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Conductive polymers (CPs) are gaining considerable attention as materials for implantable bioelectronics due to
their unique features such as electronic-ionic hybrid conductivity, mechanical softness, ease of chemical modi-
fication, as well as moderate biocompatibility. CPs have been utilized for a wide range of applications including
neural engineering, regenerative medicine, multi-functional sensors and actuators. This review focuses on CP
materials design for use in bio-interfacing electronics including composites, conductive hydrogels, and electro-

chemical deposition. We start by elaborating on the fundamental materials characteristics of CPs, including bio-
electrochemical charge-transfer mechanisms, and contrast them with naturally derived CPs. We then present
recent critical examples of the bioelectronic and biomedical applications of CPs, including neural recording and
stimulation, tissue regeneration, stretchable electronics, and mechanical actuation. We conclude with a
perspective of the current material challenges of CPs in bio-interfacing electronics.

1. Introduction

Electrically conductive polymers (CPs) have become attractive for
actively interfacing living systems with abiotic devices, including
implantable bionics and bioelectronics (Larsson et al., 2013; Liu et al.,
2020; Loffler et al., 2015). The unique features of CPs such as
electronic-ionic hybrid conductivity, mechanical softness, permeable
porosity, and versatile chemical modification make them favored for a
wide range of biomedical device applications including biosensors,
chemical sensors, drug delivery systems, artificial muscles, and neural
interfaces (Ding et al., 2019; Ding and Lisak, 2019; Inal et al., 2018; Joon
et al., 2019; Lisak et al., 2018; Long et al., 2011).

While implantable brain-machine interfaces were initially developed
for patients with traumatic injuries (Klein et al., 2012; Schoenen et al.,
2005; Wong et al., 1994), therapeutic neuro-stimulation techniques also
have been used for treating neurological diseases such as epilepsy
(Theodore and Fisher, 2004), chronic pain (Baughman and Shacklette,
1991; Schlapfer and Kayser, 2014), Parkinson’s disease (Krack et al.,
2003), Lou Gehrig’s disease, and depression (Schlapfer and Kayser,
2014). Recently, therapeutic electroceuticals have been further inves-
tigated to treat various dysfunctions by identifying the signaling

network and delivering neural impulses to the brain area associated with
the diseases. Functionally seamless and chronically compatible in-
terfaces between bio-tissues and electronics are crucial to developing
these technologies. However, conventional inorganic materials such as
metals and ceramics have limitations due to significant property mis-
matches, which eventually leads to mechanical trauma and chronic
inflammation at the interface (Baughman and Shacklette, 1991). As
alternative material solutions, CPs and their composites have the ad-
vantages of relatively low modulus; good electrochemical performance;
high surface area; in situ production and functional modification with
proteins and bioactive molecules; and the capability to load drugs and
biomolecules. Several studies have also shown that these CPs can be
used in regenerative medicine as electrically-active tissue scaffolds
which regulate cellular behavior including adhesion, growth (Collazo-
s-Castro et al., 2010; Quigley et al., 2009; Wong et al., 1994), migration
(Gumus et al., 2010), and the regeneration of damaged tissue (Guex
et al., 2017; Kenry and Liu, 2018; Kotwal and Schmidt, 2001; Mihic
et al., 2015).

In this review, we have highlighted recent advances in the design of
CPs and their recent application in neural recording and stimulation,
artificial sensors and actuators, as well as tissue regeneration. Moreover,
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we also discuss the natural conductive polymers melanin and polydop-
amines promising candidates for implantable bioelectronics.

2. Electrically conducting polymers

A conjugated molecular backbone, which consists of chains of
alternating single and double bonds, is an essential structure for the
polymers to have electrical conductivity. This conjugated structure fa-
cilitates electron delocalization by overlapping of p-orbitals. The con-
ductivity of CPs can be significantly modulated with various types of
dopants (Bredas and Street, 1985; Green et al., 2010; Sinha et al., 2009)
(Fig. 1). Electrically active, doped CPs can form a variety of complex
microstructures ranging from fully amorphous to moderately crystalline
due to relatively weakly bonded polymer chains with conformational
freedom. Furthermore, the size and the connectivity of macroscopic
domains, the morphological properties, crystallinity, and orientation of
the crystallite affect the charge-carrier mobility intensively (Chang
et al., 2004; Kline et al., 2005; Sirringhaus et al., 1999). Synthetic CPs
such as polyaniline (PANI), polythiophene (PT), polypyrrole (PPy), poly
(3,4-ethylenedioxy-thiophene) (PEDOT) have been frequently used in
the biomedical electronics applications. Their chemical details and
physicochemical properties are well documented in several recent
excellent review articles: for general CPs (Kaur et al., 2015), for PPy
(Ateh et al., 2006), for PANI (Zare et al., 2019), and for PEDOT (Stra-
kosas et al., 2016). Briefly, the electronic and ionic hybrid conductivities
of CPs are sensitively affected by 1) molecular weights of conjugated
backbones, 2) n-r stacked crystalline domain sizes, 3) interactions with
p-type doping counterions, 4) protonic transporting pathways, 5) elec-
tron transfer through hydrogen bonds, and 6) molecular ordering
(Fig. 1).

Several synthetically prepared CPs are promising for bio-interfaces,
biosensors, and bio-medicines. CPs have many advantages based on
their large effective surface area for exchanging charges, high non-
faradaic charge transfer, and overall low impedances while forming
electrochemical circuits with biotic interfaces (Martin and Malliaras,
2016). Biocompatibility and biosafety are also critical parameters for
selecting CPs, not just electrochemical performances. PANI has moder-
ate biocompatibility, excellent stability, and low cytotoxicity (Bidez
et al., 2006; Humpolicek et al., 2012; Liu et al., 2010), whereas oligo-
mers of PANI show cytotoxicity depending on the number of repeating
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units, time, and concentration (Zhang et al., 2012). PPy is an excellent
electrical conductor with biocompatible, cytocompatible and has
demonstrated to supporting cell adhesion, growth, regeneration of
axons, and modulating cellular response (Garner et al., 1999; Rivers
et al., 2002; bib_Williams_and_Doherty_1994; Williams and Doherty,
1994; Zhao et al., 2020) However, the mechanical stiffness of PPy is not
matched to biological tissues (Qi et al., 2017; Zhou et al., 2018). PEDOT
has been extensively studied, which is the most successful derivative of
polythiophene in the field of biomedical engineering (Kaur et al., 2015;
Martin et al., 2010; Peramo et al., 2008) because of its high electrical
conductivity and superior chemical stability (particularly when
compared to PPy), along with biocompatibility (Green and Abidian,
2015; Kaur et al., 2015). Despite the dramatic advancement made in
synthetic CPs, there are still limitations such as poor long-term stability,
insufficient mechanical matches with biotic tissues, and chronic
biocompatibility (Kaur et al., 2015).

Alternatively, natural CPs are emerging as active bioelectronic ma-
terials including melanin-like materials, which possess high electrical
conductivity (Baraldi et al., 1979; McGinness et al., 1974; McGinness,
1972; Osak et al., 1989; Powell and Rosenberg, 1970), biocompatibility
(Bettinger et al., 2009), and anti-inflammatory properties (Eom et al.,
2017). Recently, T. Eom et al. fabricated free-standing natural melanin
composite films with electrical conductivity of 1.17 S/cm (Eom et al.,
2019). However, biointerfacing electronics application examples using
melanin-like materials are still limited at this moment.

3. Bioelectronic applications of conducting polymers
3.1. Neural recordings and stimulations

Early progress in the use of CPs in biomedical applications focused on
the development of neural electrodes, which serve as a crucial electronic
interface to the biological systems (Guimard et al., 2007; Patil and
Thakor, 2016). This requires an optimized interface between the elec-
trode and neural tissue as well as efficient signal transfer between the
cells and the electrode (Guimard et al., 2007). There are several pa-
rameters that need to be considered while designing neural electrodes,
such as providing large charge storage capacity (CSC), charge injection
limit (CIL), low impedance, and high signal to noise ratio (SNR). Elec-
trochemical impedance spectroscopy (EIS) also provide information of

Polymeric dopant /‘\/Conductivepolymer ~ Conducting pathway

Fig. 1. Schematics of molecular structures of CPs of showing (A-C) interactions with counterions or dopants and (D-E) delocalized charge pathways along with
different sizes of crystal domains. (A) Small molecules, (B) oligomeric, and (C) polymeric dopants. (D) Amorphous, (E) low crystalline, and (F) high crystalline

conjugated domains of the conductive structures.
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CPs at the bio-interfaces such as reactions and kinetics at the
electrode-media interfaces, dielectric and transport properties of mate-
rials (Ciucci, 2019; Lasia, 2002; Lvovich, 2012; Macdonald, 2006).
These fundamental theories and experimental techniques are already
well documented, and the readers can find excellent reviews (Cogan,
2008; Green and Abidian, 2015; Woeppel et al., 2017). EIS spectra can
be interpreted in terms of equivalent circuit (EEC) models that help
explain the predominant mode of charge transport in the system. One
common model is the Randles circuit, which gives values of parameters
such as general impedance, double layer capacitance, solution resis-
tance, polarization resistance and Warburg impedance. The components
depict a coupling between the charge transport of the reactants and the
products. The ability of EIS to analyze both dynamic and spatial ele-
ments of interfacial kinetics makes it an important tool to be used in vivo
clinical applications (Kleber et al., 2017; Lvovich, 2012; Opie et al.,
2016). As the CV technique provides specific information on the CSC and
durability of the electrode, the combination of EIS with CV provides a
detailed understanding of the properties of conductive polymers (Ates,
2011). The CIL is determined by the maximum amount of charges
delivered within the range where a pseudocapacitive reversible reaction
occurs. In general, the CIL is determined by the maximum cathodal
potential excursion (Epc), which is the boundary where the voltage
transients do not cause a Faradaic reaction, especially water electrolysis.
To find CIL, biphasic stimulations are generally used for applying cur-
rent. As excess charges can trigger electrochemical reactions cathodic
and anodic charges should be balanced not to damage tissue or electrode
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(Cogan, 2008). This process that resembles the impulse conduction
mechanism of nerve with Na* and K" movement mitigates the damage
on tissue caused by the unbalancing charge effectively (Fig. 2). While
the method to stimulate the nerve follows the internal signaling mech-
anism of nerve, CPs can further offer the potential to mimic the function
of nerve with its selective ion transporting ability (Akieh-Pirkanniemi
et al., 2016; Arroyo et al., 2019).

CPs in the neural interfaces can increase the effective charge
exchanging surface area while maintaining a small geometric electrode
size (Green and Abidian, 2015). Other criteria, such as biocompatibility
and long-term durability, can also be met by designing CP hybrid neural
electrodes. Various ions, proteins, and cells interact with an electrode
implanted in the body, which results in an extraordinarily dynamic and
rigid condition for the neural electrode. Thus, CPs placed at the neural
electrode interface can play a specific role in maintaining stable and
biocompatible to minimize the acute and chronic inflammation, which
eventually leads to a decrease and an ultimate loss in signal transduction
(Kim et al., 2017; Meijs et al., 2016).

Providing high effective surface area and promoting facile ion ex-
change between recording sites and surrounding tissues make CPs
promising candidates as interfacing electrodes (Patil and Thakor, 2016).
The recent achievements and the current trends in CP research were
described in the following parts (Fig. 3 and Table 1).

For neural recording and stimulation, the superior electrochemical
performances presented by low electrochemical impedance, a large CSC,
and a high CIL are the essential factors. On top of this, long-term stability
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Fig. 2. Concept of biphasic stimulation with the symmetric cathodal first pulse and conceptual image of the electrode surface with a cathodal pulse.
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Fig. 3. (A) Schematic diagram of the electrode based on the graphene and nanowire concept. (A-1) In vivo neural signal recorded by (A-2) Au electrode and (A-3) Au-ZnO-Au—PEDOT electrode for 2 s with and without
whisker stimulation in the rat’s brain (Ryu et al., 2017). (B) SEM images of identical commercial microelectrodes (B-1) and nano-structured (B-2). Electric hum recorded in a mouse brain slice maintained in vitro (B-3),
by using commercial microelectrodes and nano-structured microelectrodes (Castagnola et al., 2015). (C) Cross-sectional microscopic image of the multi-modal fiber produced by thermal drawing. (C-1) A wild-type
mouse implanted with a multi-functional probe. (C-2) Electrophysiological recording of optically evoked potentials in the mPFC of wild-type mice transfected with AAV5-CaMKIIa:ChR2-eYFP performed 1 month
(C-3) and 3 months (C-4) after the one-step implantation and transfection surgery (Park et al., 2017). (D) SEM images of glassy carbon (D-1) and Pt electrode (D-2). Averaged somatosensory evoked potentials evoked by
100 stimuli for each 300 pm @ Pt (black) and 300 p m @ GC (blue) microelectrodes (D-3) and each GC (blue) and GC-PEDOT-PSS (red) microelectrode (D-4) (Vomero et al., 2017). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Electrochemical properties CP modified electrodes for neural recording and stimulation.
Surface modification Substrate electrode Impedance at 1 kHz Charge storage Cyclic voltammetry (CV) Charge injection Ref
(Mohm/pmz) capacity (CSC) scan condition limit (CIL)
(mC/cm?) (mC/cm?)
PPy/ClO4 Ir 35 160 (-0.9-0.5V, 100 mV/s) - Abidian et al.
(2010)
PEDOT/ClO4 Ir 13.5 240 (-0.9-0.5V, 100 mV/s) 2.39 Abidian et al.
(2010)
PEDOT/ionic liquid Au 6 8.7 (-0.9-0.6 V, 1 V/s) 1.2 Du et al. (2015)
PEDOT:PSS Pt 22 88.4 (-0.6-0.6 V, 50 mV/s) 3.6 Zhou et al. (2013)
PEDOT:PSS Pt - 7 (-0.9-0.5V, 100 mV/s) 2.3 Cui and Martin
(2003)
PEDOT:PSS Au 9.2 - - - Sessolo et al.
(2013)
PEDOT/TFB" Ir 7 - - - Charkhkar et al.
(2016)
PEDOT/pTS Pt - - - 2.1 Green et al. (2012)
PEDOT/MWCNT Pt 17 202.9 (-0.6-0.6 V, 50 mV/s) 8.4 Zhou et al. (2013)
PPY/SLPF® Au 222 - - - Owen (2004)
PEDOT/DCDPGYIGSR Pt 45 - - - Green et al. (2009)
PPY/PSS/NGF® Au 9 - - - Kim et al. (2007)
PPY/glutamic acid Indium tin oxide (ITO) 9.7 - - - Kim et al. (2007)
PEDOT:PSS Nerve, Pt/Ir 558.92 25.3 (cathodal) (-0.6-0.8 V, 5 V/s) - Murbach et al.
(2018)
PEDOT:PSS-rGO Au 59 84.8 (-0.6-0.8 V, 50 mV/s) 6.91 Lee et al. (2019)
PEDOT:PSS coated Alginate IPN, nickel- 200 kohm 1.2 (cathodal) (-0.6-0.6 V, 500 mV/s) - Wang and
MWCNT hydrogel cadmium Facchetti (2019)
PEDOT/pTS hydrogel PVA-taurine, Pt/Ir 1180 212 (-0.8-0.6 V, 150 mV/s) 0.0158 Staples et al.
(2018)
PEDOT/pTS hydrogel PVA-taurine, Stainless steel 8560 85 (-0.8-0.6 V, 150 mV/s) 0.0135 Staples et al.
(2018)
PEDOT/MWCNT Pt/Ir 3.8 38 (-0.9-0.6 V, 1 V/s) - Alba et al. (2015)
PEDOT:PSS GC 10.1736 893.5 (-0.8-0.6 V, 100 mV/s) - Vomero et al.
(2017)
PEDOT:PSS Au 67.52 2.55 (-0.6-0.8 V, 50 mV/s) — Qiang et al.
(2017)
PEDOT:PSS PEG hydrogel including CsA 580.2 + 40.1 ohm 0.267 (-0.65-0.8 V, 100 mV/s) - Heo et al. (2016)
coated PLGA, Ti/Pt
PEDOT hydrogel Poly (DMAA-co-5%MABP- - 26.5 (-0.6-0.8 V, 100 mV/s) - Kleber et al.
c0-2,5%SSNa), Ti/Pt/IrOx (2017)
PEDOT/pTS hydrogel PVA-taurine, Pt 1809.5 132 (-0.8-0.6 V, 150 mV/s) - Goding et al.
(2017)
PEODT/pTS hydrogel PVA-heparin, Pt 1732.5 80 (-0.8-0.6 V, 150 mV/s) - Goding et al.
(2017)

# = tetrafluoroborate.
b — silk-like polymer having fibronectin fragments.
¢ = nerve growth factor.

and biocompatibility are pursued as critically challenging issues. The
long-term stability of coated CPs can be achieved by better integration
with a substrate electrode. For example, PEDOT:PSS can be deposited on
glassy carbon (GC) electrodes to perform long-term neural stimulation
and low-noise recording (Vomero et al., 2017). When PEDOT:PSS was
coated on GC electrodes, it was able to withstand 5 million biphasic
pulses. They also showed twice of CSC compared to the PEDOT:PSS
coated Pt electrodes. The reason is that GC electrodes form more
coherent interaction with PEDOT:PSS than Pt electrodes.

An approach to ameliorate the biocompatibility of CPs is by utilizing
surface modifications with biomolecules or biopolymer composites. CPs
can also be made by naturally derived biomaterials such as melanin or
polydopamine (PDA) (Kim and Nam, 2019; Kim et al., 2018, 2017; Xie
et al., 2018). Kim et al. reported that PDA/PPy coatings on electrodes
could reduce the impedance to be around half of that of PPy electrodes.
The effect of electrical stimulation on PC12 neural cell growth
confirmed the efficacy of the electrically CPs. A fraction of
neurite-bearing cells on PPY increased from 23 to 32% whereas neurite
formation on PDA/PPy notably increased from 24 to 57%. They
demonstrated the potential in vivo applications of PDA/PPy-modified
electrodes by implanting concentric needle electrodes in the tibialis
anterior of a rat and measuring electromyography (EMG) signals. Signal
to noise ratios (SNRs) of the EMG signals from the PDA/PPY electrodes

were found to be 1.3 and 2.9 times higher than those belonging to the
PPY and bare electrodes, respectively. They also showed that PDA/PPy
electrodes possess tissue compatibility by histological assessment of the
subcutaneous tissues implanted with electrodes for four weeks.

Applying biopolymers as a substrate material for the CP coatings is
another method for creating functional coatings. Marroquin et al.
modulated the structure and the mechanical properties of the electrode
by fabricating microfibrous electrodes using electrospun poly-L-lactic
acid (PLLA), and these electrodes were coated with PEDOT to record
electrical activity from rat’s brain (Marroquin et al., 2018). The signals
were recorded from acute hippocampal brain slices of adult rats for ex
vivo studies and from the guinea pig auditory cortex using microfiber
membrane electrodes for in vivo studies. For in vivo study, 3D-PEDOT
strips which are composed of PEDOT-coated PLLA were used to record
surface local field potentials (LFPs) from guinea pig auditory cortex, and
responses including mean SNR were found to be analogous to those
recorded using platinum ball electrode, while responses from noncon-
ductive uncoated 3D-PLLA electrode were significantly lower. On the
other hand, the extended contact of 3D-PEDOT mats on the rat’s brain
did not cause scarring for three weeks, whereas the Pt electrodes caused
scarring due to their higher modulus than the surrounding tissue.

CPs are also fabricated in the form of hydrogels to mitigate the im-
mune response triggered by differences in mechanical stiffness. Even
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though CP hydrogels do not show remarkable superiority over dense CPs
in terms of their electrochemical performance, their low modulus makes
CP hydrogels attractive for soft neural electrode materials. Staples et al.
examined the effect of CP hydrogel coatings on electrochemical per-
formances of the PtIr and stainless steel electrodes (Staples et al., 2018).
20 wt% Poly vinyl alcohol (PVA)-taurine hydrogel coating was per-
formed on the PEDOT/p-toluene sulfonate (pTS) pre-coated electrodes.
PEDOT was electrochemically polymerized through the PVA-taurine
coating after photopolymerization. After coating with CP hydrogel,
the impedance of Ptlr and stainless steel at 1 kHz decreased to 1180 and
8560 MQ-um?, respectively. Further, the CSC and CIL of CP hydrogel
coated PtIr electrode were found to be 212 mC/cm?, 85 mC/cm? and
that of stainless steel were 0.016 mC/cm?, 0.014 mC/cm?, respectively.
At a current of 2 mA and frequency of 40 kHz, the CSCs of CP hydrogel
coated stainless steel electrodes were reduced by 30% from their initial
value at day 42, and there were no notable changes in impedance. Since
the corrosion and delamination occurred on both coated and uncoated
PtIr electrodes, they were found to be inappropriate for long-term
stimulation.

Murbach et al. quantitatively analyzed the polymerization of PEDOT:
PSS in agarose gel, followed by electrochemical in situ polymerization of
PEDOT:PSS in peripheral nerves to fabricate a soft, precisely located
injectable CP electrode for bi-directional communication (Murbach
et al., 2018). The injectable intraneural PEDOT:PSS polymerization was
performed in excised rat nerves using PtIr microwires with a diameter of
100 pm. The EDOT:PSS was injected at a constant rate of 0.2 pL/min
with a constant voltage of 2 V. Similar to in vitro test, in the nerve, the
polymerization of PEDOT:PSS improved the electrochemical properties
of the electrode. The presence of PEDOT:PSS not only lowered the
impedance at 1 kHz by 10%, but also increased the CSC by 4.8 times
compared to PtIR. In this study, they showed that PEDOT could be
locally polymerized in individual peripheral nerves. For neural
recording and stimulation applications, CPs are actively replacing
metallic materials due to their far better electrochemical performances
and biocompatibility.

3.2. Conducting polymers in regenerative engineering

CPs have been also used in the field of regenerative medicine in
which tissue function is recovered or entirely replaced using scaffolds,
bioactive molecules, and living cells (Talikowska et al., 2019). Porous
scaffolds with CPs are fabricated as supporting templates for the growth
and differentiation of cells which eventually leads to the formation of
new tissue (Fig. 4). CPs can regulate cellular activities including cell
growth (Collazos-Castro et al., 2010; Quigley et al., 2009; Wong et al.,
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1994) and migration (Gumus et al., 2010) through electrical stimulation
(Guo et al., 2013). Since controlling cellular behavior is pivotal for
regeneration, CPs are attractive candidates as scaffold materials for
regenerative engineering approaches. Polyacetylene (PA), PT, PEDOT,
PPy, polyphenylene, and PANI are all examples of CPs that have shown
promise of regenerative engineering (Guo et al., 2013). This section
introduces regenerative applications of CPs for neural and cardiac tis-
sues as well as bone regeneration and wound healing (Table 2).

3.2.1. Conducting polymers for neural regeneration

Significant effort has been made to regenerate injuries associated
with the peripheral nervous system (PNS) and the central nervous sys-
tem (CNS). Electrical, chemical, topological, and biological methods for
incorporating stimuli into the polymer-based scaffolds have become
critical for optimizing neural regeneration (Arino et al., 2008; Cao et al.,
2009; Hamid and Hayek, 2008; Lee et al., 2009; Lu et al., 2008; Prab-
hakaran et al., 2009). Over the last decades, electrical stimuli have
gained interest in promoting axon and neurite extension in vitro
(Bjorninen et al., 2017) and nerve regeneration in vivo (Vivo et al.,
2008). Since there are some limitations of CP-based biomaterials
because of their low toughness, non-degradability, and difficulties in
processing them into complex 3D structures (Park et al., 2009; Rivers
et al.,, 2002; Wang et al., 2004; Zhang et al., 2007). hybrid materials
have been developed. These hybrid materials typically employ a host
polymer that provides the desired physical characteristics required,
while the CP provides the electrically conductive characteristics to the
resulting product. For instance, the bulk polymer may consist of bio-
polymers such as PLLA, chitosan (CS), gelatin, and cellulose (S. Wang
et al., 2017e; Xu et al., 2016; Zhou et al., 2016).

Among the CPs used in neural regeneration applications, PPy was
initially investigated because of its good biocompatibility and ability to
support cell adhesion, electrical conductivity, easy preparation, and
surface modification (Green and Abidian, 2015). Y. Zou et al. fabricated
an aligned conductive PPy-PLLA fiber film with a diameter of about 800
nm and examined the effect of electrical stimulation of PC12 cells on this
film (Zou et al., 2016). The surface resistivity of aligned PPy-PLLA fibers
film was found to be 0.971 and 0.874 Q m at the horizontal and lateral
directions of the fiber axis, respectively, and no significant difference
was observed in resistivity values. However, the surface resistivity of
random PPy-PLLA fibers film was found to be 0.427 Q m due to the
lower porosity and higher amount of PPy nanoparticles on aligned PLLA
fibers. Results showed that aligned PPy-PLLA fiber films could lead the
extension of 68% PC12 neurites and also that extended distribution of
neurites could be modified through aligned fibers film under electrical
stimulation of 0-400 mV/cm. Since the results showed an improved

Fig. 4. (A) Photographs of the PANI/cellulose hydrogel
/ composite conduit with snipped nerve and regenerated
: nerve for 3 months (Xu et al., 2016). (B) SEM image and
‘ photograph (inset) of polymerized PEDOT/CS/gelatin scaf-
\\ folds (B-1), and SEM micrographs of cell-scaffold constructs
! after 3 days of culture (B-2) (S. Wang et al., 2017¢). (C) SEM
image of deposited electroactive polymer with poly-
caprolactone-gelatin fibers on the (left), and photograph of
microelectronic cardiac patch after 7 days of cultivation
with cardiac cells (right) (Feiner et al., 2016). (D) SEM
image of poly (thiopheneacetic acid) hydrogel and fluores-
cent image of myoblast cells with visualization of active cell
(D-2) on it following 3 days incubation (Mawad et al.,
2012). (E) Photograph of amoxicillin loaded N-carboxyethyl
CS/oxidized HA-graft-aniline tetramer hydrogel (E—1),
granulation tissue thickness for on the 15th day (E—2), and
photographs of wounds on 5th and 15th day for amoxicillin
loaded HA-graft-aniline tetramer/N-carboxyethyl CS
hydrogel dressing (E—3) (Qu et al., 2019).

Day 15
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Table 2
Conducting polymers in regenerative engineering applications.
Material Conductive Application Conductivity Mechanical Property Cytocompatibility Reference
Counterpart
OHA-AT/CEC Aniline tetramer Wound Healing ~0.2x10°3 8/ 1.4 kPa storage ~1.1 times higher C2C12 myoblast Qu et al. (2019)
hydrogel cm modulus proliferation than OHA/CEC
GP/CMCS/0OD PANI Bone 6.7 x1073 S/cm 5.71 MPa storage ~1.125 times higher C2C12 myoblast (Longchao Li et al.,
hydrogel Regeneration modulus proliferation than G/CMCS/OD 2015a)
BaG/Gel/PEDOT:PSS PEDOT Bone 1.7x10°°S/em - ~4 times higher hMSC" proliferation Yazdimamaghani et al.
scaffolds Regeneration (2015)
PANI/cellulose PANI Neural 49 x10°1s/ 2.25 + 0.05 MPa ~2 times higher RSC96 cell proliferation Xu et al. (2016)
composite Regeneration cm tensile strength
hydrogels 35.4 + 0.2%
elongation at break
rGO-PEDOT hybrid rGO-PEDOT Neural ~2.52 S/cm 84 MPa tensile ~1.16 times higher MSC proliferation Guo et al. (2016)
microfiber Regeneration strength
PEDOT/CS/Gel PEDOT Neural 3.44x10°2S/ 49.8 + 3.1 kPa ~1.3 times higher PC12 cell (S. Wang et al., 2017¢)
scaffold Regeneration cm compressive modulus proliferation
PEDOT-HA/CS/Gel PEDOT Neural 3.16 x10°3 S/ 47.3 £+ 0.3 kPa Support PC12 cell adhesion, (S. Wang et al., 2017d)
scaffold Regeneration cm compressive modulus Up-regulation of GAP43 and SYP protein
and gene expression
PPy-PLLA fiber film PPy Neural 0.01 S/cm 100 MPa elastic Improved outgrowth and extended Zou et al. (2016)
Regeneration modulus distribution of PC12 neurites
PPy-PCL IPN network PPy Cardiac 0.001 + 0.0025 0.93 + 0.19 GPa Enhanced functional properties and Spearman et al. (2015)
Regeneration S/cm elastic modulus maturation of HCL1 cardiomyocyte
0.071 + 0.02 GPa cells.
hardness
PPy/PCL/Gel PPy Cardiac 0.013 mS/cm 16.8 + 1.9 MPa Higher cell adhesion and proliferation of ~ Kai et al. (2011)
nanofibrous Regeneration tensile modulus cardiomyocytes
scaffolds

# = mesenchymal stem cell.

outgrowth and extended distribution of neurites, specifically under the
electrical stimulation of 200 mV/cm, this aligned PPy-PLLA fiber film
was proposed as a scaffold material for neural regeneration.

Graphene and its derivatives, graphene oxide (GO) and carboxy
functionalized GO (CFGO), have been utilized in nerve regeneration
studies to prepare composite materials with improved conductivity.
Shang et al. employed GO and CFGO along with the sodium dodecyl
benzenesulfonate (DBS) as dopants of PPy to produce conductive com-
posite films for nerve repair studies (Shang et al., 2019). PPy with
different dopants were electrochemically deposited on the surface of
aligned PLLA fibers. In the presence of approximately 3.8% of GO,
conductivity of DBS-GO-doped PPy-PLLA composite film with the fiber
diameter of 2.51 pm reached to 32 S/cm. Due to the accumulated
charges on the surface of GO sheets, DBS-GO-doped composite film
showed the highest neurite length (149 pm) and alignment (70%) of
PC12 cells under the electrical stimulation, when compared with
DBS-CFGO-doped (137 pm, 64%) and DBS-doped (131 pm, 58%) com-
posite films. They suggested that the composite films of PPy-PLLA pre-
pared with the DBS and GO, can be used as a stable and cytocompatible
matrix for nerve repair.

PANI is an attractive candidate because it is relatively cheap and
possess better processability and stability as compared to PPy (Ning
et al., 2018; Xia et al., 2013). Xu et al. fabricated PANI/cellulose com-
posite hydrogels which exhibited 2.25 + 0.05 MPa tensile strength, and
4.9 x 107! S/cm electrical conductivity (Xu et al., 2016). Results
showed that the electrically conductive PANI could induce the prolif-
eration of the Schwann cells on PANI/cellulose composite hydrogels
nearly two times higher than that of the control group. They also indi-
cated that most of the Schwann cells cultured on PANI/cellulose
hydrogels showed their normal morphologies and attached to the
hydrogel through the PANI sub-micrometer dendritic particles by cell
pseudopods. Thus, the PANI/cellulose composite hydrogels were found
to be biocompatible and could be used as nerve guidance conduits for
the nerve-tissue repair.

Banisadi et al. prepared a conductive porous CS/gelatin matrix
mixed with PANI/graphene nanoparticles for nerve regeneration. The
initial conductivity of CS/gelatin matrix (107 S/cm) was enhanced to

0.182 S/cm with the addition of 10 wt% PANI/graphene nanoparticles,
confirming the uniform distribution of highly conductive nanoparticles
in porous matrix. They reported that the water retention capacity and
porosity was decreasing while the electrical and mechanical properties
were increasing with the addition of varied concentrations of PANI/
graphene nanoparticles from 2.5 wt% to 10%. Cell proliferation studies
performed with the Schwann cells, showed that the porous matrix with
2.5 wt% PANI/graphene has the highest number of attached cells. When
taken together with this result, they chose scaffold with 2.5 wt% PANI/
graphene as a suitable material for nerve tissue engineering.

PEDOT is another promising CP in neural regeneration applications.
S. Wang et al. first synthesized hyaluronic acid (HA) doped PEDOT
(PEDOT-HA) with a diameter of about 200 nm where HA improves the
biocompatibility of PEDOT (S. Wang et al., 2017b). Then, the porous
electroactive scaffold was fabricated by combining different amounts of
conductive PEDOT-HA nanoparticles into a CS/Gelatin (Cs/Gel) matrix
for nerve regeneration applications. They found that the incorporation
of 8 wt% PEDOT-HA into scaffold provided 3.16 x 102 S/cm electrical
conductivity, and 47.3 + 0.3 kPa compressive modulus. When PC12 cell
behavior in PEDOT-HA/Cs/Gel scaffolds was examined, the conductive
scaffolds could support cell adhesion, viability, and higher expression of
synapse growth genes. Based on their findings, they proposed
PEDOT-HA/Cs/Gel scaffolds as candidates to be used in nerve tissue
regeneration.

W. Guo et al. developed a step-driven self-powered neural differen-
tiation system by combining PEDOT-reduced graphene oxide (rGO)
hybrid microfibers and a triboelectric nanogenerator (TENG) (Guo et al.,
2016). The electrical conductivity of the rGO microfiber (~1.51 S/cm)
was significantly improved by compositing with 15% PEDOT (~2.52
S/cm). The tensile strength of the rGO microfiber was about 84 MPa for
the 15% rGO-PEDOT hybrid microfiber at room temperature, indicating
that the microfibers possess excellent mechanical properties and that the
addition of PEDOT did not have any significant effect on the mechanical
property of the microfibers. Live/dead cell assays revealed that after five
days, the cell quantities on the 15% rGO-PEDOT hybrid microfibers
were about ~1.16-fold higher than that on the rGO microfibers which
was associated with better protein absorption ability of 15%
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rGO-PEDOT hybrid microfiber than that of the rGO microfiber. The
TENG gave a walking-induced voltage of 250 V, current of 30 pA and the
transferred charge during one circuit of around 20 nC. When TENG
electrical stimulation was applied, the expression of Tujl (a particular
marker for neural cell) and GFAP (a particular marker for glial cell) on
the 15% rGO-PEDOT hybrid microfiber was enhanced by ~1.68 and
~1.5-fold over that on the rGO microfiber. These results indicated that
the better electrical conductivity of the 15% rGO-PEDOT hybrid mi-
crofiber made the current transmission stronger, and the stronger charge
injection increased neural proteins and gene expressions. In this study,
rGO-PEDOT hybrid microfibers were shown to serve as effective scaf-
folds for MSCs proliferation and as a medium for step-driven TENG pulse
electrical stimulation signals for inducing MSCs to differentiate into
neural cells.

L. Weaver et al. also used PEDOT and GO to fabricate conducting
polymer-based cell scaffolds by electrochemical coating. The bio-
molecules interferon-y and platelet-derived growth factor that selec-
tively promotes neuronal or oligodendrocyte lineage differentiation,
respectively, were covalently cross-linked to the surface of the scaffolds
through carboxylic acid functional groups on the surface of GO. The cell
density of PEDOT/GO surface after seven days increased by 260%
compared to after 30 minutes while the increase of cell density on the
PEDOT/PSS surface during the period was only 30%. Moreover, neural
stem cells grown on the interferon-y and platelet-derived growth factor
modified PEDOT/GO film through chemical crosslinking showed
significantly more neuronal and oligodendrocyte differentiation
respectively than cells grown on both an unmodified film and film
modified with interferon-y via nonspecific physical adsorption.

3.2.2. Conducting polymers for cardiac regeneration

Damaged cardiac tissue can be regenerated by applying cellular
transplantation and 3D biomaterial scaffolds (Vunjak-Novakovic et al.,
2010). One of the major drawbacks of tissue-engineered myocardial
patches for the cardiac regeneration is that the extracellular matrix
(ECM) cannot be mimicked functionally, because insulating polymeric
scaffold hinders the signaling between cardiomyocytes (Kai et al., 2011).
Optimized 3D scaffolds could be designed by conductive, biocompatible,
and viscoelastic materials which are also functionalized with bioactive
molecules or stem cells (Zia et al., 2016). CPs were considered as the
potential candidates for enhancing the function of engineered cardiac
tissue (Nezakati et al., 2018).

B. Spearman et al. prepared conductive PPy-polycaprolactone (PCL)
interpenetrating networks (IPNs) and examined this matrix as a platform
for guiding the production of functional cardiac cell sheets (Spearman
et al., 2015). PPy-PCL was found to be suitable for culture of car-
diomyocytes as an electrically-conductive substrate with a resistivity of
1.0 £ 0.4 kQ:cm, was similar to the resistivity of cardiac tissue
(approximately 0.5 k Q-cm). Cell culture tests performed with HCL1
atrial myocytes indicated that PPy-PCL IPNs improved the functional
characteristics and maturation of cardiomyocyte cell sheets. Thus, they
proposed to use conductive materials as active substrates for cardiac
regeneration to functionally mimic the native cardiac tissue.

A. Gelmi et al., produced PPy coated poly (lactic-co -glycolic acid)
PLGA fiber scaffolds which could transfer direct electrical and me-
chanical stimulation to induced human pluripotent stem cells (iPS)
(Gelmi et al., 2016). These scaffolds showed no cytotoxic effects on the
iPS and could serve as a microenvironments including both electrical
and mechanical stimulation to improve proliferation and differentiation
of the stem cells by tuning the biophysical and biochemical conditions of
the transplanted cells and mimicking the natural structure of the heart.

Kai et al. fabricated PPy/poly (e-caprolactone)/gelatin (PPG) nano-
fibrous scaffolds by electrospinning with different concentrations of PPy
to poly (e-caprolactone)/gelatin solution (Kai et al., 2011). They re-
ported that increasing the concentration of PPy (0-30%) in the com-
posite caused reduced fiber diameters from 239 + 37 nm to 191 + 45 nm
and increased tensile modulus from 7.9 £+ 1.6 MPa to 50.3 + 3.3 MPa.
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The conductivity of the PPG composite with 15% and 30% concentra-
tion of PPy scaffolds were obtained as 0.013 mS/cm and 0.37 mS/cm,
respectively. Cardiomyocytes seeded on PPG nanocomposite with 15%
PPy demonstrated significantly higher cell adhesion, proliferation, and
increased expression of cardiac-specific proteins when compared with
the poly (e-caprolactone)/gelatin scaffolds which did not contain any
PPy.

3.2.3. Conducting polymers for bone regeneration

The native electrical properties of bone, discovered in 1950 (Fukada,
1956), allow external electric and electromagnetic stimulation to affect
bone healing (Andrew et al., 1974; Darendeliler et al., 1997; Ryaby,
1998). Several studies have demonstrated the influence of stimulation
on cell activities such as adhesion, proliferation (Meng et al., 2013),
gene expression (Ozawa et al., 1989), and protein synthesis (Wang et al.,
2006). Inspired by the idea of improving the bone healing with stimuli,
the electrical property of the scaffolds could be adjusted by employing
biocompatible CPs (Shahini et al., 2014).

L.Li et al. synthesized IPN conducting hydrogels with enhanced
mechanical properties (Lanlan Li et al., 2015b). They used
carboxymethyl-CS (CMCS) and gelatin-graft-PANI (GP) crosslinked with
oxidized dextran (OD) to prepare IPN hydrogels. GP1 and GP2 with
different PANI contents of 0.9 wt% and 1.8 wt% were synthesized to
understand the effect of aniline content on the mechanical properties
and cytotoxicity of the IPN hydrogels. The storage modulus of the
gelatin/OD hydrogel was found to be about 1 kPa, and it increased to
924 kPa for the gelatin/CMCS/OD hydrogels. The GP1/CMCS/OD and
the GP2/CMCS/OD hydrogels showed decreased moduli of about 571
kPa and 21 kPa, respectively. In principle, the increased crosslinking
density causes the increment of the storage modulus. They related the
decreased modulus of the GP/CMCS/OD hydrogel with the grafting re-
action of PANI to gelatin which consumed amine group on the gelatin
chains that lead to the crosslinking density reduced. The conductivity of
the hydrogels varies as PANI content changes from gelatin/CMCS/OD to
GP2/CMCS/0OD. The conductivity of gelatin/CMCS/OD hydrogels was
6.2 mS/cm, attributed to the ionic conductivity of amino groups and
carboxyl groups on the chains of gelatin and CMCS. With the incorpo-
ration of PANI into the hydrogels, the conductivity of GP1/CMCS/OD
and GP2/CMCS/OD increased to 6.7 and 7.3 mS/cm, respectively.
Adipose-derived mesenchymal stem cells (ADMSCs) and C2C12 myo-
blasts were used to test the cytotoxicity of the hydrogels and the results
showed that the injectable CP hydrogels showed good cytocompatibility
with ADMSCs and greatly enhanced the cell proliferation of C2C12
myoblasts. Based on these findings, the same group also synthesized
biodegradable conductive copolymers based on polylactide and
different amounts of (3, 6 and 10 wt%) aniline tetramer (PPGAT). These
electroactive copolymers were found to be cytocompatible and the cell
proliferation and osteogenic differentiation from bone marrow-derived
mesenchymal stem cells (BMSCs) were significantly enhanced. Espe-
cially, PPGAT films which contain 6 wt% aniline tetramer showed the
best proliferation performance, demonstrating that the suitable AT
content was an important factor for cell proliferation.

Another study was performed by M. Yazdimamaghani et al. where
hybrid conductive scaffolds prepared by adding different amounts of
PEDOT:PSS in the composition of gelatin and bioactive glass scaffolds
(Yazdimamaghani et al., 2015). Results showed that addition of 0.3%
(w/w) PEDOT:PSS in the mixture of 10% (w/v) gelatin and 30% (w/v)
bioactive glass can increase the conductivity from 100 to 170 uS/m and
the cell viability more than 4 times compared to a nonconductive
composition.

3.2.4. Conducting polymers for wound healing applications

Skin plays a vital role in protecting the body from external damage
and microbial invasion. Thermal burn wounds generate approximately
265,000 deaths each year (Jahromi et al., 2018). Various biomaterials
for wound dressing with excellent antibacterial activity have been
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studied (GhavamiNejad et al., 2016; Ma et al., 2017; Zhou et al., 2017).
Particularly, conductive materials have a positive effect on improving
the cellular activities of fibroblasts and keratinocytes (Guo and Ma,
2018). Qu et al. designed biodegradable injectable conductive
anti-oxidant hydrogel dressing by mixing the biocompatible polymer
N-carboxyethyl CS (CEC) and oxidized HA-graft-aniline tetramer
(OHA-AT) polymer under physiological conditions (Qu et al., 2019). To
provide antibacterial activity, they also loaded hydrogels with the
antibiotic amoxicillin (D-OHA-AT10/CEC) and compared the in vivo
wound healing performance with the commercial product, Tegaderm™.
OHA-AT polymers were prepared with different amounts of AT which
were OHA, OHA-ATS, OHA-AT10, OHA-AT15, and OHA-AT20. The
conductivity of OHA/CEC hydrogel was found to be 0.05 mS/cm which
was increased to 0.09 mS/cm and 0.42 mS/cm with the addition of AT
segments. Based on the C2C12 myoblast cell proliferation and LIVE/-
DEAD staining results, they reported that OHA-AT5/CEC and
OHA-AT10/CEC hydrogels had better cytocompatibility than OHA/CEC.
Furthermore, the amoxicillin loaded group D-OHA-AT10/CEC hydrogel
showed antibacterial performance and the best treatment effect than all
the experimental groups. In this study, the role of the AT addition on the
conductivity of the hydrogels was demonstrated and correlated with
improved wound healing.

CPs were easily blended with biocompatible or biodegradable
polymers such as PLLA, cellulose, CS, and gelatin. Thus, biocomposite
CPs became preferable regenerative materials for neural regeneration,
cardiac regeneration, bone regeneration, and wound healing applica-
tions. Furthermore, functional molecules such as growth factors and
specific genes have been loaded to CPs composites to improve the
regenerative performances of the materials.

3.3. Artificial tissue — sensors and actuators

Though applied prostheses or artificial tissues are currently used as
replacements for malfunctioned organs or tissue such as bone, joint,
cochlear, and limbs, development of prosthesis with advanced human-
body interfaces aims to assist humans by enabling them to have supe-
rior abilities, such as lifting heavy weights or detecting a wider range of
visions, sounds, and smells. However, there are significant drawbacks of
conventional metallic materials (Castagnola et al., 2015). CPs can offer
improved integration between biological tissues and electrical devices
based on their outstanding electrochemical performances, biocompati-
bility, and processability. Therefore, most studies adopting CPs focus on
providing a lightweight, stretchable and flexible mechanical properties,
enhanced sensing abilities, and various controlled actuation to the
artificial sensors and actuators in order to mimic the native tissue both
physically and functionally. Biological tissues can behave as either
sensors or actuators like skin and muscle; however, for more complex
tissues, organs, for example, act as a combination of sensors and actu-
ators. Therefore, currently developed prototypes of artificial tissues are
being fabricated as a composition of sensors or actuators (Fig. 5).

3.3.1. Electronic skin (E-Skin)

Human skin plays a role as the broadest organ in our bodies, and it
receives various stimuli from the surrounding environment. External
physical stimulations received through receptors of various sensory
nerves embedded within the skin, for example, pressure, vibration, and
temperature, are converted into the physiological signals and trans-
mitted to the brain (Hammock et al., 2013). Electronic skin (e-skin) may
refer to the skin-mimetic integrated sensor array into a wearable film
with flexibility and stretchability by dispersing the conductive fillers to
an elastomeric matrix (Wang et al., 2019, 2020; Zhu et al., 2016). For
conductive fillers, conventional metals, liquid metals, carbon nano-
materials have been commonly used (Wang and Facchetti, 2019). Liquid
metal can function as a conducting path while encapsulated in a
microfluidic channel (Kang et al., 2018). Conventional stretchable
conductive materials were achieved by nano-scale distribution,
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orientation, and connectivity of nanofillers. Among nanofillers carbon
nanomaterials are popular. However, their percolation-dependent con-
ductivity and the poor solubility in most solvent remains a hurdle (Chen
etal., 2013; Chiou et al., 2018; Wang et al., 2013). CPs are advantageous
because chemical modification can create versatile stimuli-responsive
transduction for both physical and chemical changes, such as tempera-
ture (Hong et al., 2016; Trung et al., 2016; Vuorinen et al., 2016),
pressure (Darabi et al., 2017; Wang et al., 2018), humidity (Park et al.,
2018), pH (Kim et al., 2016; Rahimi et al., 2017, 2016), and diverse set
of target molecules (Lanlan Li et al., 2015b; Li et al., 2018; Liu et al.,
2018; Pal et al., 2018). Also, the processability of CPs can cast into
macro-shapes such as films, fibers, and hydrogels via precision tools,
including 3D printer (Fu et al., 2018).

CP is an inherently rigid material. Thus, molecular engineering is
required for stretchable e-skin applications. Table 3 provides the list of
CP based materials in e-skin applications. CPs can be blended with
elastomeric polymers to obtain stretchability. Taroni et al. blended
PEDOT:PSS with a commercial elastomeric polyurethane (PU) to
improve the stretchability (Taroni et al., 2018). The strain of a blend
containing 90 wt% of PU reached to ~700% while maintaining con-
ductivity of 79 + 5 S/cm. Rigid CPs can also be softened by injecting
ionic additives. Wang et al. added ionic additives to PEDOT:PSS in order
to partially soften polymer chains to create soft domains to achieve high
fracture strain (Y. Wang et al., 2017b). The compounds reduced Young’s
moduli of PEDOT:PSS bulk film by 50 times while preserving its con-
ductivity of 3600 S/cm after 1000 cycles to 100% strain. Teo et al. also
used 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB), an
ionic liquid, to fabricate the stretchable and semitransparent PEDOT:
PSS film (Teo et al., 2017). The EMIM TCB acts as a plasticizer as well as
a secondary dopant. As a result, the conductivity reached to >1000
S/cm with a stable performance at elongation up to 180% in combina-
tion with the prestrained substrate technique.

CP hydrogel can be stretchable. Gan et al. fabricated sandwich-like
PDA-grafted and sulfonated graphene oxide (PSGO)-PEDOT nano-
sheets by templating with functionalized graphene (Gan et al., 2020).
This PSGO-PEDOT was used as nanofillers to construct adhesive CP
hydrogel, which adheres to diverse materials such as metal, ceramic,
and bio-organ. However, the conductivity of the CP hydrogel was rela-
tively poor, which was measured to be 1.08 S/cm. CP hydrogel can be
fabricated without matrix. Lu et al. reported pure PEDOT:PSS hydrogels
with an interconnected nanofibril network (B. Lu et al., 2019a) by a
dry-annealing process. During the process, PEDOT:PSS is recrystallized
by elevated temperature and dimethyl sulfoxide (DMSO).

Stretchable CPs are highlighted by multi-properties, such as physical
and chemical sensing, biodegradability, and self-healing ability. Lu et al.
demonstrated the self-healable property with poly (2-acrylamido-2-
methyl-1-propanesulfonic acid), PANI, and phytic acid by a simple two-
step method as an e-skin (Y. Lu et al., 2019b). This e-skin stretched
omnidirectionally over 1900% and their repeatable recovery was over
98% of conductivity. Cycling stability was demonstrated by the repeti-
tion tests of 70 loading-unloading cycles at 20% strain. When the sensors
were applied to the wrist, finger, knee, and elbow, the different motions
were distinguished by the resistance change.

E-skins have the potential to give hyper-enhanced abilities to detect
molecules or chemicals that cannot be felt by natural skin. Vitoria et al.
reported a low-cost and scalable method to prepare patterned PPy
nanofilms on the cellulose substrates by in situ gas-phase polymeriza-
tions (de Morais et al., 2019). The electrical resistance of the PPy
nanofilms was able to be tuned by NaOH, which induces the deproto-
nation. Consequently, the sensor could map both liquid-state and
gas-state HCl on the e-skin.

Stretchable CPs are focusing on the engineering of material proper-
ties with physicochemical tunability (Fan et al., 2014; Guan et al.,
2018). Thus, CPs can simplify and miniaturize the integrated e-skin
platform without further assembly steps. However, PEDOT:PSS mate-
rials have been predominantly chosen as e-skin among a wide selection
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Fig. 5. (A) Principle of conjugated polymer bending actuators based on the oxidation-reduction process of PPy (Khaldi et al., 2016). (B) Pictures and schemes of the angular displacements described by the
PPy-Br/PPy-dodecyl DBS artificial muscle by the voltammetric and coulo-voltammetric responses (Fuchiwaki et al., 2015). (C) Patterned PEDOT/STEC film on SEBS (top) and the film being stretched (bottom). The line
width is 1 mm (Y. Wang et al., 2017b). (D) Merged images of two actuation positions (+2 V at 1 Hz) of a dragonfly with actuators produced by drop-casting and cutting (Simaite et al., 2015). (E) Photographs of the
reversible opening and closing processes of an artificial flower based on the aligned multi-walled carbon nanotube (MWCNT)/poly [1-phenyl-2-(p-trimethylsilyl) phenylacetylene] composite driven by ethanol (Lu et al.,

2014). (F) The device was transferred onto the rough surface of an avocado (Scale bar: 10 mm). (G) The device transferred onto a polydimethylsiloxane (PDMS) substrate for electrical measurement (Scale bar: 5 mm)
(Lei et al., 2017).
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Table 3
CP based materials that can be utilized in future applications of e-skin.
Conducting polymer Matrix Type Maximum Conductivity (S/cm)/ Maximum Ref
Lowest Surface Resistance (ohm/ Stretchability
sq)
PANI Nitrile-butadiene rubber Sponge 1.10 x 107*S/em 250% Luan et al.
(2017)
PEDOT:PSS PDMS Film 20 Q/sq 95% Li et al. (2019)
PEDOT:PSS poly (methacrylic acid) grafted PDMS Coating 90 Q/sq 100% (~90 Q/sq) Oh et al.
(2016)
PEDOT:PSS PEDOT:PSS/TritonX-100 Dough 78 S/cm 57% (~16 Q/sq) Li et al. (2019)
PEDOT:PSS PEDOT:PSS/EMIM TCB Film 1280 S/cm 180% (~160 Q/sq) Teo et al.
(2017)
PEDOT PEDOT:PSS/Poly (ethylene glycol) Composite 3.1 x 10% Q/sq 400% (2.5 x 107 Kim et al.
methacrylate (PEDMA) Q/sq) (2020)
PANI acrylamide (AAm), graphen oxide (GO) and Hydrogel 0.03 S/cm 360% Jin et al.
CS (CS) (2020)
Ppy Silicone rubber Composite ~ Not mentioned in the manuscript ~ 100% Kurian et al.
(2020)
PEDOT:PSS/PEG Micro-cracked Au/PDMS Coating ~1kQ (at 1 kHz) 40% (~1.4 x 10* Decataldo
kQ at 1 kHz) et al. (2019)
PEDOT:PSS/4-(3-butyl-1- PEDOT:PSS/4-(3-butyl-1-imidazolio)-1- Aerogel 77.4 x 4.0 S/cm —80 to 100% Chen et al.
imidazolio)-1-butanesulfonic acid butanesulfonic acid triflate (BIBSAT) (2019)
triflate (BIBSAT)
PPy PEG methyl ether methacrylate-based Composite  0.88 S/cm 410% Chen et al.
polymer (2019)
PEDOT:PSS polyurethane Composite 79 £5 S/cm 700% Taroni et al.
(2018)
PEDOT:PSS Wrinkled PDMS Coating 1400 Q/sq 100% (4630 Q/sq) Wen et al.
(2018)
PANI PU microfibrous membrane Coating 0.1 S/cm 50% Jeon et al.
(2018)
PEDOT:PSS PEDOT:PSS/ionic additives-assisted Film 4100 S/cm (at 100% strain) 600% (100 S/cm) Y. Wang et al.
stretchability and electrical conductivity (2017b)
(STEC) enhancers
PEDOT:PSS PDA-grafted and PSGO Hydrogel 1.08 S/cm —80 to 2000% Gan et al.
(2020)
PEDOT:PSS PEDOT:PSS/DMSO Hydrogel 20 S/cm 35% (~20 S/cm) B. Lu et al.
(2019a)

of CPs, which restrict the potential to overcome the current limitations
such as toxicity and chronic biocompatibility to replace bio-skin.

3.3.2. Electronic muscle (E-Muscle)

CPs also have the potential to act as soft mechanical actuators in
biomedical applications. Properties such as lightweight, flexibility,
biocompatibility, low driving voltages, high actuation strain and actu-
ation power, and fast response speed are required for materials used as
soft actuators. Currently reported functional materials including elas-
tomers (Anderson et al., 2012), carbon nanotubes (CNTs) (Lima et al.,

2012), and shape-memory polymers (Leng et al., 2011) have not yet
fully met these needs. Some examples of the use of CP-based materials as
soft actuators and some metrics of their performance are shown in
Table 4.

Two representative mechanisms of volume variation of electroactive
materials are electro-chemo-mechanical coupling, which involves ion
exchange, and electro-thermal-mechanical coupling, which uses water
molecule exchange by Joule heating. The typical structure of a poly-
meric actuator is a bilayer structure, one side of which is made of CP
while the other side is made of metal, plastic, or another CP, which has

Table 4
Currently developed CP-based soft actuators and their actuating performances.
Materials Driven force Maximum Maximum actuation Response time ~ Operating condition ref
actuation force strain (%) (s)
PEDOT:PSS/MWCNTSs 0-2.5V 1.43 mN 0.64 0.072 in air Wang et al., (2017a)
Ethylene glycol (EG)/ 0-5V 22 MPa 0.4 0.5 in air Zhou et al. (2016)
PEDOT:PSS/EG fiber
PEDOT:PSS/PVDF 0-15V - >0.6 10 in air Simaite et al. (2015)
PEDOT:PSS/paper Humidity 5.58 mN 0.3 18 in air Hamedi et al. (2016)
(15%,85%)
PEDOT:PSS film 0-10V 17 MPa 2.4-4.5 20 in air Okuzaki et al. (2009)
PPy (BF4)0.33 (H2)o.25 film 0-3V 8.9 MPa 1 50 in air Okuzaki et al. (2013); Okuzaki
and Kunugi (1998)
PEDOT:PSS/PVA blended 0-8V 11 MPa 0.12 50 in air Miura et al. (2014)
fiber
PEDOT semi-IPN hollow 0-1V <1 MPa 3 80 in air Plesse et al. (2010)
fiber
PEDOT/PEO"/NBR" IPN 0-2V 0.18 N 0.5 600 in air Fannir et al. (2019)
PEDOT/PEO/NBR IPN 0-2V - 0.2 600 under vacuum (1.4 x Fannir et al. (2019)

10~* mBar)

# = polyethyleneoxide.
b — nitrile butadiene rubber.
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volume expanding variations. Fuchiwaki et al. used PPy-Br film as an
anion exchange layer and PPy-DBS as a cation exchange layer to fabri-
cate an asymmetric bilayer muscle (Fuchiwaki et al., 2015). During
oxidation, the PPy-Br layer swelled by the entrance of anions and water
induced by the increase of Br-concentration in the film and PPy-DBS
layer shrank. On the contrary, during reduction, the PPy-Br layer
pulled on the bilayer and PPy-DBS layer pushed on the bilayer. The
reversible angular displacement during the voltammetric cycle was
200°. Since it was close to a linear function of the consumed charges, the
cooperative dynamic effect was quantified by the angle per unit of
consumed charge: 2.35°/mC for the PPy-Br/PPy-DBS bilayers.

Inkjet-printed PEDOT:PSS bending bilayer actuators were fabricated
by Simaite et al. (2015). There are challenges to inkjet print of CPs due
to their rheological properties (De Gans et al., 2004; Derby, 2010; Goldin
et al., 1969) and complex solution-membrane interactions which lead to
typically poor adhesion or uncontrolled infiltration (Angelo et al., 2012;
Simaite et al., 2015). Challenges involved in inkjet printing of PEDOT:
PSS were overcome through secondary doping with 5 vol% of ethylene
glycol that improved the conductivity and mechanical properties of the
film. The ethylene glycol doped PEDOT:PSS suspension was printed on
the hydrophilic hybrid polyvinylidene fluoride (PVDF)/PVDF-graft-
polyethylene glycol methacrylate (PEGMA) membranes without infil-
tration. After printing 10 layers of PEDOT:PSS on both sides of the
membrane, the actuating performances were demonstrated. The
peak-to-peak strain was more than 0.6% when the actuation with 1.5V
square wave at 50 mHz was applied.

Conductive soft actuators can be used as scaffold materials for car-
diac regeneration to provide both tight integrations and effective signal
transductions with a tissue. Wang et al. fabricated PLLA/PANI conduc-
tive nanofibrous sheets with an extracellular matrix-like nanostructure
by electrospinning method (L. Wang et al., 2017). To mimic the struc-
ture of the myocardium extracellular matrix, the diameter of electro-
spun fibers was maintained at nearly 500 nm even after the PANI
coating. The nanofibrous structure and electrical conducting properties
of PLLA/PANI composites showed a synergetic effect on the promotion
of myotube number and length, maturation, and fusion index. Moreover,
the sheets laden with cardiomyocytes could form 3D bioactuators with
tubular and folding shapes. In Dulbecco’s Modified Eagle Medium,
PLLA/PANI sheets spontaneously contracted at 1.6 Hz and showed 6.9
pm displacement with the synchronous beating of the cardiomyocytes.
PLLA/PANI sheets also supported the synchronous beating with superior
electrical cell-cell coupling than PLLA nanofibrous sheet. At the
moment, CP possesses a leading position due to their processability and
voltage-driven chemo-mechanical swelling characteristics. However, as
the development of soft actuator using CP is still at the emerging level,
study for operating complex motions and mechanical functions through
multi-channel configuration is needed.

4. Conclusions

CPs have gained considerable attention and are being exploited in a
variety bioelectronic applications, including biosensors, drug delivery
systems, artificial muscles, and neural interfaces. In this review, we
discussed the recent progress of CPs in bio-interfacing electronics,
focusing on three specific applications: neural recording and stimula-
tion, regenerative bioengineering, and e-skin and e-muscle. For neural
recording and stimulations, although the introduction of synthetic CPs is
rapidly replacing the metallic materials, lowering electrochemical im-
pedances and improving long-term durability and biocompatibility
remain demanding tasks. In regenerative engineering, both the
biomolecule-decorated CP and the CP-coated bio-scaffold showed
excellent performance for regenerating cardiac tissues or nerve tissues.
However, regenerative engineering still requires biodegradability as
well as complete biocompatibility with tissues, which is a difficult
challenge to satisfy by synthetic CP. E-skin may refer to the stretchable
and integrated multiple sensor arrays that can be newly applied to
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robotics. To date, no single material achieve the full potential of human
skin function. However, CPs can be engineered to be stretchable, flex-
ible, and tunable like human skin to act as a multiphasic sensor. E-
muscle, on the other hand, refers to a soft mechanical actuator that re-
quires lightweight, flexibility, biocompatibility, low driving voltages,
fast response speed, and high actuation strain and actuation power. The
processability of CPs and their voltage-driven chemo-mechanical
swelling characteristics can be unique advantages over conventional
conducting materials. CP shows fast reaction speed and efficient energy
conversion ability. However, just simple dynamic performances on the
actuators were implemented by CPs, which naturally requires further
studies.

While CPs can be successfully engineered as stretchable, tunable,
conformable soft bio-interfaces, PEDOT, PANI, and PPy have been
dominantly used. Thus, the versatility of CPs is not fully exploited yet.
Thus, novel CPs, including but not limited to bio-hybrid CPs, bio-
composite CPs, and naturally derived materials, should be further tested
for finding their proper uses in the field, particularly for solving current
technical challenges, including physically seamless matching, safe
bioactivity, chronic bio-functionality without compromising electrical
conductivity at the biotic - abiotic interfaces. Natural conjugated bio-
materials, including melanin and polydopamine, need to be further
studied as a future candidate for biocompatible bioelectronic interface
materials.
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