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Tissue engineering is a fascinating branch of science that aims to develop strategies to respond to tissue/
organ damage with the slightest biological rejection. It is currently known that electric cues can trigger several
cell metabolic responses such as differentiation, proliferation, growth, attachment, alignment, and apoptosis.
Electro-responsive polymer-based materials are considered one of the most appropriate classes of materials
for developing advanced conducting systems that can fulfill this purpose. These materials act as conducting
platforms that can properly transmit electrical signals to cells and work as a physical environment to ensure
cell nutrition and development. The motivation of this review is to summarize the recent work in terms of
polymer-based conducting scaffolds for electro-assisted cell culture. An overview of the most commonly
studied polymers and scaffold design methodologies is presented. Moreover, the mechanisms behind the

Received 31st October 2021,
Accepted 26th January 2022

DOI: 10.1039/d1ma01012c
effect of electric cues on cell fate are briefly described. Finally, the conclusions and future perspectives
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1. Introduction

Stimuli-responsive materials, also known as ‘“smart” materials,
have been mainly utilized to design several advanced systems,
namely sensors, actuators, robotics, electrochromic devices,
and controlled/sustained drug delivery, which attempt to con-
template the specific and vast array of necessities of our current
society. Among the family of ‘“smart” materials, electro-
responsive ones are currently being investigated to design
advanced electro-conductive scaffolds for noble applications
as cell culture/tissue engineering platforms.'™
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regarding conducting polymer-based scaffolds for tissue engineering are also given.

These materials allow the communication of exogenous
applied electrical stimulation (ES), a recent physical methodology
to trigger/induce the complex cell process cascades, with living
cells to enhance cell-to-cell and/or cell-to-scaffold interactions.
Moreover, these electro-responsive scaffolds also provide a suita-
ble and adequate environment for developing several tissues,
including bone, muscle, and neural networks.* The development
of these tissues is pivotal in regenerative medicine approaches for
tissue repair/replacement of damaged sites.

Several polymers have been utilized in the development of
electro-responsive scaffolds. Careful selection of the chemical
nature of the scaffold’s constituent polymer and its physico-
chemical properties (e.g., porous volume, swelling water
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capacity, charge density, and topography) can significantly
influence the overall characteristics of the final tissue. Addi-
tionally, other factors such as the intensity and magnitude of
applied exogenous ES, type of cell line, and scaffold develop-
ment strategy also play an important role in the cell’s
activities.*> The current challenge is to engineer a suitable
scaffold that satisfies specific requirements that induce a
desired cell response in complex environments (e.g, in vivo)
at physiological applied electrical potentials and also present
biodegradability and biocompatibility without compromising
its performance.

This review focuses on the description of recent electro-
responsive polymer-based scaffolds for tissue engineering
applications. The objective is to demonstrate an array of
electro-responsive polymer-based materials that have been
employed in the development of advanced scaffolds for
electro-assisted cell culture. Additionally, a brief description
of the mechanisms behind the cell’s responses to ES is pre-
sented. Finally, the future trends regarding electro-responsive
polymer-based tissue engineering scaffolds and their limita-
tions and current challenges are also highlighted.

2. Tissue engineering scaffolds: the
influence of fabrication technologies
and physicochemical cues on cell fate

Several types of technologies are explored to develop conductive
tissue engineering scaffolds, which include (but are not
restricted to) electrospinning, solvent casting, lyophilisation,
self-assembly, and micropatterning.*®” The former is undoubt-
edly the most studied approach to obtain scaffolds due to the
possibility of producing materials with oriented/organized
nanofibrous pattern pathways that resemble natural extra-
cellular matrix (ECM) structures.

Electrospinning is the most conventional fabrication
method studied for obtaining tissue engineering scaffolds. This
technology consists of forming polymer-based fibres in the sub-
micron or microscale (fibre diameter <1 um or >1 um,
respectively) through the application of strong electric poten-
tials (~20 kV). A classical electrospinning apparatus consists of
a high voltage (DC or AC) power supply, a syringe pump, and a
collector (Fig. 1).® Briefly, the syringe is filled with a polymer
solution or melt, and it is held at the capillary’s tip due to
surface tension forces. High electrical potentials are established
between the syringe (usually positively charged) and the collector
(either oppositely charged or grounded). Once the electrical
input is given, electrostatic repulsions occur among the poly-
meric chains in the polymer solution. Thus, polymer solution
drops assume a cone-shape format (so-called “Taylor cone”)’
due to the accumulation of charges in the polymer solution or
melt at the syringe’s tip.%® By augmenting the magnitude of
applied electrical stimulus, electrostatic repulsion forces surpass
the surface tension of the polymer solution resulting in the
formation of a jet. The jet travels towards the oppositely charged
collector at a controlled rate provided by the syringe pump. In
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Fig. 1 Illustration of a conventional electrospinning apparatus for scaffold
design and general parameters that can tune the physicochemical proper-
ties of the final electrospun mat. Reprinted from ref. 10, Copyright 2019
Elsevier.

this process, most of the solvent is evaporated before depositing
onto the collector in a fibre-like matrix structure. Due to the
spiral/whipping motion (also known as bending instability), the
deposited fibre mats are randomly oriented.

The application of high electrical potentials leads to great
plastic deformation of the polymer solution or melt. Conse-
quently, the bending instability stretches the jet size (at least
1000x), resulting in very long thin fibers.®'" Finally, several
parameters such as viscosity, surface tension and chemical
nature of the polymer, the magnitude of applied electrical
stimulus, and distance between the syringe’s tip and collector
can be used to tune the physicochemical properties of the
obtained fibres (Fig. 1).°

To shorten the production rate time of electrospun fibres,
different electrospinning configurations are presented as an
alternative to the classical needle-syringe setup, namely the
rotating cylindrical electrode and collector, wire electrode, and
multichannel needles with a rotating cylindrical collector.®

Additive manufacturing (AM) technologies such as fused
filament fabrication (FFF), bioprinting, and inkjet printing
have been regarded as emergent methods to obtain electro-
responsive scaffolds with a defined intricate architecture and
shape.”'> AM technologies allow precise tuning of printing para-
meters and, thus, higher control over physical properties/character-
istics of the final material. Therefore, the obtained scaffolds are
expected to have enhanced reproducibility, which can be regarded
as an advantage over conventional electrospinning technologies.
Electro-responsive polymer-based materials developed by 3D print-
ing technologies are still in their infancy."® Consequently, electro-
responsive scaffolds obtained by AM technologies can be consid-
ered a new and less explored research area regarding advanced
platforms for tissue engineering applications.

As defined, a scaffold is a support material that can ade-
quately host and accommodate living organisms (e.g. cells) and
ensure transport of nutrients and metabolites to promote their
natural behaviour. Therefore, it is crucial to pre-determine the
physicochemical properties of the scaffold platform in order to
control the cell fate during cell culture.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma01012c

Open Access Article. Published on 01 February 2022. Downloaded on 7/14/2025 10:15:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Effects of physicochemical cues on cell behavior
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Fig. 2 Summary of commonly observed physicochemical cues on cell
metabolic activity. Variables were coded as: elastic moduli (E), water
contact angle (WCA), surface roughness (R) and contact area (CA).

The technology employed for the development of a scaffold
can determine its physicochemical properties and thus regulate
the cell fate which is an essential factor when tissue engineer-
ing applications are envisaged. The physicochemical cues of a
scaffold such as porosity, mechanical properties (stiffness),
topography/roughness, wettability, and surface charge are vari-
ables that can influence the cell’s biological responses
(Fig. 2).%"**° The conjugation of these variables is mandatory
to resemble the complex nature of the ECM.

Among the mentioned cues, the porosity (pore density,
volume, size, and shape) is one of the most important and
studied variables regarding cell behaviour influence for tissue
engineering applications. In general, the porosity parameter
plays a significant role in cell growth, adhesion and migration
behaviour, nutrition exchange inside the scaffold, and the
mechanical properties of the scaffold.***

Generally, the pore diameter of a scaffold (micrometric
scale) is directly related to cell growth and adhesion. Larger
pores induce cell migration from the outer layers towards the
inner layer of the scaffold. With smaller pore diameters,
enhanced cell adhesion is observed due to a higher specific
area that prompts greater cell attachment. When the pore size
is much higher than the size of the cells, their growth profile is
similar to that observed in flat surfaces.

It is complicated to establish an optimal pore size for a wide-
spread application because different cell behaviours are observed
for distinct cell lines. Additionally, it is also essential to consider a
suitable pore size according to the test environment (e.g:, i vitro or
in vivo)."* Nevertheless, most tissue engineering scaffolds present a
broad pore size range of 100-500 pum.*

The pore connection and morphology also influence the cell
behaviour. Highly porous platforms with interconnected cav-
ities are interesting to promote and ensure the transport of
nutrients and oxygen to cells and thus stimulate their growth.

A porosity of 96.7% is considered to be an optimal value to
guarantee proper permeability. However, by augmenting the
porosity, poorer mechanical properties of the scaffolds are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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attained.” One strategy to overcome this drawback is by altering
the pore geometry of the scaffold. The mechanical strength
increases according to the following trend: diagonal > stagger
> lattice.' Nevertheless, the complexity of the pore geometry
should not interfere with the metabolic activities of cells.

The mechanical properties of the scaffold (e.g., stiffness) are
another important factor in regulating the cell fate. Living cells
can respond to external mechanical stimulation and transduce
this information into electrical and biochemical signals, which
results in different cell differentiation, growth, migration, and
adhesion. Cell lines that give origin to soft (<100 kPa; brain,
and muscle) or rigid/stiff (>1 MPa; cartilage, and bone)"” tissue
present enhanced adhesion on soft or stiff scaffolds, respec-
tively. The differentiation behaviour of these cells follows the
same trend, as cells seeded on soft/stiff scaffolds tend to
differentiate into soft/stiff tissues, respectively.'>'”

The topography and roughness of the scaffold also influence
the behaviour of cells. Generally, by increasing the surface
roughness, a higher contact area is obtained that promotes
protein adsorption and, thus enhances the cell-protein-scaf-
fold interactions resulting in greater adhesion/attachment.'®
Moreover, cells tend to aggregate and form composite layers
when seeded on rougher surfaces than in smoother ones.?
These composite layers prompt higher cell-cell signalling
which ultimately enhances differentiation.

The wettability of a given scaffold for cell culture is a crucial and
simple parameter to correlate the cell behaviour with scaffold
characteristics. In general, superhydrophobic or superhydrophilic
materials tend to present low/poor cell attachment/adhesion. This
conduct is due to weak protein-scaffold forces, resulting in poor
protein-meditated cell-scaffold interaction and, subsequently, a
reduced cell attachment. Moderate water contact angle and surface
energy values (for example, ~85° and ~ 70 mJ m™ >, respectively)
are considered to be the optimal conditions to induce cell attach-
ment, growth, and proliferation.*>#

When considering electro-responsive polymers for the
design of tissue engineering scaffolds, the effect of the surface
charge of these materials is relevant in determining the cell
fate. Besides the aforementioned interactions (such as hydro-
phobic/hydrophilic, and physisorption), the electrostatic ones
are also responsible for inducing cell activities. Generally, cells
bear a negative net charge that favours electrostatic interactions
with positively charged scaffolds resulting in higher cell adhe-
sion and growth. Conversely, a poor cell-scaffold interaction is
observed when negatively charged surfaces are employed due to
cell-scaffold electrostatic repulsion.*>*°

3. Electrostimulation of cells:
influence of electrical cues on cell
functions

Among the types of physicochemical cues mentioned earlier, ES
is another factor that can be used to manipulate cell behaviour

(in vitro and in vivo) and also promote/enhance tissue
repair.>*2® This process may be regarded as a potential

Mater. Adv., 2022, 3, 2337-2353 | 2339
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alternative to commonly employed cell growth factors in the
field of tissue engineering and regenerative medicine.’

There are several methods to deliver ES onto cells, namely
direct electrode contact, capacitive stimulation, inductive/elec-
tromagnetic stimulation (EMS), and conductive scaffold-
mediated ES (Fig. 3).>%%%%%”

The direct electrode contact method, also known as direct
coupling, is the primarily employed method for cell ES due to
its simplicity and convenience (Fig. 3A).

It consists of a pair of electrodes (e.g., Ag/AgCl, Pt, or Cu)
submerged in a cell culture medium (highly conductive electro-
lyte solution) containing the cells and connected to a given
power supply. Exogenous electrical fields utilized in this
configuration are in the range of 10'-10> mV mm™".*° The
advantages associated with this methodology include multi-
well stimulation and excellent reproducibility.

Nevertheless, it presents some disadvantages that are intrin-
sic to electrode-based systems, such as alteration of pH at the
vicinities of electrodes (pH waves), formation of cytotoxic
faradaic by-products on the surface of the working electrodes,
and electrophoresis (mass transport) of the components in the
complex cell culture medium. Moreover, water electrolysis can
also occur when the applied voltage between electrodes is
higher than water’s potential of 1.23 V. In this case, frequent
culture medium replenishing is often performed to attenuate
the potential change in medium composition.

One strategy to overcome this problem is by direct coupling
through salt bridges. The salt bridge-mediated ES avoids the
formation of cytotoxic components, which result from redox
reactions at the surface of the electrode in contact with the cell
culture medium. Consequently, minimal culture medium

+J

A) 3! B)
I\jl

\

Fig. 3 Common methods to manipulate culture cells in vitro: direct
contact (A), capacitive stimulation (B), electromagnetic induction (C) and
conductive substrate-mediated ES (D).
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composition perturbation occurs. Salt-bridges for ES of cells
are regularly composed of a polysaccharide (usually Agar)
hydrogel loaded with electrolytes (e.g., KCl, KNO;, or NaClO,).
This approach also has drawbacks, including a higher circuit
resistance (compared to direct coupling), reduced working area,
complex experimental setup, and concentration gradients
between the bridge contents and the electrolyte media, result-
ing in limited ES exposure time.>>°

Capacitive stimulation (Fig. 3B) is a non-invasive ES method
to induce cell metabolic activities. The experimental apparatus
consists of placing electrodes outside the cell culture medium
to guarantee indirect contact. Thus, a given insulator is
mounted between the electrode and the culture medium.
Finally, by applying ES, an electrical field is obtained, which
further induces polarization of the components in the cell
culture medium (such as the cell membrane, water molecules,
and proteins). The advantage of this system is that it avoids the
drawbacks associated with electrode-based ES. Moreover, it
allows a homogenous particle redistribution to all cells (elec-
trophoretic mass transfer) due to the perpendicular electrical
field to the culture plate established between electrodes. The
associated drawback with the capacitive ES approach consists
of providing high-voltage power sources in order to overcome
the natural high impedance of the insulator material required
for this system.>?*?%”

Another non-invasive strategy is the inductive EMS (Fig. 3C).
An electric current passes through coiled electrodes (placed
around the cell culture medium), where uniform electromag-
netic fields are obtained. This uniform EMS is attained due to
the specific spatial configuration of the electrodes that present
an electrode-electrode distance equal to their radius (Helm-
holtz configuration).?® As an indirect method, EMS provides the
stimulus potential near the target cell instead of direct ES, as
mentioned for the electrode-based approach. The disadvantage
of this method is great time and resource consumption.>>**

Finally, another type of non-invasive cell ES is given by the
conductive scaffold-mediation (Fig. 3D). The cells ““feel” the ES
indirectly by its contact with the charged surface of the con-
ductive scaffold. This approach comprises a conductive
polymer-based scaffold sandwiched between the chamber (con-
taining the cell culture medium) and an insulator material to
avoid liquid leakage from the culture medium. Thus, the tip
ends of the scaffold (that remained outside the culture med-
ium) are connected to a power source to promote electrical
stimulation to previously seeded cells. In this case, the elec-
trical current is transmitted directly to the cells by the scaffold
instead of to the culture medium. The advantage of this
method is that the typical drawbacks associated with
electrode-based systems are avoided by utilizing scaffolds with
different physicochemical and mechanical properties and
complex surface geometries.

Moreover, the ES-scaffold-cell synergy allows the evaluation
of the effect of conductive scaffold properties in the cell’s fate
under electrical potential. Depending on the chemical nature of
the polymer-based scaffold, several disadvantages are asso-
ciated with this approach. The most common disadvantages

© 2022 The Author(s). Published by the Royal Society of Chemistry
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are the instability of polymer-based scaffolds in aqueous cul-
ture medium, low biocompatibility and high cytotoxicity of the
scaffold, limited attachment of the cells to the scaffold, sig-
nificant impedance, and low surface wettability of the conduc-
tive substrate.’

Bioelectricity, also called endogenous ES, is defined as the
electrical currents and potentials naturally produced by
living organisms. Bioelectric currents are produced by the
transport/flux of electrolytes across the cellular membrane
and through tissues at a physiological magnitude range of
~3-500 mV mm 2. It is present in both cytoplasmic environ-
ments and extracellular media. Therefore, endogenous ES plays
an important role in several biological processes, namely tissue
repair, wound healing, and embryogenesis.>****7*> The appli-
cation of exogenous ES in living cells is expected to influence
their metabolic activities and thus, allow the development of
functional therapeutic approaches.

The application of exogenous ES impacts cell processes such
as migration, adhesion, proliferation, and differentiation
(Fig. 4).>2922:23:33735 The impact of the electrical cue on cell
metabolic activities is still not completely clarified in terms of
how cells interact with electrical signals. However, the literature
attributes it to the cell membrane, the part responsible for most
of its sensing capability towards electrical information.’

All cells are embedded in a complex electrolyte aqueous
medium. Ion pumps control the dynamic equilibrium among
the ions within and outside the cell membrane through

View Article Online
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transmembrane ion channels. The natural redistribution of
these ions results in an electrical potential difference that
regulates the cell membrane potential by activating or inhibiting
its ion channels.’>* Upon exogenous ES, the ionic equilibrium
outside the cell membrane, and consequently inside of it, is
perturbed, resulting in membrane permeability alteration, which
ultimately triggers several cellular processes (e.g., cytoskeletal
arrangement, protein distribution, electrotaxis, and Ca** flux).
These ES-induced alterations are the potential mechanisms
behind cellular responses such as proliferation, migration, dif-
ferentiation, alighment, adhesion, and growth,>?%>%232527

Signal transduction pathway

The major transduction pathway responsible for converting
electrical information into biochemical cues is the activation
of the mitogen-activated protein kinase (MAPK) cascades.
These cascades regulate the messenger RNA (mRNA) transcrip-
tions in response to exogenous ES. As a result, extracellular
signal-regulated kinases (ERK 1/2 and ERK 5) and Jun amino-
terminal kinases (JNK and p38MAPK) mediate several cell
metabolic activities, including proliferation, differentiation,
and apoptosis.>*?*2738

Ca’' transients

The calcium ion signalling pathway is one of the most critical
factors that regulate cell activities, especially in the case of
migration and differentiation. Ca®" ions play a pivotal role in

Electrical Stimulation at the Cellular level
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Fig. 4 Common cell metabolic activities influenced by exogenous ES. Reprinted from ref. 20, Copyright 2020 Springer.
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several vital activities of cells. Exogenous ES affects the
membrane potential by altering the concentration of intracel-
lular and extracellular ions such as Na*, K*, and Ca®". As a
result, oscillations in intracellular Ca*" concentration occur via
two main routes: higher calcium ion influx from the extra-
cellular medium through ion channels or release of calcium
ions from the endoplasmic reticulum (ER) internal stores. This
intracellular increase in calcium ion concentration triggers the
cytoskeletal calmodulin, resulting in more significant prolifera-
tion and a higher growth factor expression, such as vascular
endothelial growth factor (VEGF) and transforming growth
factor-beta 1 (TGF-B1). Moreover, these alterations in the ion
concentration inside and outside the cell lead to a difference in
the cell membrane potential that alters its polarization and
ultimately affects its migration under ES.%>?%27:39-4

Cytoskeleton reorganization and actin distribution

Cells, in the presence of an exogenous electrical field, can also
respond by presenting a mechanical activity. This process is
known as the reverse mechanotransduction effect. Upon an
electrical field, cells undergo mechanical deformation (gener-
ating a mechanical tension) due to the reorganization and
redistribution of the cytoskeletal protein filaments of actin.
Moreover, the dipoles of actin become aligned along with the
electrical field orientation polarization in response to ES. This
ES-induced cytoskeletal structure rearrangement prompts cell
electrotaxis/migration.>*****® The cell migration orientation
is commonly observed towards the cathode; however, it
depends on the studied cell line.

Surface receptor redistribution

Due to the high electrical resistivity of the cellular plasma
membrane, electric-assisted cell processes occur in the outer
environment of the cell rather than in its interior. The presence
of applied ES can influence the redistribution of charged
ligand-receptors (such as integrins) present in the cell
membrane surface through electrophoresis. These electrical-
induced spatial responses prompt the interaction of integrins
(and also their linking proteins: actinin, talin, and vinculin)
with actin microfilaments. Consequently, the integrin-actin
interactions result in the formation of focal adhesion com-
plexes, which ultimately influence the cell behavior in terms of
adhesion and motility.>%>**

Adenosine triphosphate (ATP) synthesis

Cell membrane ATPases possess the capability to absorb elec-
trical energy (at a given frequency and magnitude) to induce
and regulate the activity of membrane proteins. The presence of
an electrical field orients the migration of protons (from the
cytosol) by electrophoresis towards the mitochondrial
membrane via H+ATPases proton pumps resulting in ATP
generation. In general, this increase in ATP concentration
enhances any cell activity that relies on energy consumption,

such as regenerative processes.””*>*® Moreover, ATP level
oscillations might induce cytoskeleton reorganization®®
2342 | Mater. Adv, 2022, 3,2337-2353
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(following the previously described cytoskeleton redistribution
mechanism), affecting cell attachment and migration.

Heat shock proteins (HSPs)

By definition, HSPs are proteins that cells produce when
exposed to temperature stress (above their growth threshold)
as a physiological stress response. It is hypothesized that the
presence of an exogenous electrical input mimics this physio-
logical stress acting as a stress inducer. Thus, it triggers a
cellular response prompting the formation of stress proteins
such as HSPs. These HSPs can interact with several transcrip-
tion factors and extrinsic/intrinsic signalling pathways behind
cell proliferation and differentiation.>®>**°

Reactive oxygen species (ROS)

Electrical field-induced ROS generation is considered another
important factor that influences the metabolic activity of cells.
ROS are naturally produced by nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase reactions. It is postulated that
through ES, the membrane potential is affected (ion channels
via electroporation), which influences the redox of NAPH that
ultimately leads to ROS generation.”® It is commonly known
that ROS leads to detrimental effects such as apoptosis, necro-
sis, DNA damage, and oxidation of proteins/lipids (oxidative
stress). Nevertheless, moderate levels of intracellular ROS can
induce cell differentiation and proliferation.>**>>*~>3

Lipid rafts

It is generally accepted that the electrical field induces the
polarization of cell membrane proteins and receptors that can
regulate cell migration. Therefore, discrete glycolipid domains
in the plasma membrane redistribute and congregate (originat-
ing lipid rafts) in response to the exogenous electrical field.
Thus, lipid raft microdomains act as initial sensors towards
electrical signals. Lipid rafts congregate in response to the
electrical field, increasing in size and reducing their motility.
Finally, lipid rafts polarize, which consequently induces intra-
cellular activities that modulate cell migration.”®>*>%3>

The briefly described cell mechanisms upon ES are inter-
connected in a complex cascade of events in cells and tissues.
The success of exogenous ES on cells depends on several
variables, including the chemical nature of the culture med-
ium, experimental setup methodology of ES, and frequency,
duration, and magnitude of the applied electrical stimulus. The
latter is considered a crucial factor to modulate cell death upon
ES.>°

Considering cells seeded on a conductive scaffold (Fig. 3D),
a general electrical stimulation dose threshold of <1 V em™*
was reported.>>” Conversely, the literature also reports greater
vales of ES ~ 500 V. em ™" to induce cell death if cells are seeded
on non-conductive scaffolds.>® This indicates that the chemical
nature of the polymer-based scaffold and its conductivity plays
a significant role in establishing an electrical threshold. More-
over, another critical parameter to be considered when deter-
mining the successful outcome of ES on cells is the type of cell
line. Each cell line presents some unique responses/behaviours

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and mechanisms under the applied electrical field, and
detailed, thorough descriptions are beyond the scope of the
present review.

4. Common electro-responsive
polymers utilized in the design of
electro conductive scaffolds regarding
ES-assisted cell engineering

Conductive polymers can establish the required potential gra-
dient by electrically stimulating cells and inducing several
metabolic activities. Compared to non-conductive polymers,
electro-responsive ones present some advantages, such as the
development of ionic and/or electro-conductive scaffolds and
the design of electro-responsive platforms with different sizes
and shapes presenting intricate and complex geometries. More-
over, conductive scaffolds work as a bridge to ensure the
communication between the precisely tuned exogenous elec-
trical potential and cell lines. Thus, it properly delivers elec-
trical signals to cells and provides a suitable environment to
accommodate cells and support their metabolic activities
promptly.l’s’sg_Gz

Several electro-responsive polymers are used in the develop-
ment of advanced conductive cell culture/tissue engineering
scaffolds, including those from the conjugated polymer family
poly(pyrrole) (PPy),**"*> polyaniline (PANI),**° poly(3,4-
ethylene dioxythiophene) (PEDOT)),”"”* and polysaccharides
(chitosan (CS)),”>®" hyaluronic acid (HA),*” and alginate
(ALG).**®* Conductive scaffolds are also commonly obtained
by combining highly conductive carbon-based materials (e.g.,
carbon nanotubes (CNTs),**"®® multiwalled carbon nanotubes
(MWCNTs),”®#%° graphene (GR),”*** graphene oxide (GO)**
and reduced graphene oxide (rGO))*>® with non-conductive
polymers such as poly(lactic acid) (PLA), poly(e-caprolactone)
(PCL), poly(ethylene glycol) (PEG), collagen and its derivatives.

To investigate the possibility of employing electro-
responsive polymers for developing conductive scaffolds for
electro-assisted stimulation of cells, understanding the con-
ducting mechanism of the constituent polymer is essential.

Conjugated polymers (CPs) are by far the most electro-
responsive polymers commonly employed in the development
of conductive scaffolds for tissue engineering applications
(Fig. 5A). Conjugated polymers belong to the class of electro-
conductive polymers, and their conducting mechanism is
intrinsically related to their organic backbone structure and
doping process (Fig. 5B and Fig. 5C, respectively).

Briefly, conducting polymers (such as PPy, PEDOT, and
PANI) present a unique chemical structure configuration con-
sisting of alternating single (o) and double () bonds. Unlike
saturated single bonds, unsaturated double bonds also present
weakly localized n-bonds. Their p-orbitals are overlapped with
each other creating a more easily delocalized pathway. This
pathway prompts electrons to flow alongside its backbone,
allowing electro-conductivity. To enhance or endow electrical

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review
A)
H < : H : : i >
N N N N
n 1-n
m
PANI X\
o o]
/ \ PPy / \ PEDOT
N s
H
n n
o o o o o
C—C—C—¢C B)
1 p »
LN
- T T - T T |
\ "\ LAY
\\ /I \\ // \éﬁ

Fig. 5 Chemical structure of commonly utilized conjugated polymers for
electro conducting scaffolds (A); illustration of its conducting mechanism
on a conjugated backbone (B); scheme of the doping process (C).

conductivity, CPs undergo doping processes that involve
adding (reduction) or removing (oxidizing) electrons to/from
polymeric backbones through the utilization of dopants
(e.g., hydrochloric acid or sulphonic acid). Oxidizing agents
(p-dopants) remove electrons from the valence band (highest
occupied orbital) and transfer them to the conduction band
(lowest unoccupied orbital).

Conversely, reduction agents (n-dopants) add electrons to
the conduction band where a radical anion is formed (polaron).
A polaron consists of a loosely held electron surrounded by a
crystal lattice distortion. Upon ES, the charge is carried in the
form of these polarons that travels towards the working elec-
trode, disrupting the stable conjugated backbone allowing the
conduction of electrons. In general, the conductivity range of
these classes of polymers is 10 >-10°> S cm ™~ '. However, several
variables influence the conductivity amplitude, including the
chemical nature of the CPs, polymer chain length, temperature,
dopant concentration, and size and steric factors.>?”~%°

Finally, these polymers are often combined with other
materials (e.g., CS, collagen, PEG, and poly(vinyl alcohol)
(PVA)) in order to compensate for their brittleness, low degree
of swelling, and insolubility.”°

Similarly, carbon-based materials such as GR, GO, rGO,
CNTs, and MWCNTs (Fig. 6A and B) possess electro-
conductivity based on their chemical structural organization.
Like CPs, carbon-based materials present alternating o-n
bonds arranged in long sheets of hexagonal aromatic rings.
Once again, this specific organization of single-double-single
chemical bonds allows the formation of a “sea of delocalized
electrons” (due to the overlap of p-orbitals from the m-bonds)
that prompts the flow of electrons through this easily

Mater. Adv., 2022, 3, 2337-2353 | 2343
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Fig. 6 Structural illustration of graphene-based materials (A), carbon
nanotubes and their atomic arrangement configuration (B). Reprinted from
ref. 100, Copyright 2014; reprinted from ref. 101, Copyright 2019 John
Wiley & Sons Ltd, reprinted from ref. 102, Copyright 2016 Royal Society of
Chemistry.

delocalized pathway, which, ultimately, results in a high
electro-conductivity of up to 10’ S m~'. The unique atomic
organization of the aromatic rings that comprise these materi-
als directly influences their electrical properties.

The classic examples are armchair, zigzag, and chiral con-
formations (Fig. 6B). The armchair conformation presents the
highest electrical conductivity due to its lower
bandgap.>*'°°'** Carbon-based materials are often utilized
as filler agents to endow high conductivity to polymeric
matrixes regarding tissue engineering applications.

Polyelectrolytes are a unique class of materials that present
ionisable acidic and/or basic groups alongside their polymer
backbone. Different from the electron-conducting materials
presented earlier, polyelectrolytes belong to the class of ion-
conducing materials. Their conducting mechanism is based on
the electrophoretic diffusion of their mobile counterion (an
anion in the case of a polycation) in response to an applied
electrical field (Fig. 7)."%*

These materials can be classified as single ion-conducting
since the primary ion is chemically attached to the polymeric

Fig. 7 Schematic representation of the ion conducting mechanism of
polyelectrolytes (considering a polycation as an example).
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backbone, and its counterion is free to move. Upon ES, mobile
counter ions diffuse towards oppositely charged electrodes (free
anions electrophoretically diffuse towards the anode), acting as
charge carriers, allowing the electric current to flow.

They are present in various configurations depending on the
chemical nature of the polymer, namely polycations, polya-
nions, amphoteric polyelectrolytes, and polyzwitterions. Classic
examples of polyelectrolytes include natural polymers (such as
CS, alginate, and hyaluronic acid) and synthetic ones
(poly(acrylic acid), Nafion®, and Flemion™®).

Several variables can be used to tune the ionic conductivity of
these materials, including the degree of crosslinking, chemical
nature of the polyelectrolyte, the magnitude of the electrical field,
temperature, swelling degree, size of counterions, and ionic
strength of the aqueous environment.'”"% Polyelectrolytes are
frequently used in the design of conducting scaffolds for cell
culture due to their gel-forming capability and versatility.

5. Current electro-responsive
polymer-based scaffolds for
ES-assisted cell engineering

Several studies report the use of conductive polymer-based
scaffolds for cell culture and tissue engineering applications
without ES. These systems rely on the synergy between the
endogenous ES of the cells and the conducting behaviour of the
scaffold that could prompt cell metabolic activity. Nevertheless,
these systems are not considered in the present review since
they focus on electro-conductive platforms for electro-assisted
cell culture.

Table 1 summarizes the main information from several
exogenous ES-assisted cell stimulation studies throughout the
literature (considering the last 5 years) of conductive platforms
based on different polymeric materials. A more detailed
description of each system is given in the next section of
this work.

5.1 Polypyrrole (PPy)

PPy is one of the most explored conjugated polymers used in
the design of conductive scaffolds for biomedical applications
due to its high conductivity, and biocompatibility.

An interesting study performed by Song et al. evaluated the
effect of scaffold geometry on human neural progenitor cell
(hNPC) metabolism under electrical fields of 0 and ~40 Vm .
In their study, 2D (thin films) and 3D (tubes) PPy-based con-
ductive scaffolds were developed, and hNPC-alginate solutions
were dispensed to each scaffold for further electro-assisted cell
culture. hNPC-seeded scaffolds were electrically stimulated for
1 h and incubated for 24 h prior to quantitative gene expression
analysis. The results demonstrated that (for a fixed scaffold
geometry), several gene expression factors such as heparin-
binding EGF like growth factor (HBEGF), heat shock protein
family member 1 (HSPB1), glial cell-derived neurotrophic factor
(GDNF), brain-derived neurotrophic factor (BDNF), neurotro-
phin 3 (NTF3) and enolase 2 (ENO2) were up to 33-fold higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of recent electro-responsive polymer-based platforms for electrostimulation of cells

Conductive material

Cell line

Electrical stimulus

Main findings

Ref.

PPyc=578+42Sm '

PPy-coated cellulose ¢ =
~24x107°Sem ™

PAN/PANI/Ni ¢ = 47.0 &+
1.0 mScem !

PDA-functionalized PU/PANI
6=~90x10*Scem™*

PEDOT-co-PDLLA CSC =
417 + 62 pC em ™2

PEDOT:PEG o = 2.49 X
103Sem™?t

PLA-CS doped with NPs
6= —

CS/PPy-PLA/PCL
6=1.03Sm*

HA-CNTs CSC = ~35 mF cm ™2

Collagen-GR ¢ = 3.93 mS cm ™"

Agarose-MWCNTSs ¢ =

~15Sm*

PCL-rGO ¢ = 6.8 £+ 0.36 X
10°Sm*

hNPCs

SH-SY5Y

SCs

rBMSCs

NIH-3T3

C2C12

MG-63

PC12

Lumbar dorsal
root ganglia

BM-MSCs

RSC96

hBM-SCs

0to ~40 Vm™* for 1 h in vitro

100 mV mm ™" at 1 Hz pulses
in vitro

100 mV ecm ™" for 1 h per day
over 5 days in vitro

+500 mV cm ™ for
1 h per day in vitro

+1 mV over 1800 s in vitro

2V, 10 ms at 1 Hz for
4 h per day over 7 days
in vitro

5 V DC over 7 days in vitro

100 mV for 2 h per day over
5 days in vitro

150, 200, and 250 mV mm™*
AC, 25 Hz, +25 ms over 30 or
60 min in vitro

1V for 5 min in vitro

3 -4V for 30 min per day,
10 Hz in vitro

30 V for 3 h in vitro

© 2022 The Author(s). Published by the Royal Society of Chemistry

o Correlation between the scaffold’s physical
conformation and electrical stimulation on
gene profile of hNPCS

e Significant changes in neurotrophic gene
expressions under ES

e Physical conformation affects spatial electrical
conductivity and nutrient availability

o Conductivity independent of fiber orientation
of synthesized electrospun

e Longer and more branched neurites were
observed upon ES onto conductive scaffolds

o Aligned surface morphology combined with
ES resulted in oriented neurite outgrowth

e Doping of Ni nanoparticles as an interesting
approach to enhance electrical conductivity

e Higher electrical conductivity ensures proper
electrostimulation of nerve cell growth

e More rapid (2.1x faster) SC proliferation upon
ES.

o Higher amount of PDA led to an increase in
cell adhesion and spread under ES

e Greater (~1.3x greater) ALP expression upon
ES

e The presence of exogenous ES enhanced (up
to 2.4x greater) cell adhesion

o Higher cell proliferation was observed under
ES

e Both morphological and electrical cues had a
synergistic influence on cell activity

e Upon ES, higher (~2x greater) gene expres-
sion was observed

e Hydrogel’s chemical nature dependence on
cell response upon ES

e Metallic NPs granted higher conductivities
that prompted greater biomineralization upon
ES

o Synergy between scaffold morphology and ES
in cell growth and differentiation

e Neurite length and cell differentiation were
slightly superior under ES

e Organized surface morphology and ES guided
directional growth of neurites

e An electrical threshold of 200 mV mm ™" (for
30 min) was suggested to significantly induce
neurite outgrowth

e Longer neurites were observed under ES

e Conducting materials support cell growth and
proliferation, and also an increase in gene
expression under ES

e Exogenous ES led to an increase in several
neuronal lineage markers during differentiation
experiments

e Modular cell adhesion (upon ES) according to
MWCNT content was observed

o Better cell layer arrangement and adhesion
under ES.

o Cell viability dependent on rGO content under ES

o Higher cell adhesion observed upon exogenous ES
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Fig. 8 hNPC gene expression factor fluctuations using 2D (thin films) and
3D (tubes) PPy-based scaffolds under ES (ANOVA *p < 0.05, **p < 0.01
and ***p < 0.001). (a) NCAM1, HBEGF, HSPB1, ENO2, and VEGF-A and (b)
GDNF, BDNF, and NTF3. Reprinted from ref. 63, Copyright 2019 Nature.

BDNF

under ES when compared to those results without the applica-
tion of an electrical field (Fig. 8).

More interestingly, when comparing the results of gene
expression values obtained for 2D and 3D scaffolds, it was observed
that the scaffold shape presented an influence in determining the
therapeutic potential of hNPCs. Under ES, 2D scaffolds enhanced
the gene expression of ENO2 (Fig. 8a), whereas 3D scaffolds were
more efficient in GDNF and BDNF neurotrophic factor expression
(Fig. 8b). These gene expression factor variations are essential in
several neurodegenerative diseases, namely Parkinson’s, Alzhei-
mer’s, and Huntington’s."*

Elashnikov conducted another interesting study regarding
cellulose acetate butyrate (CAB)/PPy-based nanofiber scaffolds
for the electrical stimulation of human neuroblastoma cells
(SH-SY5Y).** The focus was to observe the synergy interplay
between the scaffold’s physical cues and electrical signals on
neuronal cell behaviour.

The results demonstrated that the surface topography of
conductive scaffolds, as well as electrical signals (100 mV mm "
at 1 Hz pulses for 1 h), presented a direct influence on cell
growth, orientation, and alignment. Compared to control
(TCP), the presence of conductive PPy on the scaffold induced
significant changes in the morphology of SH-SY5Y cells, for
both stimulated and non-stimulated samples.

2346 | Mater. Adv, 2022, 3, 2337-2353
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Additionally, the surface topography of conductive scaffolds
prompted oriented cell growth when comparing aligned and
uniaxial aligned platforms.

The effect of electrical stimulation on cell metabolic activity
was also observed for electro-conducting CAB/PPy-based scaf-
folds. In general, applying an electrical stimulus on SH-SY5Y
cells increased the average neurite length and branching
points. The cell viability assay was also performed to address
the effect of ES upon cell metabolic activity.

The results demonstrated a linear relationship between long
periods of ES time (up to 7 days) and a decrease in the cell
metabolic activity (inhibited proliferation). The authors suggest
that this reduction in SH-SY5Y proliferation is because these
cells undergo differentiation after electrical stimulation.®*

5.2 Polyaniline (PANI)

PANI is another classical CP widely utilized in developing
conductive scaffolds due to its excellent conductivity, chemical
stability, and processability. Polyacrylonitrile(PAN)/PANI elec-
trospun nanofibers doped with Ni nanoparticles were synthe-
sized to investigate the effect of scaffold impedance on
Schwann cell (SC) metabolism after electrical stimulation.”

The results demonstrated that the electro-conductivity of the
scaffolds was enhanced by the presence of PANI (compared to
control) and significantly higher (~6.5x higher) when further
doped with Ni nanoparticles, as expected. To evaluate the interplay
between the scaffold’s conductivity and SC fate under ES, a
proliferation experiment was performed (Fig. 9). The results suggest
that similar optical density (OD) values were observed for samples
without ES, regardless of the intrinsic conductivity.

Conversely, ES samples doped with Ni nanoparticles (and thus
those with higher electro-conductivity) presented the highest (4.7 x
greater) cell proliferation when compared to those samples mea-
sured without ES. Moreover, SEM micrographs revealed higher cell
attachment onto scaffolds with higher electro-conductivity (PAN/
PANI/Ni) when electro stimulated, which corroborates with pre-
viously reported cell proliferation results.”®

Another interesting study regarding electro-responsive
PANI-based scaffolds was conducted by Ghorbani et al. In this
study, the influence of the chemical composition of prepared

* p-value $ 0.05 A)

[IPAN/PANI
4.5{ mmPANPANINI
[ PANPANI (ES)

~4. PANPANIN (ES)

PAN/PANI PANPANI+ES  B)

* PAN/PANI+ES ~ PAN/PANINi +ES

3d
Fig. 9 Proliferation behaviour (A) and SEM images (B) of SCs as a function
of the chemical nature of conductive scaffolds and presence of ES
(100 mV cm™ for 1 h per day over 5 days) (ANOVA * significant difference
p < 0.05). Reprinted from ref. 70, Copyright 2021 Elsevier.
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electrospun polyurethane (PU)/PANI scaffolds, modified with
bioactive polydopamine (PDA), on metabolic responses of rat
bone marrow mesenchymal stem cells (rBMSCs) in the
presence/absence of ES was determined.®’

Different electrospun formulations were prepared, including
PU/PANI + PDA and PU/PANI/PVA + PDA. The presence of PVA
in the chemical composition of electrospun scaffolds signifi-
cantly influenced several physicochemical, electronic, and
mechanical properties. Therefore, lower water contact angles
(~2x inferior), higher Young’s modulus (~1.3x greater), and
lower conductivity (~1.3x lower) were observed for PU/PANI/
PVA + PDA samples when compared to PU/PANI + PDA. More-
over, higher osseointegration was observed for PU/PANI/PVA +
PDA scaffolds immersed in simulated body fluid (SBF) due to
the higher hydrophilic character of PVA that prompted the
ionic interactions of SBF ions with the scaffold, which ulti-
mately promoted hydroxyapatite formation.

The effect of ES (£500 mV cm ' for 1 h per day) was
evaluated on rBMSC adhesion and viability. In general, the
applied electrical field enhanced cell spreading and filopodia
formation onto conductive PANI-based scaffolds. Finally, the
influence of exogenous electrical fields on cell differentiation
capability (osseoblast generation) was addressed and evaluated in
terms of alkaline phosphatase (ALP) expression. The
results demonstrated that a higher concentration of ALP expression
(up to ~1.3x greater) under ES was observed for 14 days. The
developed electro-conductive PANI-based scaffolds could be con-
sidered promising platforms for bone repair applications.”’

5.3 Poly(3,4-ethylene dioxythiophene) (PEDOT)

The poly(thiophene) derivative, PEDOT, is another classic
example of a conducting polymer commonly employed in the
development of conductive scaffolds for tissue engineering
applications. PEDOT presents high conductivity, biocompat-
ibility, and hydrophobicity similar to other electron-conducting
polymers from the CP family. Combining PEDOT with more
biodegradable and hydrophilic polymers is a strategy used to
overcome its low intrinsic biodegradability. Copolymers of
PEDTO-co-poly(pr-lactide) (PDLLA) films were synthesized.
The developed scaffolds worked as conducting platforms for
fibroblast cell culture, focusing on exploring the effect of ES in
cell adhesion and proliferation processes.”” Proliferation stu-
dies of NIH-3T3 cells seeded on conductive scaffolds showed a
significant influence of the applied exogenous electrical field
(Fig. 10A). An increase in fibroblast proliferation was observed
for electro-stimulated conductive PEDOT-based samples, which
prompted better development of NIH-3T3 cells for 11 days.
Therefore, SEM micrographs also revealed that in the presence
of electrical potential, higher cell adhesion and growth were
obtained when compared to samples without ES (Fig. 10B).””
The presence of conducting PEDOT on PEG-based hydrogels
was demonstrated to enhance the differentiation of C2C12
myoblasts into myotubes.”! The results demonstrated an inter-
esting interplay between scaffold surface pattern and conduc-
tivity in myoblast differentiation and migration (Fig. 11). The
myotubes’ spatial configuration was different according to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 MTT assay of PEDOT-based films (A) and SEM micrographs (B) of
NIH-3T3 fibroblasts in the presence or absence of electrical potential of
1 mV (ANOVA * significant difference p < 0.05). Reprinted from ref. 72,
Copyright 2020 American Vacuum Society.

surface of each hydrogel (either flat (F) or patterned (P)). For
example, thicker and shorter myotubes were observed in hydro-
gels presenting a flat surface compared to patterned ones.
Moreover, concerning the influence of ES, myotubes were more
connected to each other and highly oriented when compared to
the same samples where no ES was applied. PEG-PEDOT
hydrogels reveal the importance of conjugating surface proper-
ties (anisotropic architecture) with electro-conductivity result-
ing in the design of advanced scaffolds with promising tissue
engineering applications.”"

5.4 Chitosan (CS)

The deacetylate form of chitin, also known as chitosan (CS), is a
natural polymer found in exoskeletons of arthropods and cell
walls in fungi. It is a polycationic polysaccharide broadly
explored for a diverse array of biomedical applications due to
its intrinsic properties, namely biodegradability, biocompat-
ibility, availability, bioadhesion, antimicrobial activity, pH-
responsive capacity, processing versatility, and gel-forming
capability."*'"> Taking advantage of the array of CS properties,
this polysaccharide is often combined with conductive materi-
als to obtain advanced biocompatible/biodegradable and con-
ducting scaffolds for ES-assisted tissue engineering. PLA-CS
hydrogels loaded with different nanoparticles (such as titanium
dioxide (TiO,), gold (Au), and platinum (Pt)) were developed.””
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma01012c

Open Access Article. Published on 01 February 2022. Downloaded on 7/14/2025 10:15:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

PEGIF PEG-PEDOTIF PEG-PEDOTIP

w/o ES

50um

w/ ES

Fig. 11 Influence of the physicochemical nature of hydrogels on myotube
formation with (w/) and without (w/o) ES. Immunostaining images reveal
the expression of myosin heavy chain (green) and nuclei (blue) on day 7 of
culture. Reprinted from ref. 71, Copyright 2019 American Chemical
Society.

The effect of direct current ES (of 5V) was directly assessed
by biomineralisation experiments with human osteosarcoma
cell line (MG-63) in SBF medium. The results demonstrated
that a difference in the DC-induced biomineralisation percen-
tage was observed according to the type of metallic nano-
particles present in each hydrogel. Au-loaded samples present
the highest (up to 1.25x higher) biomineralisation percentage
compared to Pt-/TiO,-loaded samples and control (PLA-CS
hydrogels without nanoparticle loading). This result is attrib-
uted to the highest electro-conductivity of gold nanoparticles
that provoked the ionic interactions between the scaffold and
the electrolytes (e.g:, calcium and phosphorous) present in the
SBF medium.”’

Another interesting study regarding chitosan-based conduc-
tive platforms has been recently performed for nerve repair and
regeneration applications. Therefore, CS/PPy-PLA/PCL fibre
films were prepared for ES of PC12 cells.®® The study was
focused on the influence of electrical cues, and the presence
of chitosan on cell metabolic activities such as differentiation,
neurite growth, and adhesion. In general, the results demon-
strated a synergetic interplay between the chemical nature of
chitosan and the electrical signals. For instance, the neurite
growth and cell differentiation rate (Fig. 12A and B, respec-
tively) were greater (at least 3x greater) for samples containing
CS without applying an electrical stimulus. Moreover, the
application of ES (100 mV, 2 h per day for 5 days) led to a
discrete increase in the neurite length and cell differentiation
ratio with the cultivation time.

Concomitantly, immunofluorescence micrographs revealed
that the presence of chitosan induced higher cell outgrowth.
This experiment also demonstrated that upon ES, longer neur-
ites were observed for samples containing CS compared to
those without CS in its formulation (Fig. 12C). Finally, the
impact of electrical cues on PC12 attachment onto CS-based
films was evaluated (Fig. 12D).

The results demonstrated that neurites attached to the sur-
face of samples and growth cones were more elongated, pre-
senting more filopodia around them.®® Moreover, the fibre-
patterned surfaces of the prepared films were able to guide and
orient neurite growth along the fibre axis.
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Fig. 12 Effect of the chemical nature of the prepared films and also of the
electrical cues on neurite length (A) and cell differentiation ratios (B);
immunofluorescence (phalloidin/DAPI) micrographs of cells seeded on
synthesized samples (orange arrows indicate the direction of fibre axis) (C);
SEM micrographs of PC12 cells attached to the surface of CS-based
samples with and without ES (cells are marked in pink and filopodia sites
are highlighted by black arrows) (D). Reprinted from ref. 65, Copyright
2019 John Wiley & Sons Ltd.

5.5 Other polymers conjugated with carbon-based materials

Carbon-based materials such as CNTs, MWCNTSs, GR, GO, and
rGO are widely utilized as fillers to induce or promote high
electro-conductivity in several platforms regarding tissue engi-
neering applications.'®?

A recent work developed conductive platforms based on HA-
CNTs nanofillers.®” The influence of exogenous ES magnitude
(AC of 150, 200, and 250 mV mm™ ', 25 Hz biphasic square
waves, + 25 ms pulse width and + 50% duty cycle) on lumbar
dorsal root ganglia cell metabolism was evaluated. In general,
the results demonstrated that upon ES, longer neurite out-
growth was observed compared to samples without electrical
stimulus. More interestingly, the results suggest an electrical
field threshold of 200 mV mm ™" for 30 min to obtain signifi-
cantly longer neurites. Another important observation is the ES
application time regime. Independent of the chemical nature of
the synthesized scaffold, the neurite length was similar at
either 200 or 250 mV mm™ ' applied for 30 min. Nevertheless,
for 60 min of ES at 200 mV mm ™, higher neurite growth was
observed for HA-CNT scaffolds when compared to HA or
unstimulated samples.®*

Conductive collagen—-graphene cryogels with potential tissue
engineering applications were also developed.”® The effect of
the electrical stimulus on rat bone marrow-derived mesenchy-
mal stem cells (BM-MSCs) and their differentiation into
neuronal-like cells was demonstrated. Herein, amine- functio-
nalized graphene was utilized as a crosslinker agent and as a
filler to promote electro-conductivity in the designed cryogels.
Electrical cues of 1 V for 5 min were utilized to promote electro-
stimulation of cells previously seeded on scaffolds. The authors
have discovered that different gene expressions (CD73 and
CD90) could be obtained according to the chemical nature of
the scaffolds under ES.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Immunochemistry images of BM-MSC differentiation behaviour
on conducting scaffolds in the presence and absence of an electrical field.
Codes are denoted as: electrically stimulated (ES), non-electrically stimu-
lated (NES) and (4’,6-diamidino-2-phenylindole) (DAPI) blue-fluorescent
DNA stain. Reprinted from ref. 92, Copyright 2021 Elsevier.

Moreover, these gene expression fluctuations were also time-
dependent. For instance, a decrease in CD73 gene expression
was observed as the graphene content of scaffolds increased for
up to 3 days of measurements under ES.

Conversely, the increase in graphene content and the
presence of an electrical field significantly augmented the
CD73 gene expression levels at day 5. In the case of CD90 gene
expressions, the increase in graphene content led to a decrease
in CDY0 levels after day 5 of ES.

Additionally, an inverse relationship was observed between
the CD90 gene expression and the graphene content without
ES. The differentiation capability of BM-MSCs under the influ-
ence of electrical fields was studied in vitro for cells seeded on
conducting scaffolds. The immunocytochemistry results
(Fig. 13) reveal that conducting scaffolds could promote cell
differentiation in the presence and absence of ES. In the
presence of ES, expressions of mature (Neu N) and immature
neuron marker (B-tubulin III) were observed for BM-MSCs
cultured on scaffolds. This result suggests that the developed
scaffolds are promissing platforms to potentially induce cell
differentiation upon ES.%*

Agarose hydrogels filled with MWCNTs were developed to
evaluate the influence of ES on the Schwann cell line (RSC96).%°
An electrical stimulus of 3-4 V for 30 min per day at a frequency
of 10 Hz was applied to induce RSC96 cell growth onto the
scaffolds. The results demonstrated highly conductive scaffolds
(conductivity up to ¢ = ~1.5 S m~ ') and supported cell growth
without ES. Nevertheless, a higher cell arrangement was
attained along the longitudinal axis of scaffolds upon applying
electrical signals.

Additionally, the presence of an electric field-induced higher
cell adhesion on hydrogels with 0.025 and 0.05 wt% MWCNTSs
is observed compared to control (0% MWCNTs) and 0.1%
MWCNTs scaffolds.”®

Another attractive conducting scaffold was obtained by
combining PCL with rGO particles.”® The metabolic activity of
human bone marrow-derived mesenchymal stem cells (hBM-
SCs) on 3D-printed scaffolds in the presence of electrical cues
(30 V for 3 h) was evaluated. Briefly, the presence of rGO
(10 wt%) particles in the 3D-printed scaffold increased the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cell-scaffold interactions by reducing its hydrophobicity and,
thus, prompted cell adhesion and increased cytocompatibility.
Moreover, the presence of electrical cues led to an increase in
cell adhesion (at least 1.5x higher) for all samples (indepen-
dent of the presence of rGO particles).”®

6. Conclusions

The electrical stimulation of cells can induce several metabolic
pathways, namely modulation of Ca®" concentration, cell
membrane polarization, spatial redistribution of membrane
proteins, reorganization of actin microfilaments/cytoskeletal
structures, and alteration of the conformation of integrins.
These alterations lead to different cell metabolic activities such
as proliferation, differentiation, adhesion, alignment, migra-
tion, and apoptosis.

Different methodology strategies were employed to develop
conductive scaffolds for ES-assisted cell culture/tissue engineer-
ing, namely electrospinning, lyophilization, solvent casting,
AM-related methodologies, and micropatterning. The former
is the most commonly employed approach to designing con-
ductive scaffolds with oriented surface patterns.

Several polymers were utilized in the design of advanced
conductive scaffolds with tuned response upon ES, including
conjugated polymers (PEDOT, PPy or PANI), natural polymers
(CS and collagen), and carbon-based materials (e.g. CNTs,
MWCNTs, GO, and rGO) combined with PEG, PCL, and PLA
matrixes. Most of these systems are composed of two or more of
these materials in attempting to obtain high conductivity-
biocompatibility/low cytotoxicity-biodegradability synergy.

The physicochemical and electrical properties of the scaf-
folds play a significant role in determining cell fate. Moreover,
cell metabolic activities triggered by ES cues are described by
several complex mechanisms which are not fully understood.
Obtaining advanced engineered scaffolds that present precise
and finely reproducible results regarding cell culture systems
are still a considerable challenge. With this in mind, the lack of
information in the literature regarding the washing procedure
of designed scaffolds is an important factor that must be
considered. Residual components present in the produced
scaffold can affect its physicochemical, mechanical, and elec-
trical properties, impacting cell metabolism and, thus, cell fate.

Another key factor that is often disregarded is the biodegrad-
ability of the polymer-based conducting platforms. To the best of
our knowledge, the majority of the studies developed so far are
more focused on providing “proofs of concepts” with respect to ES-
assisted cell culture and biocompatibility rather than its biodegrad-
ability. Indeed, there is a clear effort to utilize polymers that are
potential candidates to induce biodegradability (such as chitosan,
cellulose, alginate, collagen, PLA and PEG) by enzymatic and/or
hydrolytic pathways. Nevertheless, few data are currently presented
and should be addressed in the following studies regarding con-
ducting platforms for ES-assisted cell culture.

Efforts are currently being made to develop conducting
scaffolds that can precisely control/regulate cell metabolism

Mater. Adv., 2022, 3, 2337-2353 | 2349
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under ES. Furthermore, the synergy between the physicochem-
ical and mechanical properties of the scaffolds and cell meta-
bolism is explored. Nevertheless, due to the complexity of each
cell line and its specificities, the application of these advanced
conducting scaffolds in complex environments (e.g., in vivo) is
an important subject that requires more clarification and data.

The obtainment of highly engineered scaffolds that simulta-
neously present several properties including biocompatibility,
antifouling, and antibacterial capacity, presence of intercon-
nected porous cavities, and electro-responsiveness capable of
being transversal to different cell lines is the huge challenge to
be addressed in future investigations. Moreover, thoroughly
evaluating the performance of in vitro ES-cultured tissues and
in vivo systems could also be an important step in shaping and
guiding further scaffold technologies for electro-assisted cell
culture engineering.

Abbeviations

ALG Alginate

ALP Alkaline phosphatase

AM Additive manufacturing

ATP Adenosine triphosphate

BDNF Brain-derived neurotrophic factor
CA Contact area

CAB Cellulose acetate butyrate

CNTs Carbon nanotubes

CPs Conjugated polymers

Cs Chitosan

E Elastic (Young) moduli

ECM Extracellular matrix

EGF Endothelial growth factor

EMS Electromagnetic stimulation

ENO2 Enolase 2

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinases
ES Electrical stimulation

FFF Fused filament fabrication

GDNF Glial cell-derived neurotrophic factor
GO Graphene oxide

GR Graphene

HA Hyaluronic acid

HBEGF Heparin-binding EGF

hNPCs Human neural progenitor cells
HSPB1 Heat shock protein family member 1
HSPs Heat shock proteins

JNK Jun amino-terminal kinases

MAPK Mitogen-activated protein kinase
mRNA Messenger RNA

MWCNTSs Multiwalled carbon nanotubes
NADPH Nicotinamide adenine dinucleotide phosphate
NTF3 Neurotrophin 3

OD Optical density

PAN Polyacrylonitrile

PANI Polyaniline
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PCL Poly(e-caprolactone)

PDA Polydopamine

PDLLA PEDTO-co-poly(DL-lactide)

PEDOT Poly(3,4-ethylene dioxythiophene)
PEG Poly(ethylene glycol)

PLA Poly(lactic acid)

PPy Polypyrrole

PU Polyurethane

PVA Poly(vinyl alcohol)

R Surface roughness

rBMSCs Rat bone marrow mesenchymal stem cells
rGO Reduced graphene oxide

ROS Reactive oxygen species

SBF Simulated body fluid

SCs Schwann cells

SH-SY5Y Human neuroblastoma cells
TGF-f1 Transforming growth factor-beta 1
VEGF Vascular endothelial growth factor
WCA Water contact angle
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