significantly increase the probability of success of
tissue engineered-smart material scaffolds. Depending on the intended use, electroactive
polymers can be synthetic or biologic, degradable or non-degradable. Natural polymers, such as
collagen and cellulose, are biologically active scaffolds with the advantage to be biodegradable.
However, the risk of some degree of inflammation can’t be discarded. On the other hand,

synthetic polymers, which the vast majority are also biodegradable, can be tailored to specific
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needs and applications, have defined and reproducible properties such as physical and
mechanical features, porosity and specific degradation rates. From a translational point of view,
methodologies and techniques able to monitor biomaterials at the lesion site, either from a
molecular or structural perspective, should also be designed. Parameters such as response to
physical/chemical stimuli and controlled biodegradability should be carefully monitored to
facilitate future research processes '°!"

Going forward, and looking at the complexities of the CNS, it is very unlikely that a
biomaterial aimed at only one specific target will lead to a successful axonal regeneration and
functional recovery after injury. Moreover, smart approaches should consider different tissue
engineering components, such as stiffness, electro-conductive properties and spatial structure to
have the best opportunity for achieving efficacious repair.

Overall, given the electrical, mechanical and chemical interactions of the CNS, and
although research in the field is still facing challenging issues, the promising results obtained
with electroactive materials suggest this class of biomaterials as platforms for recovery of the

neural tissue. In the near future, relevant advances are expected in this field, shortening the way

towards clinical applications.
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Figure 2. Schematic overview. Electroactive polymers offer a fulfilling role for

neuroregenerative approaches, both in vitro and in vivo 13-343%47:48.35.68.136,160

5. Final remarks

Neural disorders still remain a clinical challenge nowadays. Traditional therapeutic
strategies have been focused on alleviation of the symptoms and improving patient’s quality of
life. Although some progresses have been achieved, no routes that reverse neurological damage
have yet arise. Therefore, there is an urgent need to develop novel therapeutic strategies to tackle
the pathophysiological neurodegeneration observed. Biomaterial-based therapies have been
pinpointed to lead to efficient neural regeneration and functional outcomes after injury.
Narrowing it down to electroactive materials, the studies described above have shown their
biocompatibility, regenerative abilities in vitro, some molecular pathways underlying these
effects, and functional and neurological recovery capabilities in different neural-related disease
contexts. Moreover, smart materials also resulted in being optimal substrates for the delivery of

cells, growth factors or pharmacological approaches to the site of the injury, further potentiating
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cell growth, differentiation and regeneration. In fact, to achieve successful tissue repair and
regeneration, combination of biochemical, electrical, mechanical and physiological cues has
been shown to improve functional recovery after injury. Nonetheless, several aspects still need to
be considered and addressed in this field for future clinical applications.

Overall, electroactive materials are raising as new disease-modifying therapies that offer the
possibility of improving neural repair and regeneration, re-establishing functionality at both the
cellular and organ levels. Although these strategies present a great potential to provide
therapeutic benefit in the future, a long way still waits ahead until the clinic translation.
However, as the field progresses, and investigation expands our understanding of the nervous
system, relevant advances are expected from these biomaterials, shortening the way to efficient

approaches for neuroregeneration.
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