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Highlights
The human body contains endog-

enous electrical currents due to the

flow of ions. Electrical fields

generated across cell membranes

are involved in cell migration, pro-

liferation, and differentiation, and

the repair and regeneration of

tissues.

Electroactive biomaterials incor-

porating metals, metalloids, gra-

phene and graphene derivatives,

conductive polymers, and piezo-

electric polymers have low re-

sistivity. Cell behaviors, such as

attachment, migration, prolifera-

tion, and differentiation, are

enhanced in electroactive

biomaterials.

The synchronous contractibility of

skeletal muscle and cardiac excit-

able cells can be modulated by

applying external electrical fields.

Stem cells can be differentiated

towards cardiac, skeletal muscle,

neurogenic, or osteogenic lineages

by applying specific external elec-

trical fields even without the use of

differentiation cell culture media.
Tissue engineering and regenerative medicine (TERM) are paving the way to the generation of

functional and mature biological tissues that closely emulate cellular, biochemical, and mechan-

ical cues. Electrical fields in the human body modulate myriad biological processes, such as syn-

apses, muscle contraction, hearing, and wound healing, which were disregarded in TERM until

recently. To preserve and improve tissue electrophysiology, cells can be loaded in electroactive

biomaterials and stimulated with exogenous electrical fields. Here, we review how electrical

stimulation and electroactive biomaterials can be used to instruct cells to create more mature

and functional tissue-engineered constructs. We also highlight the most recent electroactive en-

gineered tissues developed for TERM.

Importance of Electrical Fields in Tissue Engineering and Regenerative
Medicine

Tissue and organ transplantations are major successes in healthcare technology because they can

save the life of patients with terminal organ or tissue failure. However, these medical procedures

are limited by tissue and/or organ availability and donor suitability. They are not accessible for all pa-

tients and are associated with prolonged waiting times, which threatens the life of patients. The field

of tissue engineering and regenerative medicine (TERM) has emerged to respond to the lack of tissue

and/or organ availability [3]. Engineered tissues are created through the combination of biomaterials,

cells, and bioactive factors accurately selected tomimic the designated tissue. Bioengineered skin [4],

trachea [5], blood vessels [6], bladder [7], and urethra [8] have already been successfully transplanted

in humans, highlighting the viability of TERM strategies to replace and regenerate tissues and/or or-

gans. However, recreating functional biological tissues and/or organs is challenging due to difficulties

in recreating in vitro and in vivo environments that drive different cells to engineer a tissue.

Biological tissues are electrical systems with electrical fields (see Glossary) and currents due to the

flow of charged ions and consequent formation of ion gradients (Box 1). These electrical fields

mediate the communication of electrically excitable cells, such as neurons, and cardiac and skeletal

muscle cells, which mediate important physiological processes, such as synapses, and cardiac and

skeletal muscle contractions. The electrical currents existing in the body or created after injury are

also responsible for myriad biological processes mediated by nonexcitable cells, such as the proheal-

ing responses towards wound healing and regeneration [1]. Not only cells, but also extracellular ma-

trix proteins, such as collagen, fibrin, and keratin, can generate electrical currents upon mechanical

stress, a phenomenon known as piezoelectricity [2]. Given the significance of electrical fields in tis-

sues and in their regeneration, bioengineered tissues are being developed with electrical cues to pre-

serve cell–cell communication and to trigger tissue function.

The conductivities of biomaterials used in TERM strategies can be tailored to the same level as bio-

logical tissues [9]. Metals and metalloids, graphene and its derivatives, and conductive or piezoelec-

tric polymers are being used to develop electroactive biomaterials. Cellular behavior is altered in the

presence of electroactive biomaterials, especially after application of exogenous electric fields. This

highlights the significance of electrical stimulation in TERM. Here, we review the effects of electrical

fields and electroactive biomaterials on cell behavior, emphasizing the major progresses attained

over the past 3 years for TERM applications. The types of electrical field that positively affect cell

behavior are highlighted. Finally, we discuss the main features, advantages, and weaknesses of elec-

troactive biomaterials, as well as the significance of electroactive biomaterials and electrical fields for

TERM.
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Glossary
Action potential: alteration of the
membrane potential (membrane
depolarization followed by repo-
larization) of excitable cells owed
to the opening of voltage-gated
ion channels.
Bioelectricity: electric fields in the
human body that modulate the
behavior of cells and tissues.
Electric field: difference of electric
potential between two points.
Electrical conductivity (s): ability
of a biomaterial to conduct elec-
trical current; is inversely propor-
tional to the resistivity.
Electrical impedance (Z): total
opposition to the motion of elec-
trons in response to an alternating
current. Impendence comprises a
real part: the resistance (R): and an
imaginary part: the reactance (X).
Electrical reactance (X): inertia
against the motion of electrons
due to inductance (L) and capaci-
tance (C).
Electrical resistance (R): friction
against the motion of electrons in
response to a direct current (DC).
Electrical resistivity (r): resistance
of a biomaterial to conduct
electricity.
Inductance (L)/Capacitance (C):
ability of a biomaterial to store
energy in the form of a magnetic
and/or electric field.
Membrane potential: electric
fields existing across cell mem-
branes owing to the difference in
ion concentration inside and
outside the cell.
Piezoelectricity: electric current
that accumulates in materials
upon application of mechanical
stress.
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Endogenous and Exogenous Electrical Fields

Biological tissues are electrical potencies with endogenous electrical currents due to the flowing of

charged ions through ion pumps, gap junctions, or simple leaking across individual cells [10]. The dif-

ference in ion concentration inside and outside the cells generates an electric field across cell mem-

branes, named themembrane potential (Box 1). Cells are commonly at a resting state, but alteration

of the ionic balance andmembrane potential may lead to the activation voltage-gated ion channels at

cellular membranes. This alters the conformation of cellular membrane proteins, and the motion and

concentration of molecules both at cell membranes and intracellularly [10]. The excited cells are able

to form action potentials in response to small alterations of membrane potential that are critical for

neural communication and for the contraction of the skeletal and cardiac muscle cells (Box 1) [11].

Nonexcitable cells are also able to respond to alterations of membrane potential with proliferation,

orientation, migration, differentiation, and apoptosis that are involved per se in biological processes,

such as the establishment of the left–right body asymmetry, the circadian rhythm, biological sensing,

hearing, cell volume, secretion, contractility, cancer progression, wound healing, and regeneration

[10,11].

The awareness of the bioelectricity in human tissues places exogenous electrical fields in the spot-

light of research. Application of electrical fields in vitro (Box 2) is being explored not only to under-

stand better the effect of endogenous electrical fields over cells, but also as a way to modulate

cellular responses towards finding new treatments.

Endogenous electrical fields occurring in cortical neuronal networks are responsible for the synaptic

plasticity and synchronization that are involved in the long-term consolidation of information [12].

Neuronal networks present several oscillatory bands covering frequencies from 0.05 Hz to 500 Hz,

whereas a field strength on the order of mV is able to trigger membrane polarization and the generation

of action potentials (Box 1) [12]. The application of exogenous electrical currents using physiological

moderate frequencies (sinusoidal wave, 20 Hz, 0.02–0.04 V/cm) not only depolarizes, but alsomodulates

neurons electrophysiology [13]. Exogenous electrical stimuli using low and almost subthreshold fre-

quencies (<1 Hz) also evoke spike formation and network maturation in cortical neuron cultures [14],

as well as in inducedpluripotent stem cell (iPSC)- [15] and embryonic stem cell (ESC)- [16] derived neuron

cultures. Exogenous electrical stimuli using suprathreshold frequencies may disguise endogenous elec-

trical fields, which can be of interest for therapeutic purposes. This is corroborated by the suppression of

cholinergic accumbens interneurons in acute rat brain slices after high-frequency electrical stimulation

(100 ms, 140 Hz, 65 mA) [17]. Although explored at a lower extent, the use of low-voltage direct currents

(0.05–1 V/cm) also promotes neuron migration [18] and outgrowth [19].

The contraction, synchrony, and rate of the myocardium are modulated by endogenous electrical

fields. Exogenous electrical stimuli emulating endogenous electrical fields [alternating current

(AC), 1–10 Hz, 2–5 ms, 1–5 V/cm] are applied to recreate the contraction of cardiomyocytes in vitro

and further promote their maturation [20]. Notably, this chronic low-frequency electrical stimulus

also improves the maturation of cardiomyocytes derived from human ESCs [21], iPSCs [22], and car-

diac progenitor cells [23].

The contraction of the skeletal muscle is mediated through an excitation–contraction coupling pro-

cess and is also modulated by endogenous electrical fields. The maturation and contraction of skel-

etal musclemyocytes are detected using physiological skeletal muscle rates (AC, 1 Hz, 2 ms, 40 V) [24].

Interestingly, the application of high-frequency electrical fields that emulate high load endurance ex-

ercise (AC, 100 Hz, 200ms, 30 V) is able to trigger an increase in the levels of deoxyglucose uptake and

lactate production, in contrast to chronic low-frequency electrostimulation [25].

Bone piezoelectricity is responsible for the endogenous electrical fields in bone [26]. Direct currents

proportional to bone mechanical loading can be generated in the bone; for example, direct currents

on the order of 300 mV are generated in the tibia in humans with walking [26]. Both high-voltage

(10–15 V/cm) and low-voltage (<5 V/cm) exogenous direct currents are capable of triggering human
Trends in Biotechnology, January 2020, Vol. 38, No. 1 25



Box 1. Action Potentials

An electric field (mV/mm) is the difference in electric potential between two points. The difference in ion concentration inside and outside the cell gen-

erates an electric field across the cell membrane, named the ‘membrane potential’. Cells have a resting membrane potential of different magnitudes:

nonexcitable cells present a higher membrane potential (�–40 mV), whereas excitable cells present a lower membrane potential (�–90 mV), reacting

quickly to small ion changes [11]. Excitable cells are capable of generating action potentials (Figure IA). Opening of voltage-gated sodium or calcium

channels in cell membranes leads to an influx of cations into the cells, causing membrane depolarization and action potentials (Figure I). Opening of

voltage-gated potassium channels leads to the efflux of potassium out of the cells, causing membrane repolarization to the resting potential (Figure I).

A small period of membrane hyperpolarization occurs due to the delayed closure of potassium channels (Figure I) [143].
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Figure I. Electrical Properties of Cell Membranes and Ion Channels.

(A) Graphical representation of membrane potential; (B) Schematic representation of ion flux through voltage-gated channels. (i) membrane

depolarization; (ii) action potential; (iii) membrane repolarization; (iv) membrane hyperpolarization; (v) resting potential; (vi) voltage-gated calcium

channel; (vii) voltage-gated sodium channel; and (viii) voltage-gated potassium channel.
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SaOS-2 cell elongation perpendicularly to the electrical field [27]. Migration towards the anode and

increase in intracellular calcium can also be observed, although at a higher extent with strong elec-

trical fields [27]. Moreover, application of alternating currents with mild to high frequencies (10 Hz–

60 kHz) can successfully promote the differentiation of osteoblast cells [28]. The osteogenic (but

not adipogenic or chondrogenic) differentiation of human bone marrow-derived mesenchymal

stem cells (hBMSCs) is also evident even in the absence of a osteogenic cell culture medium [29].

Considering that exogenous electrical fields are affected by the tissue environment (i.e., electrical re-

sistivity and electrical impedance of tissues, concentration of ions within the highly hydrated extracel-

lular matrices), different electrostimulation protocols [acute (min) to chronic (days), short (2–5 ms) to

long (10–100 ms), low (1–100 mV/cm) to high (1–2 V/cm) voltages, and low (1–10 Hz) to high (10–

100 Hz) frequencies] are being used to study the effect of endogenous electrical fields and to foster

the discovery of new treatments. In fact, electrical stimulation is the basis of some clinical treatments

intended to activate the healing of injured tissues, for instance to treat anxiety, depression, insomnia

[30], and fractured bones [26]. Further advances will be achieved by improving the current knowledge

on endogenous electrical fields, standardization of effective electrostimulation protocols, and the

development of electroactive biomaterials that preserve the electrophysiology of the cells and

potentiate the electrostimulation of cells.
Electroactive Biomaterials for TERM

The electrical properties of biological tissues are determined by the diffusion of charged ions within

the highly hydrated extracellular matrices. Recreation of this electric environment in bioengineered
26 Trends in Biotechnology, January 2020, Vol. 38, No. 1



Box 2. Tools for Cell Electrostimulation

An in vitro electrical stimulation set-up requires three main components: (i) a petri dish or well-plate containing cells bathed in an electrolyte medium

and/or solution; (ii) an electrical power supply; and (iii) conductive electrodes to connect the electrical power through the electrolyte solution in which

the cells are cultured (Figure I).

Different methods are used to apply electrical stimulation in vitro, including direct stimulation (Figure I), inductive stimulation, capacitive stimulation,

and combined stimulation [144]. Although direct stimulation presents some disadvantages (e.g., formation of a capacitive bilayer; toxicity of electrodes

commonly made of platinum, titanium, stainless steel, gold, graphene or carbon; pH alteration; and faradaic byproducts from electrolysis) in relation to

the other methods, it is widely selected by researchers possibly due to the simplicity of its use [144]. There is a range of parameters that can be varied in

electrical stimulation. The electrical stimuli can be induced using a direct (DC) or alternating current (AC) (Figure I). The level of the current (A), the ampli-

tude of the voltage (V), and the duration of the electrical stimuli (continuous or cyclic, from hours to days) can be varied in DC electrical stimuli. In AC

electrical stimuli, the type of wave (monophasic or biphasic; sine, square, triangular, and others), the duration of the electrical stimuli (continuous or

cyclic, from hours to days), the frequency (Hz), and the pulse width (sec) can be altered.

Figure I. Electrostimulation Apparatus for In Vitro Cell Culture.

Abbreviation: DC, direct current.
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tissues is challenging because most of the biomaterials used in TERM present high levels of electrical

resistivity, limiting the flow of ions. Most of the biomaterials used in TERM (scaffolds, hydrogels, elec-

trospunmeshes, membranes, andmicro- and nanoparticles) are based on polymers of synthetic [e.g.,
Trends in Biotechnology, January 2020, Vol. 38, No. 1 27
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polyethylene glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), polycapralactone (PCL), and polyure-

thane (PU)] or natural [e.g., collagen (COL), silk fibroin (SF), alginate, chitosan (CHT), hyaluronic acid

(HA), and gellan gum (GG)] origins. They are not electrical conductors per se. To recreate the semi-

conducting properties of biological tissues (s = �100 S/m) [9], bioengineers are exploring electroac-

tive biomaterials with higher electrical conductivity (lower electrical resistivity) and lower electrical

impedance values that make them capable of generating electrical currents (Figure 1, Box 3).

Here, we describe the most recent electroactive biomaterials developed for TERM, emphasizing

not only their electrical features, but also other properties that are essential for TERM applications.
Metals and Metalloids

Metals are high conductors of electrical charge (s = 105–107 S/m) due to the presence of valence elec-

trons in their outer shell that can move freely to conduct electricity. Titanium alloys are used in TERM

due to their high mechanical strength, corrosion resistance, bioinert properties, and high conductive
Piezoelectric Polymers

Poly(3,4-ethylenedioxythiophene) 
(PEDOT)

Polyaniline
(PANi)

Polypyrrole
(PPy)

Graphene 
(GR)

Single-walled carbon nanotubes 
(SWCNTs)

Multiwalled carbon nanotubes
(MWCNTs)

Polyvinylidene fluoride 
(PVDF)

Poly(L-lactic acid) 
(PLA)

Polyhydroxybutyrate
(PHB)

  

Figure 1. Electroactive Biomaterials Used for Tissue Engineering and Regenerative Medicine (TERM).

Graphene and its derivatives, and conductive and piezoelectric polymers contain free valence electrons that give

them electroconductive features. Adapted, with permission, from [146].

28 Trends in Biotechnology, January 2020, Vol. 38, No. 1



Trends in Biotechnology
values. The electrical properties of titanium alloys, including titanium surfaces/coatings, titania nano-

tubes (TiO2 or TNTs) [31] and barium titanate (BaTiO3) [32,33] are being explored to improve cellular

responses (Table 1). The piezoelectric nature of barium titanate (d33 =�5–8 pC/N) is particularly use-

ful for improving cell performance upon application of mechanical loads [32,33]. Gold nanorods

(AuNRs) are used for many biomedical applications, including sensing, imaging, theranostics, and

phototherapy owing to their structural, optical, electronic, magnetic, and catalytic properties [34].

Gold is another metal with high mechanical strength and corrosion resistance that is being explored

TERM (Table 2). Their electrical properties have been exploited to reduce the impedance values of

biomaterials, particularly in gelatin methacrylate (GelMA)-based hydrogels [35] and bioinks [36],

and to improve the photoconductivity of silk protein hydrogels [37]. The conductivity of metalloids,
Box 3. Tools to Determine the Electrical Properties of Biomaterials

The electrical resistivity of a uniform biomaterial can be measured using a two- or four-probe station linked to an ammeter and/or voltage source. A DC

with a predefined voltage (s) is applied to the biomaterial and the current passing through the biomaterial is measured. The electrical resistance, re-

sistivity, and conductivity of electroactive biomaterials can be calculated using Equations I–III and analyzed using a current-voltage plot (Figure IA).

R =
U

I
[I]

r=R
A

l
[II]

s=
1

r
[III]

where s is the conductivity (S/m); r is the resistivity (U$m); I is the current (A); U is the voltage (V); R is the resistance (U); L is the length of

the material (m); and A is the cross-sectional area of the material (m2).

The electrical impedance of a biomaterial can be measured using an electrochemical impedance spectroscope (EIS) or a potentiostat, galvanostat, or

sine wave generator with three electrodes, including the reference electrode (Ag/AgCl), a counter electrode (Pt), and a working electrode (electroactive

biomaterial). An AC with a predefined amplitude (voltage) is delivered to an electrolyte solution (physiological solution: 0.1 M NaCl) at a frequency

range and the current is measured. The impedance, reactance (inductive and capacitive), and resistance of electroactive biomaterials can be calculated

using Equations IV–IX and analyzed in the bode (Figure IB) or Nyquist (Figure IC) plots.

Zu = Uu=Iu [IV]
Z =R + jX [V]

jZj = R2 + X2 [VI]
X = XL + XC [VII]
XL = 2puL [VIII]

XC = � 1

2puC
[IX]

where Z is the impedance (U); U is the potential (V); I is the current (A); u is the frequency (Hz); R is the resistance (U); j is the square root

of –1; X is the reactance (U); XL is the inductive reactance (U); XC is the capacitive reactance (U); L is the inductance (H); and C is the

capacitance (F).

Cyclic voltammetry (CV) provides information relative to the redox reactions of a biomaterial [145]. Redox reactions can be analyzed using a potentiostat

and/or galvanostat with three electrodes, including the reference electrode (Ag/AgCl), a counter electrode (Pt), and a working electrode (electroactive

biomaterial). An ACwith a predefined cyclic potential (voltage) is delivered to an electrolyte solution (physiological solution: 0.1 MNaCl) at a predefined

frequency and the current resultant from the flow of electrons between the working and counter electrode is measured. The charge storage capacity

(CSC) of the electroactive biomaterials can be calculated by analyzing the current-potential plot (Figure ID) through the integration of the area enclosed

by the voltammogram.

Piezoelectricity can be analyzed using an electrochemical impedance spectroscope (EIS), laser doppler vibrometer (LDV) or piezoresponse force micro-

scopy (PFM). An electric current is applied to the biomaterials and the piezoelectric coefficient (d) is measured. The piezoelectric coefficient (d) provides

information relative to the degree of orientation of the electric domain of biomaterials into the external electric field and can be calculated using Equa-

tion X and analyzed from the resulting plots (Figure IE,F).

d=
P

s
; [X]

where d is the piezoelectric coefficient (pC/N); P is the polarization; and s is the stress.
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Figure I. Graphical Representations of the Electrical Properties of (Electroactive) Biomaterials.

(A) Current-voltage plot obtained by resistivity measurements; (B) Bode and (C) Nyquist plots obtained by impedance measurements; (D) current-

potential plot obtained by cyclic voltammetry; (E) piezoelectric modulus-time; and (F) piezoelectric modulus-electric field intensity plots obtained by

piezoelectric measurements.
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although at lower levels (semiconductors, 10–6<s>104 S/m), have also been investigated for TERM

applications (Table 2). Inspired by their extensive applications in electronics to prepare integrated

circuits, silicon nanowires (SiNWs) have been integrated into cellular spheroids to improve the elec-

trical environment [38].

Although metals/metalloids have useful mechanical and conductivity properties, their use has dimin-

ished over the past few years due to their lack of integration with the host tissue and biocompatibility

issues. Despite in vitro data showing the corrosion-resistant properties of metal/metalloids, after

years of electrochemical attack in vivo, metals/metalloids start leaching nonbiodegradable toxic

metal ions into the body fluid [39]. Several cases of infection have been reported in patients after im-

plantation of these metals due to bacteria adhesion to the surfaces of metal/metalloid implants and

the consequent development of biofilms [40]. Such adverse effects lead to significant clinical failure.

Different techniques are used to overcome these drawbacks by modifying the metal/metalloid sur-

faces through the deposition of suitable coatings, development of a passivation-oxide layer, ion-

beam surface modification, and surface texturing [39]. However, the functionality of these strategies

remains to be confirmed.
Graphene and Its Derivatives

Graphene (GR) is a carbon allotrope that comprises carbon atoms arranged in a hexagonal lattice

forming a 2D sheet (Figure 1). Rolling of graphene sheet(s) results in 3D tubular structures named
30 Trends in Biotechnology, January 2020, Vol. 38, No. 1



Table 1. Cell Responses to Electroactive Biomaterials and Electrical Fields in Bone Tissue Engineeringa

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical

features

Cell type Cellular response Refs

BaTiO3; 80–100% HAp d33 = 1.3–6.8 pC/N OBs [ Cell growth, viability and ALP activity (with

mechanical loading), dependent on [BaTiO3] (relative

to pristine)

[32]

GO; 3% PTMC s = 10–1 S/m hASCs [ Cell attachment and proliferation (relative to

pristine)

[130]

f-CNTs; 0.01–1% SF – MG-63

h-MSC

[ Mineralization, ALP activity, expression of

osteogenic genes (COL1, RUNX2, ALP, BSP, OCN,

OPN), dependent on [CNTs] (relative to pristine)

[147]

PANi; 0.8–2.4 mM PLA s = 100 S/m rbBMSCs-

OBs

[Metabolic activity, expression of osteogenic genes

(ALP, Ocn, Runx2) and calcium mineralization,

dependent on PANi amount (relative to pristine)

[52]

PEDOT; 1.25% – s = 10–2 S/m MC3T3-E1 Expression of osteogenic genes (ALPL, COL1A1,

RUNX2) and proteins (Ocn), calcium mineralization

(relative to pristine)

[74]

PVDF-Ti – d33 = –28 pC/N BMSCs [ Cell proliferation, [ ALP activity, [ expression of

osteogenic genes (ALP, COLI, OP) (relative to

nonpolarized PVDF)

[81]

b-PVDF – – hBMSCs

hBMSC-OBs

Y MSC pluripotency markers (CD90, CD105, CD73),

[ ALP activity (hBMSCs, relative to glass), [

expression of osteogenic protein (Ocn), Y Ca2+

mineralization (hBMSC-OBs, relative to glass)

[84]

PVDF-TrFe and BaTiO3 – – rBMSCs-OBs

rASCs-OBs

Osteogenic differentiation observed through

expression of osteogenic genes (Runx2, ALP, BSP,

Ocn), ALP activity and Ca2+ mineralization

[33]

PHB and PANi; 6% and 2% PCL – hBMSCs-

OBs

[Cell adhesion and proliferation (relative to pristine),

osteogenic differentiation observed through

presence of Ca2+ mineralization and ALP activity

[93]

Electrical fields

DC

Electrical field Electro-active biomaterials Cell types Cellular responses Refs

I = 0.01 mA

Dt = 12 h/day for 14 days

PPy and Ti MC3T3-E1 [ALP activity,[ b-GP and calcium deposition (relative to

nonstimulated cells)

[131]

I = 0.2 mA

Dt = 4 h

Ti, PPy, and PLGA MG63 Earlier onset of osteogenesis and [ calcium levels with

Ca:P ratios similar to those of natural bone (relative to

nonstimulated cells)

[132]

I = 0.2 mA

Dt = 4 h/day for 21 days

PPY and PCL MC3T3-E1 hASCs [ Cell viability, ALP activity, and calcium deposition in

both cells, [ expression of osteogenic proteins (Runx2,

Ocn, Opn) by MSCs (relative to nonstimulated cells)

[133]

(Continued on next page)
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Table 1. Continued

Electrical fields

DC

Electrical field Electro-active biomaterials Cell types Cellular responses Refs

I = 0.2 mA

Dt = 4 h/day for 21 days

PPy and CHT hASCs HUVECs [Calciumdeposition and osteogenic differentiation with

co-culture and electrical stimulation, [ CD31 expression

of HUVECs (relative to nonstimulated cells), responses

mediated by BMP-2 and VEGF

[134]

U = 0.01 V/cm

Dt = 1 h/day for 3 weeks

ß-TCP ASC-OBs [ Osteogenic differentiation, [ expression of

osteogenic genes (TGFb1, BMP2, Opn, calmodulin)

(relative to nonstimulated cells)

[135]

U = 0.2–0.4 V/cm

Dt = 8 days

TiO2 rMSCs

rMSCs-OBs

MC3T3-E1

[ Osteogenic induction following downstream

calcineurin/CAMKII/NFAT signaling, formation of

plasma membrane protrusions and transport of Cx43 to

these protrusions, [ intracellular calcium, [ calcium

mineralization, [ expression of osteogenic proteins

(Ocn, Osx, Cx43) (relative to nonstimulated cells)

[31]

U = 1.5 V

Dt = 1.5 h/day for 7 days

MWCNTs and PLLA rBMSCs-OBs [ Cell proliferation, [ cell elongation [ALP activity [

calcium and COLI, [ expression of osteogenic genes

(Runx2, BMP2, ALP, Opn, Ocn, COLI) (relative to no-

stimulated cells), stronger if ES applied at early stages

[136]

U = 2 V

Dt = 4 h/2 days for 12 days

PPy rBMSCs-OBs [ Expression of osteogenic markers (COLI and ALP)

(relative to nonstimulated cells)

[137]

U = 15 V

Dt = 10 min/day for 4 weeks

HAp-CaTiO3 hMSCs [ Calcium mineralization, [ expression of osteogenic

markers (ALP, COLIA, Runx2, Ocn) (relative to

nonstimulated cells)

[138]

AC

Electrical field Electro-active

biomaterials

Cell types Cellular responses Refs

Biphasic wave

u = 1 Hz

Pulse width = 10 ms

Dt = 2 days

PPy MC3T3-E1 [ ALP activity, [ expression of osteogenic genes (ALP,

COLI, Runx2, Ocn) only with daily suitable electrical

stimulation (relative to nonstimulated cells)

[139]

Biphasic wave

I = 0.01 mA

u = 100 Hz

Pulse width = 2.5 ms

Dt = 4 h/day for 7 days

GO and PTMC hASCs-OBs [ Expression of osteogenic markers (ALP and COLI)

(relative to nonstimulated cells)

[130]

I = 0.5 mA

u = 0.004 Hz

Dt = 20 min twice a week for 2 weeks

CNT, COL , silicone hASCs-OBs [ Osteogenic differentiation, [ calcium mineralization

(relative to nonstimulated cells)

[140]

Square wave

U = 0.0036 V/cm

u = 0.001–100 Hz

Pulse width = 7 ms

Dt = 14 days

PPy rBMSCs [ Calcium mineralization, [ expression of osteogenic

genes (BSP, COLI, ALP, RUNX2, Ocn) dependent on

both frequency and voltage (relative to nonstimulated

cells)

[137]

(Continued on next page)

32 Trends in Biotechnology, January 2020, Vol. 38, No. 1

Trends in Biotechnology



Table 1. Continued

AC

Electrical field Electro-active

biomaterials

Cell types Cellular responses Refs

U = 0.1–0.5 V

u = 1–5 Hz

Pulse width = 1 ms

Dt = 1–3 days

GR hBMSCs [ Expression of early and mature osteogenic markers

(RUNX2 and Opn) (relative to nonstimulated cells)

[102]

U = 0.1–0.5 V

u = 60 000 Hz

Dt = 1 h/day for 28 days

SF hBMSCs-

OBs

[ Expression of more mature osteogenic markers (BSP)

and mineralization (relative to nonstimulated cells)

[141]

U = 2 V

u = 100 Hz

Dt = 2 h/day for 14 days

ANi pentamer, CHT and HAp hBMSCs [ Expression of osteogenic markers (Ocn, ALP, ON,

Runx2) (relative to nonstimulated cells)

[142]

aAbbreviations: b-GP, b-glycerophosphate; b-PVDF, b-polyvinylidene fluoride; b-TGP, b-triglycerophosphate; ALP, alkaline phosphatase; ANi, aniline; ASCs, ad-

ipose-derived stem cells; ASC-OBs, adipose-derived mesenchymal stem cells primed towards osteoblast lineage; ATDC5, murine chondrogenic cell line; BG,

bioactive glass; BMP2, bonemorphogenetic protein 2; BMSC-OBs, bonemarrow-derived stem cells primed towards osteogenic lineage; BSP, bone sialoprotein;

Ca/P, calcium/phosphate; CNT, carbon nanotube; Cx43, connexin 43; DC, direct current; ECM, extracellular matrix; f-MWCNTs, functionalized multiwalled car-

bon nanotubes; GO, graphene oxide; GR, graphene; h, human; HAp, hydroxyapatite; hASCs, human adipose-derived stem cells; HUVECs, human umbilical vein

endothelial cells; I, intensity; MC3T3-E1, murine pre-osteoblast cell line; MG-63, human osteosarcoma cell line; MSC-OBs, mesenchymal stem cells differentiated

towards osteoblast lineage; MWCNTs, multiwalled carbon nanotubes; OBs, osteoblasts; Ocn, osteocalcin; ON, osteonectin; Opn, osteopontin; Osx, osterix;

PANi, polyaniline; PEDOT, poly(3,4-ethylenedioxythiophene); PLA, polylactic acid; PPy, polypyrrole; PTFE, polytetra-fluoroethylene; PTMC, poly(trimethylene

carbonate); PVDF, polyvinylidene fluoride-titanium; PVDF/TrFe, poly(vinylidenefluoride-co-trifluoroethylene); r, rat; rb, rabbit; Runx2, Runt-related transcription

factor 2; SBF, simulated body fluid; TGF-b1, transforming growth factor b1;Si, silicon; U, voltage; VEGF, vascular endothelial growth factor; Dt, time variation; u,

frequency; [, upregulation; Y downregulation.

Trends in Biotechnology
single-walled (SWCNTs) or multiwalled (MWCNTs) carbon nanotubes (CNTs) depending on the num-

ber of enrolled sheets (Figure 1). The presence of free electrons in GR and its derivatives result in high

electrical properties (s = 106–107 S/m) that, together with their mechanical strength, improve not only

the conductivity of biomaterials to semiconductors [s = 10–5–102 S/m; Z = 102–105 U$m (at 1 Hz)], but

also their mechanical properties (Tables 1–4).

GR and its derivatives also present critical limitations. The aromatic chemistry of GR makes it hydro-

phobic and insoluble in water-based solutions [41–43], making it prone to aggregate and more diffi-

cult to degrade [44–47]. In addition, GR degradation is already limited to particular types of microor-

ganism and oxidase/peroxidase enzymes. The hydrophobic nature of GR is also associated with

cytotoxicity because it easily interpenetrates the cellular hydrophobic membranes, leading to their

disruption [48]. Impurities, high dimensions, surface defects, and protein adsorption are features

that are also associated with GR toxicity [48]. To overcome these limitations, smaller amounts of

GR and noncovalent (adsorption of molecules using coatings) and covalent (conjugation of carbox-

ylate or hydroxyl groups) functionalization of GR are being used to improve their water solubility

[49,50] and biocompatibility [46,47,51].
Conductive Polymers

Polymers with free valence electrons in their core that are not occupied by covalent bonding with

neighboring atoms are conductive. Polyaniline (PANi), polypyrrole (PPy), and poly (3,4-ethylenediox-

ythiophene) (PEDOT) are examples of conductive polymers that are gaining notoriety in TERM

(Tables 1–4, Figure 1). These polymers can be prepared by polymerizing their corresponding mono-

mers [i.e., aniline (ANi), pyrrole (Py), and 3,4-ethylenedioxythiophene (EDOT)] through electrochem-

ical polymerization, using a two-electrode workstation potentiostat at the surface of an electrode, or
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Table 2. Cell Responses to Electroactive Biomaterials and Electrical Fields in Skeletal Muscle Tissue Engineeringa

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical features Cell

type

Cellular response Refs

GR; 0.3–2% PCL s = 100 S/m Z = 103

U$m

C2C12 [ Cell differentiation, [ myotube fusion, [ expression of

myogenic proteins (MHC) (relative to pristine)

[50]

rGO; 0.3% PAAm Z = 102 U$m C2C12 [ Cell proliferation, [ cell differentiation, [ myotube

formation, expression of myogenic genes and/or proteins

(MyoD, Myog, MHC) (relative to pristine)

[123]

rGO; 0.4–2% PCE s = 10–2 S/m C2C12 [ Cell proliferation, [ cell differentiation [myotube fusion,

[ expression of myogenic genes and/or proteins (MyoD,

Myog, TnT, MHC) (relative to pristine)

[46]

GR and GO; 0.3–1.7% PANi and PAN s = 10–1 S/m m-Sat [ Cell viability, [ cell differentiation, [ expression of

myogenic genes and/or proteins (MyH, a-SA, MyoD, TnI,

Pax7) and adhesion genes (CD34, M-cadherin) (relative to

pristine)

[124]

PANi; 5% PAN and GEL s = 10–3 S/m m-Sat Cell viability, cell differentiation, expression of myogenic

genes (Myh2, MyoD, aSA)

[71]

PANi; 5–10% GEL s = 10–1 S/m C2C12 [ Cell differentiation, [ myotube formation and

maturation, [ expression of excitation-contraction genes

DHPR (Cav1.1 and b1.1) and RyR (RyR1 and RyR3) and

colocalization (relative to pristine)

[72]

PANi; 1 M GG s = 10–2 S/m C2C12 [ Cell adhesion and spread, [ expression of myogenic

proteins (MHC) (relative to pristine)

[58]

PASA; 1–2% SF s = 10–5 S/m L929

C2C12

Cell adhesion and proliferation (L929, C2C12),[ expression

of myogenic genes (MyoD, Myog, TnT1) (C2C12) (relative

to pristine)

[59]

PPy; 0.1 M GG s = 10–4 L929

C2C12

[ Cell adhesion and spread (relative to pristine) [60]

PPy PTMC Z = 103 U$m hASC-

SMs

[ Cell proliferation, [ expression of myogenic proteins

(calponin, MHC) (relative to pristine)

[128]

PEDOT and MWCNT;

20%

– – C2C12 Cell differentiation, myotube fusion, cell alignment,

expression of myogenic proteins (MHC) (relative to pristine)

[127]

b-PVDF – – C2C12 [ Cell differentiation, [ myotube fusion, [ myotube

maturation index, [ myotube length, diameter, and

number, [ cell alignment with oriented fibers, [ expression

of myogenic protein (MHC) (relative to pristine)

[87]

Electrical fields

AC

Electrical field Electroactive biomaterial Cell type Cellular response Refs

U = 0.1 V/cm

u = 1 Hz

Pulse width = 2 ms

Dt = 7 days

COL and Matrigel hSM cell

line

Presence of sarcomeres, calcium oscillations, and expression of

myogenic proteins (a-SA, myosin, RyR, SERCA2), synchronous

contraction (relative to nonstimulated cells)

[125]

(Continued on next page)
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Table 2. Continued

Electrical fields

AC

Electrical field Electroactive biomaterial Cell type Cellular response Refs

U = 5 V

u = 1 Hz

Pulse width = 10 ms

Dt = 4 h/day for 3–7 days

rGO and PAAM C2C12 [ Expression of myogenic genes (MyoD, Myog, MHC) but Y

expression of Pax7 (relative to nonstimulated cells)

[123]

Square wave

U = 6 V

u = 1 Hz

Pulse width = 1 ms

Dt = 1 day

PANi and GEL C2C12 Calcium transients and myotube contraction. [72]

Biphasic square wave

U = 20 V

u = 1–10 Hz

Pulse width = 50 ms

Dt = 10 days

Thrombin, Matrigel, and

fibrinogen

C2C12 Ability to generate up to 1.7 mn (3.2 kPa) of passive tension force

and 300 mn (0.56 kPa) of active tension force (relative to

nonstimulated cells)

[126]

Sine wave

U = 60–80 V

Pulse width = 10 ms

u = 0.5–8 Hz

MWCNT and PEDOT C2C12 Contraction modulated by frequency of electric fields, formation

of flexible movement with electrical stimulation, faster relaxation

kinetics of TE construct (relative to nonstimulated cells)

[127]

aAbbreviations: b-PVDF, b-polyvinylidene fluoride; ASC-SMs, adipose-derived mesenchymal stem cells primed to smooth muscle cell lineage; C2C12, mouse

myoblast cell line; CSA, camphorsulfonic acid; DHPR, dihydropyridine receptor; GEL, gelatin; GO, graphene oxide; GR, graphene; h, human; m, murine;

MHC, major histocompatibility complex; MWCNTs, multiwalled carbon nanotubes; MYH, myosin heavy chain; Myog, myogenin; PAN, polyacrylonitrile; PANi,

polyaniline; PASA, PANi-co-N-(4-sulfophenyl) aniline); Pax 7, paired box 7; PCE, poly[citric acid-octanediol-poly(ethylene glycol)]; PEDOT, poly(3,4-ethylenediox-

ythiophene); PPAM, polyacrylamide; PPy, polypyrrole; PTMC, poly(trimethylene carbonate); rGO, reduced graphene oxide; RyR, ryanodine receptor; Sat, satellite

cells; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; SM, skeletal myocyte; T, tissue engineering; TnI, troponin I; TnT, troponin T; Tnt1, troponin T1; U,

voltage; [ a-SA, a-sarcomeric actinin; u, frequency; Dt, time variation; [, upregulation; Y downregulation.

Trends in Biotechnology
through oxidation. Ammonium persulfate (APS) in HCl [52–64], ferric chloride [65,66], and hypophos-

phorous acid [67] are common oxidants used for monomer polymerization. During or after the synthe-

sis, dopants (with counter ions) are added to stabilize the conductive polymers by counteracting the

ionized polymers. Camphorsulfonic acid (CSA) [52,56,57,68–72] and HA [54,61,73] are commonly used

as dopants for PANi and PPy, whereas poly(4-styrenesulfonate) (PSS) is commonly used for PEDOT

[67,74–76].

PANi, PPy, and PEDOT confer semiconductor features (s = 10–3–101 S/m; Z = 102–105 U$m) and me-

chanical strength to biomaterials (Tables 1–4). The degradation [54–56,59,63,68] and swelling

[54,57,58,60,63,65,67] of biomaterials are also reduced in the presence of hydrophobic conducting

polymers. Interestingly, despite the hydrophobic nature of PANi, PPy, and PEDOT, the surface hydro-

philicity of hydrophobic PLLA, PLA, and PCL biomaterials is improved with the addition of conductive

polymers [61,70,77]. Although the latter properties can be perceived as drawbacks or advantages for

the application of these electroactive biomaterials, the harsh conditions used for monomer polymer-

ization are a major drawback. The acidic synthesis conditions are associated with the lysis of soft poly-

mers, such as GEL [72] and possibly GG [58], affecting the mechanical properties of the electroactive

biomaterials. Acidic reagents and unreacted monomers are also associated with cytotoxic effects. To

overcome these issues, films [56,68,77], electrospun meshes [70–72], scaffolds [52,59], and matrices

[58,60] have been purified through dialysis prior use. In fact, the use of already purified conducting

polymers [78] to prepare hydrogels allows cell encapsulation that would be impossible in the
Trends in Biotechnology, January 2020, Vol. 38, No. 1 35



Table 3. Cell Responses to Electroactive Biomaterials and Electrical Fields in Neural Tissue Engineeringa

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical

features

Cell type Cellular response Refs

GR; 0.1–4% PDA, RGD, and

PCL

s = 10–1 S/m rSCs [ Expression of proliferative (ki67, BrDU), adhesion (N-

cadherin and vinculin) and SCs (S100) proteins, co-culture

mediated [ expression of neuron (Tuj1) and astrocyte

(GFAP) proteins (relative to pristine)

[110]

GR; 1–4% SF _ miPSCs [ Cell differentiation towards neurons through [ expression

of neuronal (TuJ, NeuN, GAP43) genes and/or proteins, [

cell differentiation towards astrocytes through [ expression

of astrocyte (GFAP) genes and/or proteins (relative to

pristine)

[41]

rGO PCL – PC12 [ Cell proliferation, [ cell differentiation towards neurons

through [ expression of neuron (GAP43) genes (relative to

pristine)

[100]

f-MWCNTs 0.02–0.1% PEGDA CSC = 0.12 mC

cm�2

mNSCs [ Cell proliferation and neurite length (relative to pristine) [43]

ANi dimer; 10–40% GEL s = 10–3 S/m PC12 Cell attachment and neurite extension, [ metabolic activity

(relative to pristine)

[63]

ANi pentamer; 5–15% PU and PGS s = 10–3 S/m rSCs

RSC96

[ Expression of myelinating SC-related genes (KROX20,

PMP22), Y expression of immature SC-related genes

(NCAM), [ expression of neurotrophic factors (NGF, BDNF)

(relative to pristine)

[68]

PPy; 0.15–2.5% TA s = 101 S/m mNSCs [NSCs differentiation into neurons through [ expression of

neuron (Tuj1) proteins and Y expression of astrocyte (GFAP)

proteins (relative to pristine)

[65]

PEDOT; 0.01 M HA, PLLA and Lam s = 100 S/m PC12 [Cell viability, adhesion, and neurite length (relative to

pristine)

[61]

PEDOT; 0.4 M CHT and GEL s = 100 S/m

Z = 102 U$m

rNSCs [ Cell adhesion and proliferation, [ cell differentiation

towards neurons and/or astrocytes through [ expression of

neuron (Tuj1) and astrocyte (GFAP) genes and/or proteins

and Y expression of oligodendrocytes (O4) genes and/or

proteins (relative to pristine)

[53]

PEDOT; 8% PU and LCGO s = 104 S/m hNSCs [ Cell differentiation towards neurons and/or astrocytes

through [ expression of neuron (Tuj1) and astrocyte (GFAP)

proteins (relative to pristine)

[67]

PEDOT; 0%–10% HA, CHT, and GEL s = 10–1 S/m PC12 [ Cell viability and adhesion, [ expression of synapse

growth genes (GAP43 and SYP) (relative to pristine)

[54]

PEDOT; 25% BC – PC12 [ Cell orientation (relative to pristine) [66]

PEDOT; N/A HA, CHT, and GEL Z = 103 U$m rNSCs [ Cell proliferation, [ cell differentiation towards neurons

and/or astrocytes through [ expression of neurons (Tuj1)

and astrocyte (GFAP) genes and/or proteins,Y expression of

oligodendrocytes (O4) genes and/or proteins (relative to

pristine)

[73]

(Continued on next page)
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Table 3. Continued

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical

features

Cell type Cellular response Refs

PVDF; 16% r-GR

MWCNTs

PEI and PLO/Fbn – mNSCs Differentiation towards neurons, astrocytes, and

oligodendrocytes, [ differentiation towards neurons and/or

oligodendrocytes through[ expression of neuron (Tuj1) and

oligodendrocyte (O4) markers, [ synaptic boutons, [

oligodendrocytes branching (relative to pristine)

[101]

b-PVDF; 15% – – mkNSCs Differentiation towards neurons and/or astrocytes through[

expression of neuron (bIII-tubulin) and astrocyte (GFAP)

markers

[82]

b-PVDF – d = �30G2 pC/N PC12 [ Neurite extension mediated by dynamic stimulation of

PVDF by ultrasonic waves that activate Ca2+ channels via

cAMP-dependent pathway (in relation to a-PVDF)

[83]

PVDF-TrFE; 20% – – rSCs SC growth and orientation and neurite extension and

myelination (in co-culture with dorsal root ganglions)

[85]

Electrical fields

DC

Electrical field Electroactive biomaterial Cell type Cellular response Refs

U = 0.1 V/cm;

Dt = 4 h/day for 7 days

PPY and PLCL PC12 [ Neurite length and expression of neurotrophic factors proteins

(GDNF, BDNF, NT-3) (relative to nonstimulated cells)

[106]

AC

Electrical field Electroactive

biomaterial

Cell type Cellular response Refs

Rectangular wave;

U = 0.040 V;

Dt = 30 min

PPy and PLA PC12 [ Neurite outgrowth and viability, [ cell differentiation towards

neuron phenotype through [ expression of neuron (NF-200)

proteins (relative to nonstimulated cells)

[108]

U = 0.1 V

u = 50 Hz

Dt = 10 min/day for 15 days

GR rMSCs-SCs [ Cell differentiation towards SC phenotype, expression of

Schwann-related proteins (p75, s100, s100b) and release of

neurotrophic factors (NGF) (relative to nonstimulated cells)

[104]

U = 0.1–0.5 V

u = 1–5 Hz

Pulse width = 1 ms

Dt = 1–3 days

GR hBMSCs [Cell differentiation towards neurons through [ expression of

neuron (MAP2 and b3-tubulin) proteins (relative to nonstimulated

cells)

[102]

Monophasic wave

U = 0.6 V

u = 0.1 Hz

Pulse width = 1–100 ms

Dt = 24 h

PEDOT and BC PC12 [ Cell orientation and action potential (relative to nonstimulated

cells)

[66]

Monophasic wave

U = 0.03 mA

u = 1 Hz

Dt = 1 day

PEDOT and GO rMSCs [ Proliferation, [ cell differentiation towards neurons and/or

astrocytes through [ expression of neuron (Tuj1) and astrocyte

(GFAP) proteins (relative to nonstimulated cells)

[103]

(Continued on next page)

Trends in Biotechnology, January 2020, Vol. 38, No. 1 37

Trends in Biotechnology



Table 3. Continued

AC

Electrical field Electroactive

biomaterial

Cell type Cellular response Refs

Biphasic wave

U = 0.1–1 mA

u = 100 Hz

Pulse width = 100 ms

Dt = 4 days

f-MWCNTs and PEGDA NE-4C

mNSCs

[ Cell viability, [ cell differentiation towards neurons and/or

astrocytes through [ expression of neuron (Tuj-1) and astrocyte

(GFAP) proteins (relative to nonstimulated cells)

[43]

Biphasic wave

U = 0.25 mA/cm2

u = 250 Hz

Pulse width = 100 ms

Dt = 8 h/day for 3 days

PEDOT, LCGO, and PU hNSCs [Neurite length and neurite levels (relative to nonstimulated cells) [67]

Monophasic wave

I = 0.5–1 mA

u = 10 Hz

Pulse width = 60 ms

Dt = 2 h

PEDOT, HA, Lam, and PLLA PC12 [ Cell viability and expression of synapse growth genes (GAP43

and SYP), [ neurite length dependent on stimulus (relative to

nonstimulated cells)

[61]

aAbbreviations: ANi, aniline; BC, bacterial cellulose; BDNF, brain-derived neurotrophic factor; BrDu, bromodeoxyuridine; CS, chondroitin sulfate; DS, dextran

sulfate; ERK, extracellular signal-regulated kinases; Fbn, fibronectin; f-CNTs, functionalized carbon nanotubes; f-MWCNTs, functionalized multi-walled carbon

nanotubes; GDNF, glial cell line-derived neurotrophic factor; GFAP, glial fibrillary acidic protein; GAP43, growth-associated protein 43; GEL, gelatin; GFAP, glial

fibrillary acidic protein; GO, graphene oxide; h, human; Krox20, early growth response protein 2; L929, mouse fibroblast cell line; Lam, laminin; LDH, lactate

dehydrogenase; LGCO, liquid crystal graphene oxide; m, murine; mk, monkey; MAP-2, microtubule-associated protein 2; MSCs, mesenchymal stem cells;

MSCs-SCs, mesenchymal stem cells primed towards Schwann cell lineage; N/A, not available; NE-4C, murine neural stem cells; NeuN, hexaribonucleotide-

binding protein-3; NF200, neurofilament 200; NGF, nerve growth factor; NSCs, neural stem cells; NT-3, neurotrophin-3; P75, low-affinity nerve growth

factor receptor; PANi, polyaniline; PC12, rat neuron-like pheochromocytoma cell line; PEDOT, poly(3,4-ethylenedioxythiophene); PEGDA, poly(ethylene glycol)

diacrylate; PEI, polyethyleneimide; PGS, poly(glycerol sebacate); PLLA, poly(L-lactide); PPy, polypyrrole; PLO, polyornithine; PMMA, poly(methyl

methacrylate); PMP22, peripheral myelin protein 22; PPy, polypyrrole; PSD-95, postsynaptic density protein 95; PVDF, polyvinylidene fluoride; PVDF-TrFE,

poly(vinylidenefluoride-co-trifluoroethylene); PU, polyurethane; rGO, reduced graphene oxide; RGCs, retinal ganglion cell; RSC96, rat Schwann cell line; SCs,

primary Schwann cells; SH-SY5Y, human neuroblast cell line; SYP, synaptophysin; TA, tannic acid; Tuj1, neuron-specific class III beta-tubulin; [, upregulation;

Y downregulation.

Trends in Biotechnology
presence of acidic dopants. Despite these concerns, implantation of the conductive polymers in vivo

does not show undesirable inflammatory reactions, but inflammation and fibrous tissue encapsulation

are still detected; thus, there are reservations about using conductive polymers [79]. Moreover, these

synthetic polymers are not biodegradable, which might lead to in situ chronic inflammation or other

adverse effects, as soon as the nonbiodegradable byproducts are leached. As used for

metals/metalloids and GR and its derivatives, different strategies are applied to improve the biocom-

patibility of these polymers, but more evidence is needed to confirm their viability before clinical

translational.
Piezoelectric Polymers

Piezoelectric polymers generate electrical charge in response to deformation. This property is

related to the ability of polymers to form a crystalline structure in which electric dipoles are formed.

This crystalline structure can be triggered using a process named poling (polarization), which gen-

erates an electrical field able to align polymer charges and form electric dipoles [80]. Upon appli-

cation of mechanical stress, an asymmetric shift of charges occurs within the biomaterials, altering

their electric polarization and generating electricity [80]. These electrical properties are unique

since biomaterials can generate electrical fields without the application of exogenous electrical

fields.
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Table 4. Responses of Cells to Electroactive Biomaterials and Electrical Fields in Cardiac Tissue Engineeringa

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical

features

Cell type Cellular response Refs

GNRs GEL-MA and ALG Z = 104 U$m rCFs, rCMs [ Cell adhesion and organization, [ cell–cell coupling, [

expression of cardiac proteins (Cx43), synchronous

contraction (relative to pristine)

[36]

GEL-MA Z = 103 U$m rCMs [ Cell viability and adhesion, [ expression of cardiac

proteins (a-SA, cx43, cTnI) proteins, [ calcium transients,

synchronous beating (relative to pristine)

[35]

SiNWs – s = 102 S/m hiPSC-

CMs

[ Organization of sarcomeres, [ expression of cardiac

proteins (a-SA, MYL2 and MYH/MYH6) (relative to pristine)

[38]

GR – hiPSC-

CMs

[Myofibril ultrastructural organization, conduction velocity

and calcium (relative to pristine)

[45]

PEG and PMMA s = 10–1 S/m rCMs [ Myofibrils and sarcomeres, [ expression of cardiac

proteins (Cx43, SERCA2) and calcium-handling proteins, [

cell–cell coupling, [ action potential duration and peak

calcium release (relative to pristine)

[117]

GR; 0.01% PCL s = 10–8 S/m

Z = 102 U$m

mESC-

CMs

[ Expression of cardiac proteins (Cx43, MHC, cTNT), [

synchronized contraction, calcium handling (relative to

pristine)

[114]

GO; 0.05–0.9% COL s = 10–3 S/m rCMs

HUVECs

[ Expression of cardiac genes (Cx43, Actin4, Trpt2) (CMs)

(relative to pristine)

[51]

CNTs; 0.15 % PCL and SF – rCMs

ECs

[ Expression of cardiac genes (aSA and Cx43) (relative to

pristine)

[118]

f-MWCNTs GEL-MA s = 10–5 S/m

Z = 104 U$m

mMSCs-

CMs

[ Cell differentiation mediated by [ expression of cardiac

genes and proteins (cTnT-2, NKx2-5, a-SA), synchronous

beating (relative to pristine)

[115]

f-MWCNTs; 0.05–1% – s = 10–3 S/m

Z = 105 U$m

mMSCs-

CMs

[ Cell differentiation and expression of cardiac-related

markers (Nkx2–5, Myh7, Trp-2, Gata4, Tbx5, Actg2, Acta2)

(relative to pristine)

[116]

f-MWCNTs; 1–6 % PELA s = 100 S/m rCMs [ Expression of cardiac proteins (a-SA and cTnI),

synchronous beating (relative to pristine)

[119]

ANi tetramer; 0.1 M PU and Siloxane s = 10–2 S/m C2C12

HL-1

Proliferation andmyotube formation (C2C12), [ expression

of cardiac genes (cx43, Trp2 and SERCA) and proteins

(cx43, a-SMA, HL-1), calcium transient propagation (HL-1)

(relative to pristine)

[56,57]

ANi pentamer; N/A PLA s = 10–3 S/m H9c2 Cell adhesion and/or spread [77]

PANi; 1.5–3% – s = 10–5 S/m H9c2 [ Cell–cell interaction, amount of myotubes, myotube

length, cell orientation, expression of cardiac proteins (a-SA

and cx43), synchronous beating (relative to pristine)

[70]

(Continued on next page)
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Table 4. Continued

Electroactive biomaterials

Electroactive

biomaterial

Other

biomaterials

Electrical

features

Cell type Cellular response Refs

PVDF-TrFE – – mESC-

CMs

mESC-ECs

Expression of cardiac proteins (cTnT, cx43, MHC) [ calcium

handling, synchronous beating

[86]

Electrical fields

AC

Electrical field Electroactive biomaterial Cell type Cellular response Refs

u = 0.5–2 Hz GR and PCL mESC-CMs Synchronous beating modulated (Y) by electrical stimulation

parameters

[114]

U = 3 V/cm

u = 1 Hz

Pulse width = 10 ms

Dt = 2 days

f-MWCNTs mMSC-CMs [ Expression of cardiac proteins (Nkx2–5, Myh7, cTnT2, Gata4,

Tbx5, Actg2), [ beating area

[116]

U = 3 V

u = 1 Hz

Pulse width = 10 ms

Dt = 2 days

f-MWCNTs and GEL-MA mMSC-CMs [ Expression of cardiac genes and/or proteins (cTnT-2, NKx2-5,

a-SA), [ synchronous beating area and frequency (relative to

nonstimulated cells)

[115]

Biphasic wave

U = 3 V/cm

u = 3–6 Hz

Pulse width = 1 ms

Dt = 7 days

COL hiPSC-CMs Y Cell proliferation, [ expression of genes associated with

potassium transients (KCNJ2), [ calcium handling, [ degree of

structural and electrophysiological maturation, [ nonspontaneous

beating, Y spontaneous beating (relative to nonstimulated cells)

dependent on stimulation rate

[113]

U = 3.75 V/cm

u = 1 Hz

Dt = 9 days

Si NWs hiPSC-CMs [Cell–cell junction formation, [ organization of sarcomeres [

expression of cardiac genes and/or proteins (cx43, a-SA, cTnI, MYL2,

MLC-2v), Y expression of genes associated with potassium channels

(HCN4, KCNJ2), [ development of contractile machinery, Y

spontaneous beat rate (relative to nonstimulated cells)

[38]

U = 5 V

u = 1 Hz

Pulse width = 500 ms

Dt = 6 days

PANi and PLLA H9c2 [ Cell proliferation ratio, [ intracellular calcium concentration

(relative to nonstimulated cells), pseudopodia-like structure cell

morphology after electrical stimulation

[77]

U = 2–10 V

u = 1–3 Hz

Pulse width = 2 ms

GNRs and GEL-MA rCMs Synchronous beating modulated (Y) by electrical stimulation

parameters (relative to nonstimulated cells)

[35]

aAbbreviations: a-SA, a-sarcomeric actin; a-SMA, a-smooth muscle actin; Actin4, actinin a 4; ACGT2, actin, gamma 2, smooth muscle, enteric; ALG, alginate;

ANF, atrial natriuretic peptide; ANi, aniline; C2C12, mouse myoblast cell line; CFs, cardiac fibroblasts; CMs, cardiomyocytes; cTn2, cardiac troponin 2; cTnI, car-

diac Troponin I; cTnT, cardiac troponin T; Cx43, connexin 43; ESC-CMs, embryonic stem cell-derived cardiomyocytes; f-MWCNTs, functionalized multiwalled

carbon nanotubes; Gata4, GATA binding protein 4; GEL-MA, gelatin methacrylate; GNRs, gold nanorods; h, human; HCN4, hyperpolarization-activated cyclic

nucleotide gated potassium channel 4; HL-1, proliferating cardiomyocyte cell line from mouse atrial tumors; HUVEC, human umbilical vein endothelial cells;

H9c2, rat myoblast cell line; iPSC-CMs, induced pluripotent stem cell-derived cardiomyocytes; KCNJ2, potassium voltage-gated channel subfamily J member

2; m, mouse; MHC, major histocompatibility complex; MLC-2v, ventricular myosin light chain; MSCs, mesenchymal stem cells; MSC-CMs, mesenchymal stem

cells primed to cardiomyocytes; MYH, myosin heavy chain; MYL, myosin light chain; NKx2-5, NK2 homeobox 5; NPPA/B, natriuretic peptide precursor A/B;

NWs, nanowires; PANi, polyaniline; PEGDA, poly (ethylene glycol) diacrylate; PELA, poly(ethylene glycol)-poly(D,L-lactide) copolymer; PES, polyethersulfone;

PLLA, poly(L-lactide); PMMA, poly(methyl methacrylate); PPy, polypyrrole; PVDF-TrFE, poly(vinylidenefluoride-co-trifluoroethylene); PU, polyurethane; r, rat;

SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; Si, silicon; TA, tetraniline; Tbx5, T-box 5; Trp-2, troponin 2; TrpT-2, troponin T type 2; U, voltage; USSC, un-

restricted somatic stem cells; U, frequency; Dt, time variation; [, upregulation; Y downregulation.
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Piezoelectric features can be found in different synthetic polymers, including polyurethane (PU, 600

pC/N), polyvinylidene fluoride (PVDF, –32 pC/N), polyvinyl chloride (PVC, 5 pC/N), polyamide (nylon,

3 pC/N), and polypropylene glycol (PPG, 0.1 pC/N) [2]. To our knowledge, only the piezoelectric fea-

tures of PVDF have been explored for TERM (Tables 1–4, Figure 1). The thermoplastic polymer PVDF

has at least five possible crystalline forms (a, b, g, d, and ε), of which a and b are the most common [81–

84]. Although a-PVDF is themost thermodynamically favorable form, it does not present piezoelectric

properties. Piezoelectricity (–32 and –28 pC/N) is found in the b crystallization form of PVDF and its

copolymer poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE), although in a more favorable

thermodynamic manner in the latter [2,33,81,83,85–87]. Depending on the dipole arrangement, a

positive or negative net charge can be produced at the surface of PVDF membranes. The negative

charges influence the behavior of the cell because of the higher adhesion of cations and proteins

to PVDF membranes. They control the adhesion of cells through their negatively charged cell mem-

branes [81,87]. PVDF is currently used as medical suture because of its long-term mechanical and

chemical stability in the mild hydrolytic environment in vivo, evidencing good biocompatibility and

anastomosis with the tissue [88].

Polyhydroxybutyrate (PHB) and poly(L-lactic acid) (PLA) are natural polymers being explored as more

biodegradable piezoelectric polymers (Tables 1–4, Figure 1). PLA has four crystalline conformations,

of which the b form presents piezoelectricity (10 pC/N) [2]. Interest in the piezoelectric features of PLA

first arose in 1996, when Fukada et al. showed enhanced bone formation with drawn (piezoelectric)

but not with undrawn (nonpiezoelectric) PLA [89]. It is hypothesized that movements of the cat leg

generated a piezoelectric current, which aided bone formation [89]. PLA is already used in the USA

as bone implants and soft tissue fillers [90,91] and is considered biocompatible and safe [92]. Howev-

er, foreign body reactions and adverse inflammatory reactions have also been clinically reported [92].

PLA is biodegraded by hydrolysis into acidic products (lactic acid and glycolic acids) at a low degra-

dation rate (1–5 years), which might result in delayed and adverse inflammatory reactions if the sur-

rounding tissue does not efficiently eliminate the accumulation of acidic byproducts [92].

PHB presents a lower piezoelectric coefficient (1.3 pC/N) [2]. PHB piezoelectricity results from alter-

ations in the PHB surface charge, with reported effects on cell adhesion and capsule adsorption on

PANi-doped PHB/PCL electrospun fibers [93]. The potential for PHB piezoelectricity in vivo is still

to be investigated, but the biodegradability and biocompatibility of PHB makes it an attractive ma-

terial for use in TERM. PHB biodegrades by surface erosion, temperature, and hydrolysis, with degra-

dation rates that vary from weeks to years. It is also considered biocompatible, given that PHB and its

byproduct, 3-hydroxybutyric acid, exist in human plasma [94,95].
Progress in Electroactive Biomaterials and Electrical Stimulation
Neural Tissue

The adult mammalian central nervous system (CNS) cannot regenerate following an injury or insult,

because of the inability of neurons to undergo axonal regeneration and the inhibitory repressive

CNS microenvironment [96]. This is a major burden for patients who suffer stroke, traumatic brain

injury or spinal cord injury, who generally only show limited recovery of function. Hence, there are

high expectations particularly in the development of neural tissue engineering (TE) constructs for

the repair of spinal cord injuries [97]. Axonal growth is observed in spinal cord injuries after implan-

tation of conduits loadedwith neurons, repairing Schwann cells or stem cells primed to these lineages

[97]. Moreover, hollow tubes filled with fibers, filaments, gels, or sponges can support the survival,

growth, and function of neural cells and guide axon growth [97]. Given the importance of biomaterial

conductivity to maintain electrical communication between electroactive cells, action potentials, and

nerve outgrowth, electroactive features are being added to biomaterials (Table 3).

Neuronal stem cells (NSCs) are the cells of preference to be used in neural TE due to their high neural

differentiation ability. However, NSC are difficult to harvest because they only occur in the brain or

spinal cord [98]. In addition, mesenchymal stem cells (MSC) show promise for use in neural TE strate-

gies owing to their easy and high availability [99]. They have regenerative ability and multilineage
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Figure 2. Cardiomyocyte Maturation and Beating on Gold Nanorod (GNR)-Loaded Gelatin Methacrylate (GelMA) Hydrogels with and without

Electrical Stimulation.

(A) Immunostaining of the cardiac-specific markers sarcomeric a-actinin (a-SA, green) and connexin 43 (CX 43, red) after 7 days of neonatal rat ventricular

cardiomyocyte culture on GelMA and GelMA-GNR hydrogels (arrows showing sarcomere formation). (B) Calcium transient and extracted related frequency

signals of intracellular change in concentration of calcium within cultured cardiomyocytes in GelMA and GelMA-GNR hydrogels. R1–R5 represent regions 1–

5. (C) Modulation of cardiomyocyte beating on GelMA and GelMA-GNR using electrical stimulation of different frequencies. (D) Excitation thresholds (i.e.,

minimum required voltage to induce synchronous contractions) of cardiomyocytes on GelMA and GelMA-GNR at different frequencies (#P < 0.05). Adapted,

with permission, from [35].
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differentiation capacity into different neural cell lineages, including neurons, astrocytes, oligoden-

drocytes, and Schwann cells [98,99]. Thus, the use of a single cell source that gives rise to different

cell lineages is of value for generating a more complex neural TE construct.

The ability of NSCs to undergo multilineage differentiation is preserved in electroactive

biomaterials, differentiating mainly towards neurons [41,53,65,67,73,82,100,101] and astrocytes

[41,53,67,73,82,101], and triggered by exogenous electrical fields [43]. The impact of electrical stim-

ulation appears to be greater on MSC differentiation because they are able to differentiate towards

neurons [102] and astrocytes [103] without the need for exogenous biochemical agents. The differen-

tiation of MSCs towards astrocytes [103] and Schwann cells [104] is also evident after electrical stim-

ulation under standard neurogenic culture conditions. Althoughmultilineage differentiation is impor-

tant to generate complex neural TE constructs, control over the fate of stem cell differentiation can be
42 Trends in Biotechnology, January 2020, Vol. 38, No. 1
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vital for strategies that envision the application of neurons or Schwann cells with particular functions.

The ability of stem cells to differentiate towards a particular cell type was detected after culturing of

NSCs in a tannic acid/PPy-based hydrogel [65]. Implantation of this construct in peripheral nerve

defect resulted in the recovery of locomotor function through the activation of endogenous NSC neu-

rogenesis towards Schwann cells and neurons at the lesion site [65].

Neurons are electrical excitable cells of the neural tissue that are able to generate synapses [105].

Increased neurite lengths are found in both conductive [43,61] and piezoelectric [83,85] biomaterials,

and upon application of external electrical fields [61,67,106–108]. Some electroactive biomaterials are

able to support the synaptic function of neurons [54,101], but electrical stimulation appears to

improve the synaptic functions of neurons further because it promotes the generation of action po-

tentials [66]. Moreover, the electrical stimulation of engineered constructs implanted in nerve defects

was found to enhance nerve regeneration and functional recovery, possibly mediated by increased

levels of neurotrophic factors, neurons, and Schwann cells found in the injured area [106].

Schwann cells exist in the peripheral nervous system and produce a myelin sheath around neurons to

insulate them, enabling the propagation of synapses (myelinating Schwann cells). In response to

injury, Schwann cells dedifferentiate into non-myelinating Schwann cells, which phagocyte damaged

neurons and guide the growth of regenerating axons [109]. The myelinating Schwann cell phenotype

is preserved in electroactive biomaterials as evidenced by the enhanced expression of neurotrophic

factors and myelinating-related genes and/or proteins, and the ability to myelinate neurons

[68,85,110]. Moreover, implantation of Schwann cell-containing TE constructs resulted in enhanced

peripheral nerve repair mainly by improving axonal regrowth, remyelination, and recovery of cell elec-

trophysiology [110,111]. Although the ability of electroactive biomaterials to promote themyelinating

Schwann cell phenotype can be beneficial to insulate nerves in vivo, implantation of immature

Schwann cells with regenerative capacity can be advantageous. However, this requires further

investigation.
Cardiac Tissue

The most efficient treatment for myocardial infarction still relies on heart transplantation, which is

hampered by limited availability and donor suitability [112]. Recreation of a contractile vascular mus-

cle heart in vitro is a promising approach to substitute the damaged tissue and restore normal cardiac

function [112]. Strategies to develop cardiovascular TE constructs focus on the use of instructive and

elastomeric biomaterials to support the growth, maturation, and contraction of cardiomyocytes

(CMs). In vitro vascularization of the construct is also targeted with the use of particular cells and tech-

nologies [112]. Given that electroactive myocytes are responsible for heart contraction, it is relevant

to use electroactive biomaterials to engineer cardiac TE constructs to sustain cell electrophysiology

(Table 4). The application of external electric fields is also useful to modulate CM contraction (Table

2).

The differentiation of iPSCs [38,45,113], ESCs [86,114], and MSCs [115,116] towards CMs is possible

with the use of appropriate cell culture conditions. Electroactive biomaterials sustain and stimulate

the differentiation of stem cells towards CMs at a level similar to primary CMs or even those observed

with cell lines. In addition, the number of myotubes, myofibrils, and sarcomeres [56,57,70,117], myofi-

bril and/or sarcomere organization [38,45], cell-to-cell coupling [36,117], and cardiac gene and/or

protein expression [35,36,38,51,56,57,114–119] are upregulated in electroactive biomaterials

compared with pristine biomaterials. Calcium handling [35,45,56,57,114,117] and the spontaneous

and synchronous contractions of CMs [35,36,114,115,119] are also improved in electroactive bioma-

terials but not in pristine biomaterials (Figure 2). Moreover, the heart function of rats was found to be

improved when treated with CM-laden electroactive hydrogels compared with pristine biomaterials

[47]. Application of external electrical fields is able to further improve CM differentiation in relation to

nonstimulated cells (Figure 2) [35,38,77,113–116]. Interestingly, the external fields are not only able to

modulate the contraction rate, but also capable of reducing spontaneous contraction and triggering

electric field-mediated contraction.
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Skeletal Muscle Tissue

The regenerative process in the muscle is efficient due to the presence of satellite cells and resident

quiescent myoblasts with stem cell multipotency that are able to go throughmyogenic differentiation

in response to injury. However, the regenerative capacity of satellite cells is limited to small muscle

injuries since stem cells are unable to regenerate large muscle damage, such as volumetric muscle

loss [120]. Hence, TE strategies focus on the development of vascularized innervated muscle engi-

neered tissues to restore muscle functionality [120]. Primary muscle satellite cells are the most appro-

priate cells to use to engineer skeletal muscle TE constructs, but their reduced expansion is a limiting

factor [121]. Thus, research has focused on the myogenic differentiation of MSC, although with little

success so far [122]. An immortalized cell line of mouse myoblasts (C2C12) has also been used as an

alternative approach. Biomaterials for skeletal muscle TE comprise specific features, such as anisot-

ropy to promote the alignment needed for myoblasts to fuse into myotubes; elasticity to sustain mus-

cle contractility; and conductivity to trigger cell electrophysiology and response to electrical fields

(Table 2).

C2C12 cell differentiation is increased in electroactive biomaterials in relation to pristine biomaterials

[46,50,58,59,72,87,123]. Cell fusion into myotubes [46,50,87,123] and the expression of myogenic

genes and/or proteins [46,50,58,59,72,87,123] are commonly achieved in electroactive biomaterials.

Despite being explored to a lower extent, murine satellite muscle cells show similar results [71,124].

Electrical fields also have an important role in the electrophysiological function of C2C12 cells

[72,125–127]. Application of AC resulted in calcium transients [72,125] and myotube contraction

[72,125–127], in some cases modulated by frequency [127].

MSCmyogenic differentiation is an exciting approach that may be investigated further as a more reli-

able cellular alternative for TERM. To our knowledge, only Björninen and colleagues have explored

the ability of electroactive biomaterials and electrical stimulation to prompt human adipose-derived

MSCs (ASCs) for myogenic differentiation [128]. These cells were able to express calponin andmyosin

heavy chain (MHC) myogenic proteins after culture in poly(trimethylene carbonate) (PTMC)/PPy scaf-

folds using smooth muscle differentiation medium. However, the levels of differentiation were not

improved with electrical stimulation.
Bone

There is a need for a bone implant that restores the loss or dysfunctional bone tissue caused by critical

bone defects resulting from bone fractures or bone-related diseases, such as osteoporosis and oste-

oarthritis [129]. Strategies of TE focus on recreating the vascularized bone tissue in vitro through the

use of hard, porous, osteoinductive, osteoconductive, and osteopromotive biomaterials loaded with

bone-forming cells and endothelial cells to ultimately re-establish the mechanical stability of the skel-

etal tissue and promote bone formation [129]. Until recently, the design of biomaterials for bone TE

had disregarded electrical conductive cues since primary bone cells are not electrically excitable per

se. However, the awareness of bone piezoelectric features has boosted the investigation of electrical

fields in bone cells [26]. Osteogenic differentiation triggered by electrical fields highlights the need to

include electrical conductivity in the list of features required in biomaterials for bone TE, and electri-

cal stimulation as a tool to improve osteogenic differentiation (Table 1).

Piezoelectric biomaterials are being explored for bone TE due to the piezoelectric nature of bone.

BMSC osteogenic differentiation was observed in polarized PVDF-Ti films but not in nonpolarized

membranes, even in the absence of a osteogenic cocktail medium [81]. These results were further

supported by an in vivo study that showed superior bone growth in rat calvarial bone defects after

treatment with PVDF-TrFE/BaTiO3 membranes and osteoblastic cells (OBs) differentiated from

BMSCs [33].

OBs and MSCs primed to the osteogenic lineage (MSC-OBs) are also being explored for bone TE.

Osteogenic differentiation is achieved by culturing these cells in an osteogenic cocktail medium. Un-

der standard osteogenic culture conditions, both electroactive biomaterials [32,52,74,81,84] and
44 Trends in Biotechnology, January 2020, Vol. 38, No. 1



Outstanding Questions

How do electrical fields affect

cellular behavior?

Which cellular signaling pathways

are activated?

Is the cellular response permanent

or transient?

Is the functionality of the electrosti-

mulated mature biological tissues

(e.g., skeletal muscle and cardiac

tissue contractility) preserved after

implantation in vivo?
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electrical fields [31,130–141] trigger osteogenic differentiation. Electrical stimulation appears to have

a major role, because BMSCs are able to differentiate towards the osteogenic lineage even in the

absence of a osteogenic cocktail medium [81,102,138,142]. Further osteogenic differentiation is

also detected with electrical stimulation under standard osteogenic culture conditions, as evidenced

by the enhanced alkaline phosphatase activity [131,133,136,139,140], calcium deposition [31,131–

134,137,138,140], and expression of osteogenic genes and/or proteins [31,130,133,135,137,139,141].

Concluding Remarks and Future Perspectives

Engineering a construct that closely emulates the tissue that needs to repair and regenerate remains

a major aim of TERM. Cellular, biochemical, and mechanical cues have long been considered in the

development of biological tissues, but the importance of electrical features is only starting to be

appreciated. Electric fields are more than an epiphenomenon in the human body; they are respon-

sible for myriad physiological processes. Recent advances have shown the impact of using conductive

substrates and/or matrices and exogenous electrical fields on the maturation of biological tissues for

TERM. Electrical phenomena improve the maturation of bone and neural tissues and trigger the

contraction of cardiac and skeletal muscles. However, there is an urgent need to better understand

how these electrical phenomena affect cell behavior. Are these effects preserved in time or are they

merely transitory (see Outstanding Questions)? Neural TE requires further investigation to modulate

and trigger interneuronal communication in vitro through synapses. Tissues that are commonly

exposed to electrical fields, such as skin after injury or tendons after mechanical stress, can also

benefit from the use of electroactive biomaterials and/or electrical stimulation. Nevertheless, most

of the results presented herein were from in vitro assays. Long-term analysis of the biodegradation

and/or degradation byproducts and biocompatibility of these electroactive materials is essential

to select the most promising material for TERM before clinical translational. Moreover, the develop-

ment of realistic in vivo models that enable us to understand the efficacy of these strategies will

further progress the area of electrical field-based TE strategies.
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