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Abstract

Regenerative medicine aims to engineer tissue constructs that can recapitulate the functional and structural
properties of native organs. Most novel regenerative therapies are based on the recreation of a three-dimensional
environment that can provide essential guidance for cell organization, survival, and function, which leads to
adequate tissue growth. The primary motivation in the use of conductive nanomaterials in tissue engineering has
been to develop biomimetic scaffolds to recapitulate the electrical properties of the natural extracellular matrix,
something often overlooked in numerous tissue engineering materials to date. In this review article, we focus on the
use of electroconductive nanobiomaterials for different biomedical applications, particularly, very recent ad-
vancements for cardiovascular, neural, bone, and muscle tissue regeneration. Moreover, this review highlights how
electroconductive nanobiomaterials can facilitate cell to cell crosstalk (i.e., for cell growth, migration, proliferation,
and differentiation) in different tissues. Thoughts on what the field needs for future growth are also provided.

Keywords: electroconductive, tissue engineering, regenerative medicine, nanomaterials, biomaterials, nanome-
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Introduction
Tissue engineering and regenerative medicine

ACCORDING TO STATISTICS, in the United States, one per-
son waits for an organ transplant every 15min.’
Therefore, there is an unmet need for alternative approaches
to fabricate artificial tissues and organs. Several factors
should be taken into account when designing a system for
successful organ regeneration using a tissue engineering
approach, including®”: (i) resident or transplanted cells need
to differentiate into specific cell types within a biomimetic
matrix; (ii) the biomimetic matrix needs to provide me-
chanical and biological support for cell growth and function;
(iii) the matrix should allow for growth factor permeation and
physiological signals, such as electrical stimuli, to propagate;
and (iv) the matrix should have high engraftment efficiency.
Developing and testing systems that encompass all of the
above have proved challenging. For example, most com-
monly used in vitro culture techniques do not mimic all of the
micro and nano environmental factors that direct cell dif-
ferentiation into a developing organ.

Furthermore, tissue properties such as mechanical (stiffness)
and biological cues that determine cellular activity (including

cell adhesion, growth, proliferation, differentiation, and growth)
should be simulated in an architected scaffold to guarantee
tissue regeneration in damaged tissue.* Since cellular fate is
modulated by cell-scaffold interactions, efforts have been made
to regulate cellular responses by controlling tissue engineering
material topography, three-dimensional (3D) geometry, and/or
chemical composition. Some external factors can potentially
affect cell-material interactions and biocompatibility, including
physical stimulation using surface topology, biochemical
stimulation using the release of growth factors, and mechanical
and electrical stimulation, yet all these have to be duplicated in
improved artificial tissue engineering systems.

Specifically, the impact of electrical properties on tissue
regeneration was originally highlighted in the 1960s when
scientists showed that electrical stimulation affects bone
formation,5 and later wound healing, nerve, myocardium,
vascular endothelial cell, etc. function. Therefore, although
studies have emphasized that the electrical properties of tis-
sue engineering scaffolds should be appropriately controlled
for the development of physiologically healthy artificial tis-
sues, some polymers (such as poly-lactic-co-glycolic acid
[PLGA]), which do not mimic natural tissue conductivity
remain the gold standard in the field.
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Over the past decade, however, some researchers have
focused on biomedical applications of electroconductive
nanobiomaterials; particularly, those used for biosensing,
drug delivery, bioactuators, bioimaging, tissue engineering,
and regenerative medicine can benefit from developments in
electroactive nanobiomaterials.

The role of nanotechnology in tissue engineering
and regenerative medicine

The emergence of nanotechnology has set high expecta-
tions toward meeting the complexities and difficulties in
medicine and biological science. In particular, recent ad-
vances in tissue engineering and regenerative medicine,
owing to nanotechnology, have revolutionized the fields of
cardiovascular, neural, wound dressing, vascularization,
bone, and other medicines.®’

Nanotechnology in medicine (reputed as nanomedicine)
has achieved tremendous progress over the past several
decades due to the close relationship between biological
systems and nanoscale features. Due to the natural na-
noscale features of biological systems, one can design
bioassembled components and platforms using nanotech-
nology so it can be of great interest in life science and
health care applications. Particularly, nanotechnology has
opened new realms of regenerative medicine and provided
novel solutions for long-term needs. Specifically, it has
done so by developing desirable and ideal materials to
control the chemical, biological, structural, and mechanical
microenvironment for successful cell delivery and tissue
regeneration. Therefore, manipulating biomaterials to cre-
ate material surfaces and structures with nanoscale features
(well-known as nanobiomaterials) not only can help mimic
the native micro and nanoenvironment of cells, but it can
also trigger select cell adhesion, growth, proliferation, and
differentiation without the use of drugs.®

The application of nanomaterials (NMs) in medicine has
led to a new field termed nanomedicine (as a bridge between
nanotechnology and medicine), with great potential in the
treatment of several diseases, including heart and neural
diseases, bone disorders, skin and muscle disorders, etc.
Therefore, NMs have become promising tools for the im-
proved treatment and diagnosis of different disorders that are
more personalized and precise than conventional methods, by
eliminating many drawbacks of conventional therapies (such
as adverse side-effects, not task-specific, expensive, low ef-
ficiency, and time-consuming treatment). For instance, the
employment of nanoscale biomaterials (such as nanotopo-
graphies, nanoparticles, nanotubes, self-assembled materials,
etc.) for tissue engineering and regenerative medicine can
boost tissue regeneration while minimizing immune re-
sponses and preventing infection.
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Over the past two decades, tissue engineering and regen-
erative medicine techniques have been regularly carried out to
regenerate various tissues and organs in the body such as the
heart, nerve, bone, tendon, skin, cartilage, kidney, etc. The
primary objective of a 3D scaffold used for tissue regeneration
is the recreation of the natural 3D environment most suitable
for adequate tissue growth. An important aspect of this com-
mitment is to mimic the fibrillar structure of the extracellular
matrix (ECM), which provides essential guidance for cell or-
ganization, survival, and function. Recent advances in nano-
technology have significantly improved our capacity to mimic
the ECM. Select cellular activity and intracellular signaling
can be enhanced due to electrically conductive materials.*®

This review article highlights the very recent advancements in
the development of different types of electroconductive nano-
biomaterials (including nanofibrous scaffolds, hydrogels, hybrid
scaffolds, films, and 3D printed constructs) that can recapitulate
the electrical and cellular behavior of a specific tissue required
for translatable regenerative medicine. Furthermore, an over-
view of the existing technologies and examples of these scaf-
folds (with particular emphasis on electroconductive scaffolds)
for cardiac, nerve, bone, and skeletal muscle tissue engineering
are summarized and discussed.

Electroconductive Nanobiomaterials
for Biomedical Applications

Table 1 shows the range of electrical conductivity values
for different native tissues extracted from in vivo animal
models, mostly from rats. As can be seen in Table 1, to en-
gineer different tissues in the body, researchers need to take
this into account so that their engineered electroconductive
nanobiomaterial scaffolds meet these electrical properties. It
is noteworthy that these values are not absolute, and others
can obtain values that slightly vary based on their designed
measurement system and other factors.

In this review, we investigate the most recent advance-
ments in the use of different electroconductive scaffolds at the
nanoscale size for improved biomedical applications (Fig. 1).

Cardiovascular tissue engineering

Cardiovascular diseases (CVDs) are the leading cause of
morbidity and mortality worldwide. The World Economic
Forum estimates the total global costs from CVDs (2010-
2030) are USD$20 trillion.'" CVDs can occur in different
types, among which myocardial infarction (MI) captures a
significant fraction of these diseases. Approximately every
40s, an American will have a fatal MI (based on AHA com-
putation).'> MI is usually caused by a local obstruction of
blood flow to the heart muscle, which leads to a loss of myo-
cardial tissue and hence the formation of noncontracting scar
tissue resulting in permanent impairment of the heart’s pumping

TABLE 1. THE RANGE OF ELECTRICAL CONDUCTIVITY VALUES FOR DIFFERENT NATIVE TISSUES*

Skeletal Endothelial
Tissue Cardiac Nerve Bone muscle Liver Lung Chondrocytes cells
Electrical 0.005-0.16 0.08-1.3 0.02-0.06 0.04-0.5 0.05-1 0.04-0.2 0.1-1.1 107*-1072

conductivity, S/m

*Zarrintaj et al.%; Stout et al.'®
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FIG. 1. Schematic illustration of different electro-
conductive scaffolds for biomedical applications discussed
in this study.

function and if this condition is sustained over a longer time, the
disease will progress and will end in chronic heart failure."?

Heart transplantation, while effective, is clearly limited by
the availability of heart donors.'* Among other strategies to
regenerate the function of an infarcted heart, the delivery of
cells generally results in modest therapeutic benefits. Cell-
based therapeutic approaches directed at restoring the lost
myocardium through the use of adult stem cells or pluripotent
stem cells have garnered interest, but they have several
roadblocks, such as low viability and phenotype stability,
ineffective homing of the cells, immune system rejection,
exorbitant cost, etc.”?

Cardiac tissue engineering holds great promise to alleviate
these issues. For instance, to address some of the challenges
associated with cell therapeutic approaches, embedding cells
into 3D biodegradable scaffolds may better preserve cell sur-
vival and enhance cell engraftment after transplantation, con-
sequently improving cardiac cell therapy compared with direct
intramyocardial injection of isolated cells.'®!” Transplantation
of a tissue-engineered heart (e.g., cardiac tissue patches, hy-
drogel, or hybrid composites functionalized with CMs) could
enhance therapeutic effects by an increased engraftment rate,
which in turn, results in the prolonged release of healthy cyto-
kines, reduction in left ventricular (LV) dilation, and LV wall
stresses. Another advantage of this regenerative approach is that
the bioengineering of heart muscle can be achieved ex vivo,
under precise and controllable conditions, for later implantation.

NMs for cardiovascular applications. Cardiac tissue en-
gineering is particularly one of the fields in tissue engineering
and regenerative medicine that has been revolutionized
through nanostructured systems since they have solutions for
both preventive and therapeutic approaches to treat CVD."* In
cardiac tissue engineering, to select the appropriate scaffold,
some key parameters need to be determined, such as material
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composition, surface characteristics, mechanical properties,
biocompatibility, degradation rate, and cell seeding condi-
tions. It has been discussed in some review articles'®'®! that
the ideal scaffold for cardiac tissue engineering would be the
one that combines the following characteristics: (i) appropriate
mechanical properties that match the native cardiac tissue
(anisotropy, elasticity, contractility, etc.), (ii) appropriate
structure that mimics the microenvironment of the native
cardiac tissue (fibrous anisotropic alignment characteristic of
the myocardium, porosity, nanomorphology, etc.), (iii) ap-
propriate surface biochemistry to promote cardiac cell at-
tachment, proliferation, viability, similar to that of the native
cardiac tissue (biocompatibility, wettability, etc.), and (iv)
appropriate conductivity of the scaffold to allow propagation
of electrical stimulation to have a positive effect on cell be-
havior. Future NMs for cardiac tissue regeneration aim to
provide enhanced conductivity of biomaterial scaffolds to
further improve the regeneration of damaged cardiac tissue.
For example, the development of nanofiber (NF) matrices as
biodegradable scaffolds has provided a bottom-up approach to
mimic the ECM environment. These scaffolds are able to
control cell attachment, growth, and differentiation as well as
promote the regeneration of various tissues.”* Therefore, NMs
are increasingly becoming key components in tissue-engineered
biomaterials for cardiac and vascular regeneration in patients
with MI, heart failure, or coronary artery disease.

Electroconductive nanobiomaterials for cardiovascular
applications. After MI, a hierarchy of irreversible events
occurs in the heart leading to cell death, regional contractile
dysfunction, and muscle tissue replacement by scar tissue.'* It
is well known that electrical pulse signaling in the infarcted
region is interdicted following the occurrence of MI, and the
introduction of electrical conductivity into biomaterials has
been shown to be an effective approach to promote cardiac
function after MI. The development of electroconductive na-
nobiomaterials such as cardiac patches, hydrogels, 3D printed
constructs, etc., has attracted much more attention between
scientists during the past few years. These nanobiomaterials
can not only simultaneously meet the biochemical, electrical,
and mechanical demands of the heart tissue upon implantation,
but they can also promote the regeneration of cardiomyocytes
(CMs) following MI when blood stops flowing to some regions
of the heart.!" These nanobiomaterials can be attached to the
surface of heart tissue to provide biochemical cues for regen-
eration and therefore provide clinically relevant in vitro models
for cardiotoxicity assessment.

From a biomaterial perspective, the engineered cardiac
tissues for treating MI are normally produced by seeding
heart cells within 3D porous biomaterial scaffolds that mimic
the ECM of the native tissue and organs.”® These biomate-
rials, which are usually made of either biological polymers
(carbohydrates, lipids, proteins, and nucleic acids), include
collagen®* and alginate,” or synthetic polymers such as
poly(lactic acid) (PLA),**>?® help cells to organize into
functioning tissues, but poor conductivity of these materials
limits the ability of these scaffolds to contract strongly as a
unit. This is mainly because of the porous properties of these
engineered myocardial scaffolds, which lead to limited in-
tercellular connection and electrical signal propagation due
to isolating pore walls.'**” As is well known, cardiac mus-
cles are electrically conductive [0.005 (transverse) ~0.16
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(longitudinal) S/m].'® Therefore, the proper function of en-
gineered tissues requires mimicking the anisotropic structure
of the native myocardium, which can be achieved using a
series of biophysical and topographical features such as the
incorporation of conductive additives, that is, carbon nano-
tubes (CNTs), graphene, reduced graphene oxide, gold nano-
materials (AuNMs), and conductive polymers. It is well
known that the electrical pulse signal in the infarct region is
interdicted following the occurrence of MI, and the introduc-
tion of conductive additives into biomaterials has been shown
to be an effective approach to promote cardiac regeneration
after implantation into the infarcted myocardium.?

The primary motivation in the use of conductive NMs has
been to develop biomimetic scaffolds to recapitulate the
ECM of the native heart and to promote cardiac tissue ma-
turity, excitability, and electrical signal propagation.”® Since
tissue-engineered scaffolds for cardiac regeneration are
mainly made out of biopolymers that have limited synchro-
nized capacity with the embedded cells, the conductivity of
these structures can be substantially boosted by the incor-
poration of conductive materials/polymers into these scaf-
folds. Three major biomaterials that are extensively being
used to improve the conductivity of bioengineered scaffolds
for cardiac tissue regeneration are as follows.

Carbon-based nanobiomaterials. Presently, clinical na-
nomedicine and nanobiotechnology have demanded the gen-
eration of new organic/inorganic analogs of carbon-based
NMs (as one of the intriguing biomedical research targets) for
stem cell-based tissue engineering.”® CNTs, graphene, and
their chemical derivatives have been playing a pivotal role as a
new class of NMs for regenerative medicine.”’ These NMs
possess excellent electrical conductivity, biocompatibility,
surface area, highly favorable mechanical characteristics, ra-
pid mass and electron transport kinetics (which are required for
chemical/physical stimulation of differentiated cells), and
thermal properties, and because of that they are of much interest
to the scientific community. More detailed properties of these
carbon-based NMs can be found in a comprehensive review
article by Min et al.>? For instance, two-dimensional graphene
materials have been widely used in various biomedical research
areas, such as bioelectronics, imaging, drug delivery, and tissue
engineering.>® In recent years, graphene has received much
interest in the design of engineered cardiac patches to regen-
erate a functional myocardium following infarction due to their
high conductivity.? In this regard, the success of these patches
has been limited by the challenge of creating engineered tissues
that can reestablish the structure and function of the native
cardiac tissue across different size scales.**

CNTs incorporated into scaffolds have also demonstrated a
positive effect on the regeneration of cardiac tissue due to
their conductivity and nanostructures. Figure 2B and C show
a hydrogel-based scaffold and a hybrid-based scaffold (using
a combination of nanofibrous scaffolds and a hydrogel)
beneficial for cardiac cell adhesion, viability, and maturation
while providing functionality for cardiac tissue applications.

Although carbon-based NMs, such as CNTs/graphene/-
graphene oxide (GO)-based nanocarriers, have been exten-
sively studied due to their unique properties, the unsatisfactory
biocompatibility of these NMs hampers their use in clinical
settings. The physicochemical characteristics of these NMs
(e.g., size, surface area, surface properties, number of layers
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and particulate states) and their surface functionalization can
affect its in vitro and in vivo nanotoxicity.

Gold nanomaterials. To engineer electrically conductive
materials, researchers have doped different types of scaffolds
with electrically conductive NMs, such as gold nanowires. In
a study, Dvir et al.> reported the incorporation of gold na-
nowires (AuNWs) into an alginate-based 3D cardiac patch,
and then cultured CMs onto the patches. Their results re-
vealed that the 3D cardiac patch exhibited synchronous
beating across scaffold walls and throughout the entire
scaffold in the presence of nanowires, whereas CMs in
pristine alginate scaffolds typically formed only small clus-
ters that beat asynchronously and with random polarization.
Their results revealed that the impedance of the scaffold
biomaterial before and after modification with AuNWs was
0.5 and 12 kQ (at 1 MHz frequency), respectively.

In another study, researchers have utilized gold nanorods
(AuNRs) to develop a very different approach to introduce
sutureless technology for the attachment of a cardiac patch to
the injured heart. This is a promising area because although
nanofibrous scaffolds as cardiac patches hold great promise
for the regeneration of an infarcted heart, their integration
with the infarcted myocardium might be a large problem due
to the sutures used during the surgery that may cause further
damage to the diseased organ. To address this issue, Malki
et al.’® reported the incorporation of AuNRs into albumin
electrospun fibers to engineer cardiac patches for sutureless
engraftment to the infarcted myocardium. After seeding the
neonatal-derived CMs within the optimal scaffolds with a
thickness of 60-80 um, they positioned the functional patch
on the infarcted heart followed by utilizing irradiation with a
near infrared (IR) laser (808 nm, 1.5 W/em?, 120 s). The
AuNRs were able to absorb IR light and convert it to energy,
which provided sufficient energy for the attachment of the
patch to the wall of the heart (Fig. 2A). Such a strategy can
potentially be employed for the integration of any type of
scaffold to the native tissue or organ while reducing the
damage to the organ during the surgery as caused by con-
ventional attachment methods, such as suturing or stitching.

However, scientists should always take the possible
drawbacks of using gold nanoparticles (AuNPs) into account.
For instance, researchers have shown that the physiological
properties of AuNPs may change in vivo and thus lead to
undesired and unpredicted toxicity, immune activation, or
aggregation.”” Therefore, although the use of conductive
additives shows promising results both during in vitro and
in vivo animal studies, such unexpected changes in physio-
logical characteristics of NMs can add much more com-
plexity to the immune system and inflammatory responses
from the host body, which subsequently may lead to even
more adverse effects than ML>7 For instance, researchers
have shown that AuNMs can be degraded in the liver or can
disrupt the conformation of proteins in the bodg, in which
both of them lead to adverse effects in the body.*’°

Conductive polymeric NMs. Among conductive poly-
mers, polyaniline (PANI), poly(3,4-ethylenedioxythiophene)
(PEDOT), and polypyrrole (PPy) are the most extensively
studied.*” Detailed information about the conductivity values
of these polymers, along with their other physicochemical
properties, can be found elsewhere.*' One major problem
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minimally invasive implanted injectable cardiac patch on the porcine heart without open-heart surgery is also shown.*’ 3D, three-
dimensional; CMs, cardiomyocytes; CNT, carbon nanotube; GeIMA, gelatin methacryloyl; NIR, near infrared; UV, ultraviolet.
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associated with conductive polymers is their slow in vivo
degradation rate (more than 8 weeks), which makes them
inappropriate candidates due to their risk of inflammation and
consequently necessitating surgical removal.**'=** Con-
ductive polymers have also been incorporated into scaffolds
to promote their contraction ability; however, their me-
chanical compliance (elasticity) after in vivo implantation has
not been sufficient.** Therefore, in the case of electro-
conductive polymers, there is an unmet need to engineer
conductive polymers with appropriate degradability both
in vitro and in vivo, and that has fostered researchers to work
on incorporating these conductive polymers at lower ratios in
the design of composite hydrogels.

Many of these polymeric NMs fully degrade in the human
body without exhibiting any sign of long-term toxicities;
however, for some inorganic NMs, the evaluation of the
potential long-term toxicity and their biological fates is es-
sential for safety purposes.’’

In a research study, Liang et al.?® reported an adhesive, 3D
paintable and rapidly bondable electroconductive polymeric
hydrogel as a cardiac patch than can be conveniently employed
onto an injured heart without any external harm from sutures or
light stimulation, or any adverse liquid leakage. Their functional
and translatable sutureless strategy could be a promising method
to address the challenges associated with the implementation of
cardiac patches onto the heart in human clinical trials.

Table 2 summarizes the most recent and commonly used
type of electroconductive nanobiomaterials and their com-
position for CVD therapy along with the promising properties
of these systems. Most of these instances, such as electrospun
nanofibrous scaffolds, hydrogels, 3D printed constructs, and
nanostructured films, can appropriately mimic the ECM
substrate of the native cardiac tissue, which can effectively
surround, interact and affect CMs adhesion, growth, prolif-
eration, and differentiation while providing an appropriate
substrate for mechanical integrity of the cardiac tissue. Nu-
merous studies have reported different nanobiomaterials that
can mimic the mechanical and biological properties of a
native cardiac structure while improving the synchronous
beating of CMs and subsequently achieve better regeneration
of the myocardium, reducing the infarcted area. In this sec-
tion, we provided a comprehensive overview and lots of in-
sight into the most recent studies that introduce various
potential electroconductive nanobiomaterials to regenerate
the function of cardiac tissue.

Neural tissue engineering

Quantum dots. Quantum dots (QDs) are synthetic na-
noscale semiconductor crystals 2-10 nm in diameter made of
different core components, such as cadmium selenide or cad-
mium telluride, indium phosphide, or indium arsenide usually
coated with zinc sulfide. This structure gives QDs a superior
photophysical potential and also the ability to cross the
blood/brain barrier (BBB) and directly reach the brain tissue.
The BBB is a semipermeable structure (consisting of endo-
thelial cells, astrocytes, and pericytes) that protects the central
nervous system (CNS) and is noticeably selective in allowing
molecules to pass into the CNS. This selectivity tremendously
limits drug delivery to the brain and to the CNS in general.
Additionally, there is a very high electrical resistance across the
BBB due to intercellular tight junction complexes that keep
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endothelial cells together. These junctions are composed of
different proteins, including but not limited to claudins, ZO-1,
and occludin. This structure, along with the physiological and
electrical mechanisms, prevent pathogens and toxins from
entering the brain and, in turn, limits the brain uptake of ther-
apeutic compounds.®® NP-mediated drug delivery has been
considered as a method to help drugs cross the BBB. However,
most NPs are no exception and cannot cross the BBB. There-
fore, strategies have to be conducted to make it possible for
some of the NPs to cross the BBB, and these strategies take
advantage of the underlying physiological mechanisms. It has
been said that NPs smaller than 200 nm have a higher chance to
cross the BBB, which is the limiting size of the NPs to go
through endocytosis through the clathrin-mediated mecha-
nism.%® Saccharide-based carbon quantum dots (CDs), on the
other hand, can cross the BBB in different vertebrates®® and are
novel nanocarriers introduced for drug delivery. In the past,
there have been concerns about QDs and their use in vivo due to
their intrinsic toxicity. CDs are a green, carbon-based version
of QDs, for drug delivery across the BBB. The low toxicity of
CDs compared with other QDs is due to a lack of metal ele-
ments. CDs can be made by oxidizing the double bonds on raw
carbon powder (a top-down approach) or as polymeric struc-
tures made of several monomeric units of, for example, citric
acid (C¢HgO) and amines bound together through covalent
and hydrogen bonds (a bottom-up approach).®”

Gold nanoparticles. AuNPs are composed of nanoscale
clusters of AuNPs and are formed from the reduction of gold
salts. These nanoparticles can be coated with a variety of
ligands to acquire different functionalities.”> AuNPs are used
both for drug delivery through the BBB to treat CNS infec-
tions and in neurodiagnostics. For the critical demarcation of
brain tumors, AuNPs have been shown to be among the best
metal-based nanoparticles to improve the capabilities of
contrast-enhanced magnetic resonance imaging (MRI).
AuNPs are safe contrast agents for ‘‘multimodality’’ neu-
roimaging to enhance tumor edges and also to evaluate
postoperative precision in neurosurgeries.”>’*

Colloidal AuNPs have low toxicity and a suitable archi-
tecture that allows them to cross the BBB or the blood/brain
tumor barrier. Poly(ethylene glycol) (PEG)-coated AuNPs
provide a unique drug delivery system without requiring any
molecular drug modifications. Additionally, the surface of
AuNPs can be transformed to improve targeting glioblastoma
cells, which consequently, further improves drug delivery.
To transform the surface of AulNPs, they are coated with
thiolated PEG or liposomes. These coatings help AuPNs
evade the immune system.”> AuNPs are only one of several
modalities to transfer drugs into cells. Kang et al.”® have
nicely presented a comprehensive list of nanomedicines tar-
geting the CNS along with their nanocarriers.

Nanoneedles and nanowires. Nano-sized ‘“‘needles’’ can
be used as nanoelectrodes and provide high-quality neuro-
physiological recordings of neurons and neural networks.
Nanoneedles of 200-300 nm in diameter can reach the depth
of the cell nucleus and make subcellular surgery in vivo
possible.”® Figure 3A shows the usability of nanoneedles and
nanowires.

Nanowires can be produced in broad ranges based on
classic semiconductors and can provide optimal control over
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(A, a) Nanoelectrodes as a minimally invasive wireless device for recording neuronal activities in model animals.

(b) Left side of the photo shows traditional bulk implants while the right image displays nanoscale implants as an open,
stretchable and flexible framework that induce fewer immune reactions. These networks allow access to many more
astrocytes and microglial cells and can be activated at the surface of bulk implants. (¢) Multiple forms of signal transduction
in neuronal synapses. (d) The size-shrink of metal conductors or semiconductors and change of behavior of iron oxide from
paramagnetic to superparamagnetic at the nanoscale compared with bulk-size properties. FETs are gated more easily when
nanoscale channels are implemented. Also, nanoscale patterns can lead to a neural response that cannot be detected in a
planar neural substrate. (e) The synaptic spaces and several other subcellular spaces are crowded and dynamic. Nanoscale
signal transduction can record activities with much higher precision in these crowded spaces compared with traditional
methods. (f) Recordings show different signal shapes and amplitudes on different sites of a single neuron. Traces 1-4 show
extracellular signal recordings whereas traces I-III show intracellular recordings from micropipettes. All of panel A adopted
from Taylor and Francis.®® (B) Polymeric nanoparticles employed for targeted drug delivery. (i) Schematic representation of
paclitaxel-loaded Angiopep-PEG-PCL nanoparticles. (i) Angiopep-conjugation increased the targeting efficiency of brain
tumors.” (C) A 3D printed implant, 2-mm in thickness, is used as scaffolding to repair spinal cord injuries in rats. The H
shape in the center is the location of the spinal cord and the dots surrounding it are hollow spaces through which stem cell
neural implants extend axons into the host tissues.”' PCL, poly(e-caprolactone).
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their position and maneuvering due to their size, diameter,
and flexibility of the structure. Nanowire field-effect tran-
sistors are used as an effective method for subcellular re-
cording. One of their variations was used for recordings in the
rat cerebral cortex. This experiment opened a new chapter in
the design of new electrode model systems with better and
closer contact between electrodes and neurons.”®

Three-dimensional scaffolds. Biomimetic scaffolds are
under intense experiments to become one of the possible
treatments for neurodegenerative diseases and axonal in-
juries. These scaffolds are 3D synthetic hydrogel structures
that can promote axonal regeneration after peripheral nerve
damage. Different molecules and cells can be incorporated
into the gel structure with noticeable amounts of water that
make the solution and absorption of different molecules
possible.

Self-assembling peptide nanofiber scaffolds (SAPNFSs)
are new protective biodevices to be used as a therapeutic
strategy for intracerebral hemorrhage. When SAPNS were
delivered into an intracerebral hemorrhagic lesion in a rat
model, they replaced the hematoma and reduced the size of
the hemorrhagic lesion.”!

Carbon-based smart NMs. Graphene, CNTs, and nano-
diamonds (NDs) have been shown to be promising materials
for the future of biotech, medicine, and nanoengineering.
Among the ultimate goals of nanoengineering in the CNS are
repairing and optimizing the function of the amaged brain
and spinal tissues. Due to the unique structure of the CNS,
today’s challenge for nanoengineering is to use smart mate-
rials that can be controlled when interacting with living cells,
and can also be modified as required. CNTs are one of the
materials that seem ideal for this purpose.

Carbon nanotubes. The electrical conductivity of single-
walled CNTs and multiwalled CNTs make them valuable
when bioconductivity is required in neuronal networks.
Bioconductivity and structural strength of CNTs due to their
configuration and two covalent bonds, make them ideal ma-
terials to be used in nanoelectrodes for neural stimulation and
also as scaffolds in tissue engineering.

Nanodiamonds. Diamond has valuable and unique
characteristics, such as hardness, high mobility of electrical
charge carrier ions, and high thermal conductivity.”’ Dia-
mond nanofillers with superior hardness can reinforce any
polymer matrix, which is most advantageous in creating 3D
scaffolds for stem cell growth, proliferation, and differenti-
ation. Therefore, NDs can be used to treat neural injuries and
stroke.

AZTTP. 3’-Azido-2’,3’-dideoxythymidine-5’-triphosphate
drug-loaded magnetic nanoparticles can successfully cross
the BBB to deliver drugs (such as tenofovir and vorinostat)
into the brain tissue and are therefore of extreme value in
neuro-HIV treatment. These achievements are currently
limited to computerized simulations in in vitro models online.
However, significant efforts are dedicated to bring this
technology to future treatments of neuroHIV/AIDS and other
CNS diseases.”® Figure 3B shows the polymeric nano-
particles and their utilization in imaging.

MOSTAFAVI ET AL.

Superparamagnetic iron oxide nanoparticles. Ultrasmall
superparamagnetic iron oxide nanoparticles (SPIOs) can be
used as MRI-enhancing agents in imaging of CNS inflam-
matory diseases, specifically in the choroid plexus. In several
inflammatory brain diseases, the choroid plexus is involved.
Therefore, it is crucial to have a means for the noninvasive
monitoring of the choroid plexus. SPIO-enhanced MRI is a
noninvasive method that can track phagocytic cells in in-
flammatory diseases. In vivo studies have shown the accu-
mulation of SPIOs inside the choroid plexus and their uptake
by myeloid cells. The iron nanoparticle used in this study was
Ferumoxytol. This study confirmed the functionality of SPIOs
as imaging biomarkers to examine the involvement of the
choroid plexus in neuroinflammatory diseases.”®

Solid lipid nanoparticles. Solid lipid nanoparticles, when
conjugated with tamoxifen and lactoferrin, are used to carry
drugs like Carmustin (BNCU) through the BBB for the treat-
ment of glioblastoma. Compared with BNCU-loaded solid
lipid nanoparticles (SLNs), the combination of Tamoxifen/
Lactoferrin/BNCU/SLN increased the membrane permeability
for BNCU 10 times, making it a potentially gromising com-
pound for the future treatment of glioblastoma.*

TiO.. Around 5.5 Million Americans suffer from Alzhei-
mer’s disease (AD). Among several studies to discover a
treatment for Alzheimer’s, there have been researchers that
show alterations in the histamine receptors in AD. It seems
that histamine-modulating drugs may be a potential treatment
of Alzheimer’s. Antibodies to histamine and the tau protein
also seem to be beneficial in the treatment of this disease. The
TiO,-nanowired delivery of cerebrolysin (a compound of
multiple neurotrophic factors) has lowered the accumulation
of beta amyloid plaques and phosphorylation of the tau
protein in AD brains of mice and seems to be neuroprotective.
In particular, when cerebrolysin was coadministered with
histamine antibodies and tau antibodies, the neuroprotective
effect increased. These findings suggest a strong role for TiO,
as a nanowire for the future treatment of AD.”°

Table 3 shows a list of promising nanoengineered elec-
troconductive scaffolds for neural tissue regeneration.

Bone tissue engineering

NMs have demonstrated promising capabilities in stimu-
lating cell function and enhancing bone tissue regeneration.
These capabilities are due to their biomimetic features and
unique physicochemical, mechanical, and biological prop-
erties, which strongly differ from those found in the bulk
scale. Since bone is a nanocomposite, containing nanoscale
building blocks (mainly collagen fibrils and mineral hy-
droxyapatite plates), the use of biodegradable conductive
nanocomposites is attractive for orthopedic applications.”*~*°
Therefore, many examples are found in literature where these
NMs allow for better bone tissue regeneration, providing a
better surface and physicochemical properties for osteoblast
attachment and long-term function, but also have better
mechanical properties for certain load-bearing conditions. As
a consequence, NMs show an extreme potential in bone tissue
regeneration.””%®

On the other hand, it is widely known that electrical fields
are present in a variety of tissues, including bone. Fukada and
Yasuda first demonstrated that dry bone behaves as a
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piezoelectric material in the classic sense, hence mechanical
stresses result in electric polarization. On the other hand, the
study of the dielectric and piezoelectric properties of fully
hydrated bone raises some doubts as to whether wet bone is
piezoelectric at all at physiological frequencies. Besides,
both dielectric and piezoelectric properties of bone depend
strongly upon frequency. Moreover, conductivity values of
bone tissues are strongly dependent on the type of bone (i.e.,
bone density, bone architecture, water content, etc.); for in-
stance, in a study, this value was measured as 9.1 mS/m for
cortical bone, whereas the conductivity of bone marrow was
about 0.23 S/m (both at 100 kHz).”” Another study reported the
values of 0.043+0.024, 0.02, and 029+0.031 S/m for can-
cellous bone, cortical bone, and subchondral bone, respectively
(all at 20 Hz).'® Consequently, electrical stimuli play an es-
sential role in a wide array of biological processes involved in
bone regeneration, such as angiogenesis, cell signaling, or cell
division, among others. All of these processes are mediated by a
variety of subcellular cues, including protein distribution, gene
expression, or metal ion content. Since all of them can be easily
controlled by the modulation of an applied electric field,'"!
electroactive or bioelectrical tissue engineering is able to pro-
vide biomaterials with electroconductive properties, becoming
a field of study which has gained much attention in an attempt
to boost the therapeutic efficacy of NMs destined for use in
bone integration strategies.’

Besides, bioelectricity properties can be incorporated into
NMs with chemical and mechanical properties similar to
those of native ECM through different methods with the
general aim to improve cell adhesion, viability, proliferation,
and ultimately function.'® Over the past few decades, many
studies have been carried out to identify the perfect combi-
nation of osteoblasts and other bone-associated cells and
electroconductive nanostructures able to act as biomimetic
templates for enhanced bone regeneration. However, little
success has been achieved in translating these materials to the
clinic.'®*'%* In this section, the recent progress in the appli-
cation of electroconductive NMs for osteogenic regeneration
is presented, with special focus on biodegradable or bio-
compatible materials.

One of the most widely known examples is polyvinylidene
fluoride (PVDF) and polyvinylidene fluoride/trifluoroethylene
(PVDF-TrFE), attractive materials for making functional
scaffolds for bone tissue engineering applications due to their
excellent piezoelectricity, composition dependent dielectric
properties, and AC conductivity, as well as a good biocom-
patibility. Electrospun PVDF and PVDF-TrFE scaffolds can
produce electrical charges during mechanical deformation,
which can provide necessary stimulation for repairing bone
defects. Therefore, the mats promote the adhesion, prolifera-
tion, and differentiation of bone cells on their surfaces, with
such effects deriving from the formation of electroactive, polar
f-phase, which has piezoelectric properties. In this polar phase,
the planer all-trans (TTTT) conformation and the H and F
atoms are attached in the chain in such a way that the dipole
moments associated with the two C—H and two C—F bonds add
up, hence aligning in the direction perpendicular to the carbon
backbone, providing high dipole moments. Therefore, the in-
corporation of NMs within the fibers, in particular, clay nano-
platelets, CNTs, graphene/GO, and silica nanoparticles (SiNPs)
have been reported to be very useful to induce the ff-phase in
PVDE 105:106
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The main drawbacks of the electrospinning process for
making piezoelectric PVDF-based scaffolds are their small
pore sizes and the use of highly toxic organic solvents in-
volved in the synthesis process. The small pore sizes prevent
the infiltration of bone cells into the framework, leading to
the formation of a single cell layer on the scaffold surfaces.
To overcome such drawbacks, research has aligned along
with the study of modified electrospinning methods such as
melt-electrospinning and near-field electrospinning.'® On
the other hand, graphene, GO, and functional graphene NMs,
with a large variety of exciting properties that make them
promising foundations on which to craft sophisticated, bio-
mimetic, osteoinductive, synthetic scaffolds for bone regen-
eration, have been studied as well. For instance, GO has
shown promise in the osteoinduction of stem cells, especially
when coupled with growth factors. Consequently, strategies
for controlling and modifying the surface chemistry of gra-
phene materials have become increasingly sophisticated in
recent years, providing access to new FGMs with clear im-
plications in biomaterials and medicine.'®’

Recently, Samadian et al. fabricated electroconductive
electrospun carbon nanofibers (CNFs) to be used as the sub-
strate for the electrical stimulation of bone cells. The CNFs
were derived from electrospun polyacrylonitrile nanofibers by
a two-step heat treatment, stabilization, and carbonization. The
CNFs were seeded with a known concentration of Mg-63 cells
and subsequently exposed to DC electrical fields with current
intensities of 10, 50, 100, and 200 uA. The COMSOL Multi-
physics software was used to simulate the applied DC electric
field applied in the fabricated electrical stimulation chamber in
the presence of the seeded carbon nanofibers (SCNFs)
(Fig. 4B). The simulation study confirmed the efficacy of the
fabricated electrical stimulation set-up. The growth of the
seeded cells significantly increased in the presence of the ap-
plied DC electric field and resulted in the highest proliferation
level, 116.43%+4.76%, at 100 nA. Furthermore, alkaline
phosphatase (ALP) activity assays revealed a significantly in-
creased osteogenic activity of cells, necessary for an enhanced
bone healing process, as a result of the applied field. Therefore,
the authors demonstrated the enhancement of conductivity in
CNFs as a useful parameter for bone growth, while they also
reported that the electrical sensitivity of the substrate fabricated
might complement the piezoelectric characteristics of bone to
facilitate growth and healing.'®

Alternatively, PLA scaffolds are widely used for bio-
medical applications, however, they have a low electrical
conductivity. Consequently, there is a strong need to develop
a composite scaffold combining their properties of osteo-
genic differentiation promotion and a 3D matrix that will
allow for electrical conductivity. With the aim to solve
problems such as the poor processability of conductive
polymers, a novel in situ polymerization/thermal-induced
phase separation method was used to fabricate conductive
nanofibrous PLA scaffolds with PANI NPs. The simple
preparation technique provided the possibility to scale-up the
production of these conductive nanofibrous scaffolds. Be-
sides, the excellent cytocompatibility of these scaffolds was
evaluated by culturing bone marrow-derived mesenchymal
stem cells (BMSCs) on them, showing the effect of con-
ductive nanofibrous scaffolds on osteogenic differentiation
with expression levels of ALP, osteocalcin, and runt-related
transcription factor 2 during the culture of cells for up to 3
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FIG. 4. Representative examples of the use of electroconductive materials for bone tissue regeneration. (A) Novel in situ
polymerization/TIPS method to fabricate conductive nanofibrous PLA scaffolds with well-distributed PANI nanostructures
for bone tissue regeneration.'”® Mean for n=4+SD. *P <0.05, **P <0.01 (B) Schematic representation of the experimental
procedure for the fabrication of electroconductive electrospun CNFs to be used as the substrate for bone cell electrical
stimulation'®®; and (C) Study of the effect of the addition of Si-NPs in electrospun PCL membranes to improve the
mechanical and osteoconductive properties of the layers.''! *¥p<0.01, **¥p=0.0001, ****p<0.0001. CNFs, carbon
nanofibers; PANI, polyaniline; PLA, poly(lactic acid); SiNPs, silica nanoparticles; TIPS, thermal-induced phase separation.

weeks. Besides, calcium mineralization of BMSCs was

studied, revealing that a moderate content of PANI NPs in the
conductive nanofibrous scaffolds significantly promoted
osteogenic differentiation of BMSCs for engineering bone
tissues (Fig. 4A).'%

Similarly, Khorshidi and Karkhaneh developed a NF sys-
tem, which possessed electrical conductivity due to the
presence of PANI and a hydrogel fraction due to the presence
of graphene NPs. The PANI-based fibers were processed
through electrospinning and subsequently transformed into a
3D structure through an ultrasonication step after synthesis.
The hydrogel precursor solution composed of oxidized
polysaccharides, gelatin, and graphene was added to fibers
and left to gel. The assessment of the natural hydrogels and
hydrogel/fibers denoted that the inclusion of conducting fibers

into hydrogels increased its elastic modulus, roughness, and
electrical conductivity, whereas it decreased hydrophilicity.
Moreover, the results showed that the hydrogel/fiber com-
posite better supported human osteoblast-like cell adhesion,
proliferation, and morphology compared with hydrogels
alone. Therefore, the presence of a gel/fiber architecture along
with electrical conductivity, may lead to this kind of scaffold
to be very promising for bone regeneration.''°
Alternatively, Castro et al.''" studied the effect of the
addition of SiNPs in electrospun poly(e-caprolactone) (PCL)
membranes to improve the mechanical and osteoconductive
properties of the layers used in bone regeneration. While PCL
membranes have shown variable electrical conductivity
around 4-6 mS/cm, its magnitude can be improved upon the
addition of different NMs. To this end, SiNPs were first
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synthesized and then suspended in PCL solutions containing
the polar solvent 2,2,2-trifluoroethanol and water, together
with the addition of an anionic surfactant. The nanocompo-
site membranes were then fabricated from the solutions
through an electrospinning technique, and the effect of the
materials on osteoblastic differentiation was evaluated by an
in vitro culture of the membranes with MC3T3-E1l cells
(Fig. 4C). The results indicated that the SiNPs were suc-
cessfully incorporated in the interior of the PCL electrospun
fibers during the electrospinning process. Their results also
revealed that with increasing the amount of SiNPs, elonga-
tion at break decreased, while tensile strength and tensile
modulus both increased (to a certain amount of SiNPs) and
then decreased at the highest amount of SiNPs. Membranes
containing SiNPs have been shown to be cytocompatible.''?
The results obtained demonstrated that the SiNPs were ho-
mogeneously incorporated in the electrospun fibers, resulting
in an improvement of the tensile properties of the prepared
materials.'"!

In a different study, hybridized carbon NFs containing
calcium phosphate (CaP) NPs were investigated as histo-
compatible nanofillers for epoxy resin. The nanosystem was
produced by electrospinning a mixture solution of polyacry-
lonitrile and CaP precursor sol/gel, followed by preoxidation
and carbonization. The continuous and long CNF/CaP was
ultrasonically chopped, mixed into epoxy resin, and thermo-
cured. The research team compared the newly synthesized
system with pure CNFs with a similar ultrasonication treat-
ment, and the shortened CNF/CaP-reinforced composites
demonstrated a significant enhancement in flexural properties
of epoxy composites, benefiting from the improved interfacial
adhesion between CNF/CaP and resin matrix. Moreover, they
also displayed excellent biocompatibility when cultured with
MC3T3-E1, a mouse calvaria-derived cell line, and sustained
calcium ion release, which categorized them as promising
materials for bone repair.''? Similarly, Feng et al. developed a
biodegradable ultraviolet (UV)-cured resin that was fabri-
cated through a stereolithography apparatus (SLA). The for-
mulation consisted of a commercial polyurethane resin as an
oligomer, TEGDMA (trimethylolpropane trimethacrylate), as
a reactive diluent, and phenylbis (2,4, 6-trimethylbenzoyl)-
phosphine oxide (Irgacure 819) as a photoinitiator. The tensile
strength of the 3D printed specimens was 68 MPa, 62% higher
than that of the reference specimens (produced by direct
casting). The flexural strength and modulus were able to reach
115MPa and 5.8 GPa, respectively. A solvent-free method
was then applied to fabricate graphene-reinforced nano-
composites. Porous bone structures (a jawbone with a square
architecture and a sternum with a round architecture) and a
gyroid scaffold of a graphene-reinforced nanocomposite for
bone tissue engineering were 3D printed through SLA. The
UV crosslinkable graphene-reinforced biodegradable nano-
composite using SLA 3D printing technology was able to
significantly remove cost barriers for personalized biological
tissue engineering as compared with the traditional mold-
based multistep methods.''*!?

In a completely different approach, it is well known that
the differentiation of stem cells is affected by the cell cul-
ture medium, the scaffold surface, and electrochemical
signals. However, stimulation by patterned biomaterials
seeded with stem cell cultures has not been extensively
explored in the literature. Herein, Huang et al. studied the
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effect of electrical stimulation on osteogenic differentiation
of rat bone marrow-derived mesenchymal stem cells (rBMSCs)
cultured on solid and nanoporous micropyramid-patterned Si
surfaces. It was found that both stimulation and scaffold pat-
terning significantly enhanced osteodifferentiation. The stimu-
lated nanoporous micropyramid scaffolds were more promising
compared with the stimulated solid micropyramid surfaces, as
they significantly promoted the osteogenic differentiation of
rBMSCs through the BMP/Smad signaling pathway. Notably,
as compared with the unstimulated patterned biomaterials, the
stimulated patterned scaffolds allowed for a significant increase
in core-binding factor alpha 1, ALP, the alpha 1 chain of type I
Col, osteocalcin, and osteonectin, all of which are characteris-
tics for osteodifferentiation.''®

Table 4 shows a list of electroconductive nanobioma-
terial scaffolds used for bone tissue engineering and bone
regeneration.

Tendon/skeletal muscle tissue engineering

The tendon is an intricately organized connective tissue,
which connects muscles to bones to move them, and plays an
important role in stress transfer and stability of the joint.
Nevertheless, tendon tissue is highly prone to injury and due
to the low number of cells and poor blood su]p)gly, it has a low
regeneration and reparative capability.'?>'*> The surgical
suturing of damaged tendons is the main clinical treatment in
tendon injuries, and in most cases, auto- and allografts are
used.'?* There are several major challenges in these surgical
techniques such as infections, the lack of a proper number of
auto and allografts, and the significant chance of allograft
rejection.'® Because of the mentioned reasons for repairing
or replacing injured tendons, engineered biological substitutes
with mechanical, biomimetic, and biological properties have
attracted noticeable attention.'?® For instance, some bioen-
gineering methods (such as biochemical signaling through
growth factors and other biomolecules as well as electrical
stimulation or mechanical stimulation), have aimed to de-
velop biomimetic engineered skeletal muscle by mimicking
the micro and nanoenvironmental cues experienced by the
native muscle (Fig. 5).

In 2008, Serena et al. completed experiments to mimic
neuronal activation by using a sufficient electrical field (pulse
of 70mV/cm for 3ms). By applying this filed to muscle
precursor cells cultured in 3D scaffolds of collagen, they
found enhanced cell proliferation in comparison with non-
stimulated cultures. Although, after 10 days of implantation
in mice, the number and distribution of cells did not show any
difference in these two conditions.'*’

On the other hand, skeletal muscle tissue includes about
45% of total body mass and is essential for generating forces
for movement. In minor injury cases, skeletal muscle is able
to inherently regenerate, but severe conditions like substan-
tial traumatic injury, prolonged denervation, and myopathies
lead to an irreversible loss in mass of muscle and its function.
Fibrous scar tissue formation and fatty degeneration of
muscle are the main results of deficiencies in regenera-
tion.'?*13* Autologous muscle transplantation and injection
of ex vivo cultured muscle cells are used in the treatment of
severe muscle injury, but they have shown limited achieve-
ments such as morbidity at the donor site and inadequate
innervation and perfusion of the transferred muscle.'”!
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FIG. 5. Overview of bio-
engineering approaches for
skeletal muscle tissue engi-
neering, redrawn from Na-
kayama et al.'*®
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Tissue engineering strategies for tendon/skeletal muscle re-
pair that use designed biomaterials potentially offer solutions
to several limitations of current therapies. Physical and
chemical cues can be provided by such biomaterials to host
(transplanted) muscle cells for enhancement of their survival,
promote their functional maturation, recruit host nerves and
vasculature into the defect site, and reduce the body response
against foreign agents.'?’

It is well known that surface properties of biomaterials
play an essential role in the interactions between cells and
substrates. In scaffold design, the ability to keep cells on the
surface rather than within the hydrophobic structure is still
challenging. Thus, several techniques for surface treatment
have been developed to fabricate substrates with high po-
tential for cell attachment. These techniques include ion
implantation, alkaline treatment, electrochemical etching,
coating with plasma spray, anodization, and biomimetic
treatments.'* Electrical stimulation has been used in several
clinical trials to significantly help in functional recovery,
muscle regeneration, and better tissue repair in patients.
Different parameters have been studied such as current am-
plitude, stimulation frequency, and time. It has been reported
that lasting low-frequency electrical stimulation has effects
on the growth and differentiation of myoblasts by duplicating
some bioelectric signals.*'**% Fabricating substrates from
materials with electroactive properties are suitable for the
adhesion and growth of cells and can make possible the
stimulation of cellular activity through electrical transfer.'*®
For a suitable environmental stimulus to promote healthy cell
function and regeneration of tissue, it is required to develop
scaffolds with all requirements, such as chemical, electrical,
and mechanical properties. Tissue conductivity (nerve, car-
diac, ventricular muscle, lung, and skeletal muscle) lies in an
ordered manner in between 0.03 and 0.6 S/m.” From a bio-
mimetic view, a designed skeletal muscle scaffold must show
indigenous-like structural attributes, including aligned myo-
fibers all over a relevantly large tissue volume.

Another technique is using an in vitro assay for the dif-
ferentiation of muscle tissues, and implantation of muscle

pioneer cells on a matrix. New muscle tissue is expanded
in vitro through controlling the environmental conditions to
promote cell differentiation, with the process being ex-
tremely related to the substance acting as the scaffold for
cells.'*® To date, a few research studies have been completed
to innervate a construct before implantation; however, many
researchers have applied external electrical stimuli to pro-
mote myotube development.'*® The incorporation of elec-
trically conductive substances into the fabricated scaffolds to
mimic the native cellular microenvironment is another sim-
ilar method. Based on several research results, incorporation
of electroactive materials leads to enhancement in tissue
formation, such as increased differentiation and alignment
while electrical stimuli are applied.*'-'40-14!

Materials with the ability to promote myoblast proliferation
and myogenic differentiation are good candidates in skeletal
muscle tissue engineering. Dong et al. synthesized an elastic
conductive poly(ethylene glycol)-co-poly(glycerol sebacate)
(PEGS) grafted aniline pentamer (AP) copolymer that pro-
moted myotube formation by differentiating C2C12 mouse
myoblast cells. Based on their results, by adjusting the AP and
PEG content, the fabricated film revealed suitable surface hy-
drophilicity for cell attachment. Moreover, those films pos-
sessed tunable conductivity and mechanical properties that
were controlled by a change in the content of AP. The maxi-
mum conductivity of the films was 1.84x 10 S/cm (which
falls within the range of cardiac muscle tissue conductivity
0.005<0.0184<0.16 S/m).'"® Their findings indicated that
PEGS-AP films promoted the proliferation and myogenic
differentiation of C2C12 cells.'**

In another study, Jo et al. made a highly flexible nanofi-
brous scaffold from polycarbonate diol and isosorbide
(CgH;904)-based polyurethane and hydrophilic nano-GO.
They found that GO incorporation increased the elasticity,
hydrophilicity, and stress relaxation capacity of the nanofi-
brous scaffolds. The polyurethane—-GO nanofibers enhanced
the initial adhesion and spreading of C2C12 myoblast cells,
and furthered their proliferation. Additionally, the polyure-
thane—GO scaffolds significantly upregulated the levels of
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myogenic mRNA and myosin heavy chain expression. In
dynamic force conditions, the C2C12 cells showed signifi-
cantly higher myogenic differentiation markers at both pro-
tein and gene levels and promoted aligned myotubular
formation. The maximum conductivity of the scaffold was 1
S/m.'*

Myotubes should be arranged linearly to mimic the native
structure of muscle that is organized in an extremely linear
manner, without branched bundles in vivo. This organization
is partly interposed through the biological and physical at-
tributes of the ECM. The ECM structure of skeletal muscle
consists of a protein NF network, which has been repeated
ex vivo, resulting in the linear orientation of differentiated
initial skeletal muscle cells grown on microstructured con-
ductive polymer platforms. This efficacy is achievable at the
nanoscale by biodegradable nanofibers, showing that nano-
designed scaffolds are able to control the orientation of such
muscle fibers. The capability to restrain myoblast expansion
into orientated myotubes is vital for efficient muscle engi-
neering.'** Conductive scaffolds used for muscular tissue
engineering are listed in Table 5.

Concluding Remarks and Future Perspective

Nowadays, there is an unmet need for the development of
tissue-engineered electroconductive constructs that can re-
capitulate the physicochemical, structural, functional, and
biological properties of different native organs. Undoubtedly,
conventional conductive materials exhibit certain limitations
for improving the structural and functional integration be-
tween tissue-engineered scaffolds and the specific tissue
target that needs to be regenerated. Fortunately, nevertheless,
the emergence of nanotechnology in medicine (nanomedi-
cine) has set high expectations for tremendous progress in
addressing the complexities and difficulties in medicine and
biological science due to the close relationship between bi-
ological systems and nanoscale features. Therefore, the de-
velopment of novel and advanced nanobiomaterials would
allow us to design nanofeatured systems that can be func-
tional and translatable in real-life medicine, particularly in
the field of regenerative medicine. Among the tissues and
organs in the human body, some of them are more compli-
cated, such as electrically conductive tissues. Therefore, the
introduction and integration of conductive nanobiomaterials
within natural polymeric materials that can mimic the ECM,
is of great importance for finding solutions to recapitulate the
structural and electrically conductive properties of native
tissues such as the myocardium, skeletal muscle, nerve, and
bone tissues.

Despite all the efforts in this field and with all the extensive
research that has been done during the last decade on the
development of electroconductive scaffolds for regenerative
medicine, there are only a few examples of conductive
polymers supported by clinical trials which becomes even
less when considering conductive biodegradable nanobio-
materials that can support the strong contractile properties of
native tissues along with suitable biodegradability and bio-
compatibility properties. As is well known, much of the re-
search to date has shown that the physiological and structural
characteristics of these conductive nanobiomaterials may
change postimplantation and, thus, end in undesired toxicity,
immune activation, or aggregation.”’ >’ Such unpredicted
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changes in physiological characteristics of conductive NMs
can add much more complexity to the immune system and
inflammatory responses to the host body, which subsequently
may lead to very adverse and dramatic effects. Therefore, it is
not unrealistic to see why it has been so difficult for scientists
to create U.S. Food and Drug Administration (FDA)-
approved electroconductive biodegradable and biocompati-
ble materials. This is also why some naturally conductive
polymers (such as PLGA, PANI, PEDOT:PSS [poly-
styrenesulfonate], etc.), which do not exactly mimic natural
tissue conductivity, remain the gold standard in the regen-
erative medicine field.

Therefore, we believe that the future biomaterials for tissue
regeneration should be more focused toward designing, cre-
ating, and engineering electrically conductive, biodegradable
and biocompatible materials to provide enhanced conduc-
tivity to further improve damaged tissue regeneration, while
making sure that there would be no undesired side effects
upon implantation in the body. As an example, as it is well
known, one of the major problems associated with conduc-
tive polymers is their very slow (if any) in vivo degradation
rate, which makes them inappropriate candidates for tissue
engineering (such tissues constantly remodel) in vivo use due
to their constant risk of inflammation. But one can increase
the biodegradability of these conductive polymers by modi-
fying the polymer itself, for instance, by introducing more
hydrophilic cues, or through the addition of ionizable or
hydrolyzable groups to their backbone, to make them bio-
degradablI %gpropriate candidates for tissue regeneration
purposes.”1%* To overcome the risk of inflammation in tis-
sue regeneration processes, a pulsed electromagnetic field
can be used as an emerging innovative treatment for the
regulation of inflammation while significantly promoting
tissue regeneration.'®?

To overcome the slow degradation rate of these naturally
conductive polymers, mixing with other biodegradable
polymers would also be another strategy to alleviate this
shortcoming; however, this never solves the degradability
problem of a conductive polymer, and still, it might take a
long time for natural body mechanisms to degrade a con-
ductive polymer usually due to their highly stable carbon ring
structures. One of the other challenges associated with these
conductive polymers is optimization of conductivity. One of
the approaches to tackle increasing the conductivity of nat-
ural conductive polymers (e.g., some of these polymers have
inherently low conductivity which is not adequate to mimic
the electrical conductivity of the native tissue), is to pay at-
tention to the shape and architecture (such as star-shape,
tetrapod, branched, etc.) of the synthesized polymer scaffold,
which can be achieved during the design and synthesis pro-
cess.'®> However, we would emphasize that there are always
complexities, complications, and contradictions in the opti-
mization of these polymers for a specific tissue engineering
application since one might lose or diminish a desirable
characteristic in the way of improving other characteristics.

Among the tissue engineering and regenerative medicine
community, naturally conductive polymers have yet re-
mained as the gold standard for tissue regeneration (such as
PLGA) because they are versatile; have tunable physico-
chemical, structural, and biological properties; are easily
functionalized; can form different types of conductive scaf-
folds (as pristine, composite, hybrid, hydrogel, electrospun);



(panunuod)

Sl

€Sl

(49!

IsT

(U8

o1

8yl

Ly

ol

Syl

Wo/S 01 X9%°C
sem AJIAONPUOD wnwirxew Y, ‘suonedrdde
SurresurSus anssn auoq IoJ AATIONPUOD
pue ySuans arssardwod J[qelns
pamoys aurfiueAjod 1M 9,1°0 UM SP[OJJLOS
-surfrueAjod
JO uoIsn[our Yy} YIm AJIATIONPUOD PAseaIoU]
WO/SW '] Sem AITAIONPUOD WNWIXBW
YL 1D JO Speul Sp[OJjeds uey) JU)X
10)Ba13 © 0] UONBIIUAIIJIP ISB[qQOAW POjOWOI]
wy/S . 01
sem AJTAONPUOD WNWIXEW Y], 'S[[0 Z1DTD
JO UONBNUAIIYIP d1uaSoAw Y} pasueyuyg
“wo/st 90’0 F 69651
sem AJTAIONPUOD WNWIXBW
9L 'steqgouel 5/VSDHINVA/NVd 2 Jo
SSQUIJNIS JOYSIY 9AIR[AI ‘AJIAIIONPUOD pasueyuy
'sise[qoAur 71070
Jo uonexdrjold 1190 ayy daoxdwr Apjueoyrugis
‘S[[0 Ise[qOAW 71D Yl jo uonerdjrjoid
pUB UOISaYPE 9y} S0UBYUD ‘AIIOTXOIUON
‘(OHIA ‘L-utuodon ‘urua3oAur) seua3 oyroads
-uonenuUAIAYIp Jo uolssardxa oyl ‘oqmoAwr
Qjes[onunnu Jo uoneurioj ‘uorssardxe HHA
wo/SwW
9'9F9°¢9 Ssem AJIATIONPUOD WINWIXLW Y],
‘uorjeInjew
9qmoAw ddURYUH "UONEWIOJ 9qNI0AW
Jjowoid pue UONBIUALIO ISB[qOAW IpIND)
‘s)se[qoAw
210¢D Jo uonerdjroid pue uoisaype [[90
oy} aaoxdwr pue sjonpoid Jo A1101X010IKUON
“wo/s 60°0 F 8S'8€
sem AJTATIONPUOD WINWITXBUW 9],
“UOT)BIIUQIIJIP
Jo onfea 1sayS1y pue uoneidyijoid [[90 MO
*(AnstwayoojAoounwiwil pue uorssaidxa duas)
S[[90 YI[-9[oSNW OJUT UOTIBIUIJIP SDHSIAY
growoid ‘vonerayrjoid pue yymoi3 (9o poddng
W/
¢ 01 X Ty sem KJIATIONPUOD WwnwWIXeW A,
"SJUSISUERI) WINIO[BD
‘snyeredde Surdnoo D—H ay3 01 paIL[ALIOD
SQUa3 JO uoIssaIdxa “YAY ‘UOnLBZI[BI0[0D
MdHA ‘ANIquoenuod aqmoAw oueyug

sOSAvu

sise[qoAuwt 71D7D

S[[e3 T1DCO PUB 67671

S[[90 Q[[o¥es ASNOJA

SISe[QOAW 717D

s1Se[QOAW 717D

sise[qoAw 717D

S[[92 91A201pUoyd

3op pue sise[qoAw 710D

S[[90 9I[[e¥eS ISNON

S[[00 WA)S [BWAYOUSSIUW
puE S[[99 }SB[qOIqY 9SNOJA

1se[qoAW Z1DTD 9SO

SJUQWIAINSBAW
9qoid jurod-1noyq

a8eyj0A D
SIUQUIQINS B

9qoud jurod-moyg

SIUQUIQINSBAW
9qoud jurod-moyg

Anpswiwe)[oA J1[0KD)

AIjoWIwe)[0A JI[9AD)

STUQUISINSBAW
9qoud jurod-moyg

Anjowiwe)[0A J1[9AD)

STUQUISINSBAW
9qoid jurod anog

Suruurdsonoorg

Suruurdsonoorg

Suruurdsonodrg

Suruurdsonodrg

uoneredss aseyd
paonpur-A[[eway,

Suruurdsonos[g

Suruurdsonodrg

Suruurdsonosrg

Suruurdsonos[g

Suruurdsonoorg

Suruurdsonoorg

aurqrueAjod/ouoioejoidesLjoq

Add/10d

VSVd/dS

OD/VSI-INVI/NVd

apnoejAfod
-ouIIueeno I /INVd

"1D0d Pue INVd

1Dd Pue INVd

Jouwrena) auiiue
pajyeI3 uesoNyD/INVd

NVd/INVd

NVd/INVd

VSO
pm padop INVJ-UDRRD

SNOIqOUBN

SNOIqOUBN

SNOIqUOUBN

SnoIqUOueN

SNOIqUOUBN

SNOIqyOUBN

SnoIqUoueN

SNOIqOUBN

SNOIqyOUBN

SNOIqOUBN

SNOIqOUBN

oy

sondadosd

ad£y avnya)

20102p JUIWDINSDIPY  aNDIUYId] UOUDILIGD]

uonsoduio))

pioffvos
aa130mpuod Jo
adA[

NOILVIANIOHY dNSSI], dTOSAN TVIATINS/NOANH ], 404 SATOAAVOS HAILONANOODOILOITH AHdYHIANIONHONVN ¢ 14V ],

142



*101d2031 QuIpouRAl “YAY ‘oprxo auaydesd peonpar ‘Qo1 ‘eamn-oueyanAjod ‘NNd
‘(9r1e0RQ0s [0100413)A10d-00-([004]3 QuslAye)Alod ‘SOHHAJ ‘(aurfue ([Auaydojins-1)-N-0d-aurfiue)A[od ‘YSyd ‘opIxolp asoueduewl COUIA ‘UIRYd AABIY UISOAW ‘DQHIA ‘S[[D [BI[OYIOPU UIdA [edI[IquIn
uewny ‘OFANH S[[90 WS paaLdp-osodipe uewny ‘s)SAVY ‘wns ue[[o3 ‘Do 103doda1 aurpAdoipAyIp YdHJ {UOnOBNUOI-UONRIIIXI ‘D—H ‘pIoe dmuojnsioydwed “ySD LIoWLy) QUI[IUL ‘[ VIV

‘syuroiq ayj 0} soponaed
Sunerouad-uaSAxo Jo uonippe £q syuroiq
VINIPD UI S[[30 JO AJIATIOR Orjoqeiouwl pasoiduy
wo/SW 2810
sem AJIATIONPUOS wnwixew Y, “sentadoid
[eo1way 0013090 pue ‘sontadoid [eorueyoow
‘Kouaroyje uoneyrodsuen uor Surpueising
“wo/Sw
»- 01 X '€ sem AJIATIONPUOD WINWITXEW Y,
‘se301pAy
Jo Aqiqepel3ap oaza ur pue Kjiqeldafur
oa1a u1 dyenbapy -orgyoid oyi-Ieaur|
. ' M ST[9 ISB[QOAW Z1DTD Y} Paseo[ay
"W/
»- 01 X S0'C Sem KITATIONPUOD WNWIIXLW Y[,
's[o301pAY uryim peaids pue a1aype
0] 9[qe 2IoM S[[99 ISB[qQOAW 71DTZD PUB 6761
*S[[99 6761 10J OTX0)0)AOUON
Wo/S
¢ 0T X €L sem KJATIONPUOD WINWIXEW A,
“Knpiquedwooorq
pue ‘AI[IqeIs [edLIJ[ ‘AIJIONSE[d Ppoon)
Wo/S
»- 0T X #8°T SEM KITATIONPUOD WNWIXEW Y[,
*([9A9] urdjoxd pue yYNYW)
uoneuoj aqmoAw ‘uonerdrjoid [[20 djowold
WO/ o O] Sem A)NATIONPUOD WNWIIXEW Y[,
‘([9A9] urajoid pue YNYW)
uoneur1o} aqmioAw ‘uonerdjijoid [[99 jowolq
‘wy/S [ sem AJTAIONPUOD WINWIXEW Y],
‘uoneuLIo]
Ie[nqnioAw pauSI[e 210w pue S[AA9] urajoxd
pue 2uas Yjoq e SIIBW UONRIIUIJIP
199 orua3oAw 1oy3y Apueoyiudis
passardxyg ‘uorssaidxo ureyo Aaeay ursoAw
pue S[oA9] YN YW druaSoAuw ay) pajendaidn

191

091

8C1

LST

961

€l

S[[90 Ise[qOAW Joje[nuuns
21070 POALIOP-ISNON [oUURYO-0M T, Sunundorg

— Anowwe)joa 910D

uonoseal

DJANH uonIppe [QRYIIA
‘SISB[QOAW 71DZD  Anewuie)joa OI[0AD) oyl Aq yoroidde usain

S[[90 SIUQWIAINSBAW uonezuswAjod
1se[qoAw Z1D7D PU® 626 oqoid jurod-mo  eAnEpPIXO [EOTWAYD)

SISe[qQOIqY L€ 9SNOJA AIJOWWR)[OA OI[0K)  uoneiodeAd JUSA[OS

IjeuInn
$1Se[qOAW 71T ddT10 SINY °niL Surxiy

s1se[qOAW 71D7D  AIQWWERIOA OI[9KD) Surxin

s1se[QOAW 21DZD — Suruurdsonosrg

SyuI01q SYRUISIE-VINIPD

XOD-1

SuxIN /SINDMIN/RuUTueA[od/cOuA

uesoyd [AYreLx0qred-N

pU® pIoe J10ZUaq[AULIO}

-{-1JeIS-Iowena)
QuITue-1JeIS-URnXa(]

Add/DD

proe oruojnsioyduwres
-01-(H)-(ST)/eueyRINA[Oq

SDAd/dV

NNd/LVOV

OD/aueylaInA[od

S[eS0IpAH

S[eSoIpAH

S[eS0IpAH

S[e30IpAH

swg

swg

suig uryL,

SNOIqyOUBN

Yoy santadotg

ad{y avnya)H 20142p JUIUWDINSDIP  aNbIUYId) UODILIGD ]

uonsoduio))

pioffvos
2a13ompuod Jo
ad(J

(@INNLILNOD)) *G ATdV],

143



144

and also can be optimized to be biodegradable and bio-
compatible for a specific application. Therefore, it is no
wonder that these smart conductive polymers are receiving
increasing attention between scientists for various biomedi-
cal applications, particularly tissue engineering and regen-
erative medicine, drug delivery systems, and biosensors.
Overall, and in particular, biodegradable and electro-
conductive polymers continue to have the potential to revo-
lutionize the field of electrically conductive tissue
regeneration, answers for which we are still awaiting.

The development of a clinically appropriate electro-
conductive scaffold than can mimic the physicochemical,
functional, and structural properties of a specific tissue/organ
for regenerative purposes is a huge challenge in the field.
Despite tremendous enhancement in vitro regarding the ap-
plicability of the electroconductive nanoengineered scaf-
folds, the successful translation of these nanosystems face
obvious challenges when applied in vivo, as it is inherent to
other NMs. While interest in the use of conductive na-
noadditives and their incorporation into polymeric scaffolds
has surged over the past decade, and there are numerous
reports on the development of electroconductive nanobio-
material, most of them still need further evaluations in clin-
ical trials. Therefore, this could be another reason why we
strongly believe naturally derived electroconductive poly-
mers have still remained as the most trusted source of tissue-
engineered scaffolds for regenerative applications.

Another future perspective in terms of overcoming the
safety and in vivo toxicity challenges associated with the
incorporation of nanoscale additives into bioengineered
scaffolds (such as AuNPs) to grant them appropriate con-
ductivity, is the synthesis of these NMs. Green nanotech-
nology has appeared as a novel approach to tackle some of the
most concerning problems related to the use of NMs, espe-
cially in terms of synthesis and functionalization of NMs that
are going to be used in biomedical applications. In this re-
gard, the implementation of green nanotechnology practices
within nanoparticle synthesis is allowing for a quick, effi-
cient, cost-effective, and environmentally friendly generation
of different nanosystems without compromising their bio-
medical activity.'® As a consequence, great efforts have
been made to establish green nanotechnology approaches in
the field: from the use of bacteria or fungi as raw materials, to
the employment of plant extracts or waste materials.'®>1%°
Therefore, these green NMs have been used in different ap-
plications in the biomedical field.”®'®” In terms of electro-
conductive NMs, not many examples have been recently
released to literature, however, efforts toward this end have
shown that the use of green practices can allow for a sus-
tainable production of such NMs and their successful appli-
cation within tissue engineering and regenerative medicine.
Advantages in this regard include enhanced biocompatibility,
reduced localized cytotoxicity, and a better integration of the
targeted tissue within the nanoplatform, all of which are
extremely desired for any application involving the migra-
tion, growth, establishment, and proliferation of different cell
types in regenerative approaches.'®®1®
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