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ARTICLE INFO ABSTRACT

Keywords: In the field of bioelectronics, the demand for biocompatible, stable, and electroactive materials for functional

Review biological interfaces, sensors, and stimulators, is drastically increasing. Conductive polymers (CPs) are synthetic

EI_ED?T;PSS_ materials, which are gaining increasing interest mainly due to their outstanding electrical, chemical, mechanical,
10electronics

and optical properties. Since its discovery in the late 1980s, the CP Poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonic acid) (PEDOT:PSS) has become extremely attractive, being considered as one of the most
capable organic electrode materials for several bioelectronic applications in the field of tissue engineering and
regenerative medicine. Main examples refer to thin, flexible films, electrodes, hydrogels, scaffolds, and bio-
sensors. Within this context, the authors contend that PEDOT:PSS properties should be customized to encompass:
i) biocompatibility, ii) conductivity, iii) stability in wet environment, iv) adhesion to the substrate, and, when
necessary, v) (bio-)degradability. However, consolidating all these properties into a single functional solution is
not always straightforward. Therefore, the objective of this review paper is to present various methods for
acquiring and improving PEDOT:PSS properties, with the primary focus on ensuring its biocompatibility, and
simultaneously addressing the other functional features. The last section highlights a collection of designated
studies, with a particular emphasis on PEDOT:PSS/carbon filler composites due to their exceptional

Biological interfaces
Carbon fillers

characteristics.

1. Introduction

The field of bioelectronics is rapidly expanding, and the demand for
biocompatible, stable, and electroactive materials for robust biological
interfaces, with electronic sensors and stimulators, is increasing. In this
scenario, conductive polymers (CPs) have become extremely attractive
as electrochemical bioengineered sensors for tissue engineering (TE),
drug delivery and regenerative medicine [1]. Particularly, CPs can be
used for electrophysiology recording and/or stimulation of biological
cellular activities (e.g. cardiac or neural cultures) [2], biomolecules in-
terfaces [3], electronic soft-skin sensors [4], bioactuators [5], drug de-
livery systems [6], and organic-electronic ion-pumps [7]. CPs are
synthetic materials composed of organic macromolecules, which gained
high interest due to their outstanding electrical properties. They are able
to merge the advantages of semiconductors or metals, such as z-conju-
gated backbones and optical properties, along with the superior pro-
cessability and mechanical properties of conventional organic polymers
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[8,9]. Among the CPs, the most used are: Polypyrrole (PPy), Poly-
thiophene (PT), Polyacetylene (PA) and Polyaniline (PANI) [10]. Be-
sides, in the last years, more attention raised for a specific electroactive
polymer in the family of Polyheterocycles, that is Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) [11].

PEDOT:PSS has been reported for the first time in the scientific
community in 1997, when poly(3,4-ethylenedioxythiophene) (PEDOT)
was developed from the EDOT monomer as a new polythiophene (PT)
derivative at the Bayer AG laboratories (Germany). PEDOT reveals high
values of conductivity (S, [S/m]), S ~ 300 S/cm, excellent stability in
the oxidized state, and transparency in thin films [12,13]. However, its
insolubility and instability (conventionally in water) requires a doping
process, usually performed with the addition of a counterion to the
PEDOT backbone. Among different options (synthetic or biological-
based), the water-soluble polyelectrolyte poly(styrene sulfonic acid)
(PSS) has become the most used counterion in water-based dispersions.
PSS is a polyanion generally recognized to act as a p-type doping counter
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ion for charge-balancing during polymerization, hence it consents hole
mobility in the PEDOT conjugated backbone, enhancing its dispersion in
polar solvents (like water) [14]. As reported by Lu et al. [15], three main
molecular interactions indeed occur in PEDOT:PSS: i) electrostatic
attractive forces between PEDOT" and PSS~ chains, ii) noncovalent
interactions (n-n stacking) of PEDOT adjacent chains, and iii) interchain
entanglements between long PSS chains. The PEDOT/PSS ratio also
greatly influences the conductivity of the polymer, making it adaptable
to different applications, as a p-type or electrode. Particularly, the most
used nanosuspension formulation of PEDOT:PSS contains aggregates of
PEDOT:PSS nanoparticles in the range of [0.5-0.6] pm [16], with an
excess of PSS in a PEDOT/PSS weight ratio of 1/2.5 [17]. Nowadays,
PEDOT:PSS is commercially distributed in powder form or as a blue
colour aqueous dispersion, mainly by Heraeus Holding GmbH (Cle-
vios™) [18] and Agfa-Gevaert N.V. (Orgacon™) [19].

PEDOT:PSS is an easy, processable, and environmental friendly CP,
composed of conductive n-conjugated PEDOT" and insulating PSS~
charged colloidal particles [20]. It is well-recognized as a doped p-type
semiconductor [21] due to its cost-effective fabrication, water-
solubility, good chemical and physical stability, tunable conductivity,
good biocompatibility, excellent thermal stability, and high visible light
transmittance (transparency) [17,22],. Thus, PEDOT:PSS is considered
as one of the most capable organic electrode materials in the field of
electronics to replace conventional carbon, metal (Au, Cu, Pt, etc.) or
conductive glass based electrodes. It is indeed able to promote direct
electron transfer at a fraction of cost, and low process temperatures [22].
For instance, PEDOT:PSS can be a promising substitute of the conductive
glass indium tin oxide (ITO, S ~ 3000-6000 S/cm on glass [23]), which
is the conventional material used for the fabrication of transparent
electrodes. Indeed, resources of indium on earth are strictly limited and
its fabrication is far from being cost-effective [23]. Besides, its brittle
behavior is not ideal for producing novel flexible and stretchable elec-
tronics. The same enunciation is also valid for platinum and gold: a
Young's modulus in the order to tens to hundreds GPa is not ideal and
compatible with most of soft biological tissues [24].

The easy deposition, especially from a liquid state, is another inter-
esting aspect of PEDOT:PSS based materials. In the last years, several
film/coating forming have been adopted for the fabrication of thin
films/electrodes [8]. In the following paragraph, an explanation of the
primary production techniques is provided for PEDOT:PSS structures
used in this review. However, for a more comprehensive overview of
coating techniques, we recommend referring to these referenced reports
[8,25].

PEDOT:PSS film fabrication has undergone by means of various
coating techniques, such as dip coating, drop coating, and spray coating,
among others. Dip coating and drop coating stand out as the simplest
and most scalable approaches for generating a PEDOT:PSS film on free-
form substrates. In the case of dip coating, it involves immersing a
chosen substrate into liquid PEDOT:PSS for a specified duration at a
controlled rate, while drop coating entails applying PEDOT:PSS droplets
onto the substrate surface. Subsequently, the solvents within the solu-
tion evaporate, and the material undergoes drying. However, it is worth
noting that it is challenging to achieve uniform coating distribution in
both approaches, and precise control over film thickness is elusive.
Alternatively, spin-coating stands as one of the most popular coating
methods, due to its capacity to swiftly produce consistent, and replicable
nanoscale thin films. In this technique, liquid PEDOT:PSS is dropped at
the center of a substrate, which is placed on a rotating platform, set to a
particular speed and acceleration. The material is then spread radially
outward due to centrifugal forces until a thin film is formed. The primary
drawback here lies in the excess material that goes to waste and in an
irregular thickness at the edges [26]. Spray coating also offers a cost-
effective approach, particularly in the coating of large area thin films
over irregular surfaces. In this process, the PEDOT:PSS solution is
sprayed onto the surface of the substrate using a nozzle positioned at a
precise distance from the substrate itself. This results in a smooth
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coating, however, it may come with challenges related to surface
wettability, because of adhesion on the substrate, which is however a
common aspect in all techniques and can be solved via surface
activation.

Printing technologies, such as screen printing and inkjet printing,
offer intriguing alternatives to traditional coating techniques, such as
inkjet printing, screen printing, aerosol jet printing, and roll-to-roll
techniques [27-29]. Specifically, screen printing is an economically
viable and scalable deposition method, where the PEDOT:PSS ink is
pushed through a stencil onto a predefined pattern on the substrate,
minimizing ink wastage. On the other hand, inkjet printing, whether
continuous inkjet or drop-on-demand inkjet, represents a widely
embraced direct writing technology. In this process, liquid ink is pre-
cisely dispensed in the form of microdroplets via an array of fine nozzles
onto the substrate.

In any technique, control over the evaporation rate of the solvent due
to annealing temperature, time, and humidity conditions, is necessary in
order to obtain a homogenous film formation from randomly oriented
PEDOT crystals surrounded by hydrophilic PSS chains in the aqueous
dispersion [30]. Also, it must be taken into account the performance of
the selected technique in biologically relevant conditions. This means
ensuring that the selected technique does not compromise the stability
of compounds or their ability to degrade, which may cause the release of
cytotoxic compounds in the medium culture.

Due to this wide portfolio of techniques, PEDOT:PSS thin films and
electrodes have been fine-tuned for a wide range of applications in the
field of organic electronic devices, including flexible electronics [31],
conductive coatings [32], super capacitors [33,34], electrochemical
sensors [35], organic electrochemical transistors (OECTs) [21,36], en-
ergy harvesting thermoelectric (TEs) devices [37,38], optoelectronic
devices [14,23,26,39-46], etc. Furthermore, PEDOT:PSS has been uti-
lized in different forms, such as electrode coating, active film or elec-
trode, and scaffold [47] for the control over cellular activity in two
dimensional (2D) and three dimensional (3D) soft, stretchable, (porous)
biological interfaces [48].

Despite the outstanding properties and flexible use of such material,
it took almost 2 decades for PEDOT:PSS to be truly appreciated among
the scientific community. In this regard it is worth noting the number of
publications on the use of PEDOT:PSS increased up to ~1000/year just
in the last four years, as shown in Fig. 1. Particularly, in the period
1997-2022, 11,782 records were counted by Scopus (keyword “PEDOT:
PSS”), among which almost 90 % are journal articles, which around 50
% reside in the category Materials Science Multidisciplinary. Articles
with PEDOT:PSS implemented in bioelectronics and/or biocompatible
applications date back to 2005, but only recently they have undergone
an increase, with >50 publications/year in the last three years, for a
total of 210 and 178 publications found with the keywords “Bio-
electronic(s) PEDOT:PSS”, and “Biocompatible PEDOT:PSS”, respec-
tively (see Fig. 1). In both cases, >88 % are journal articles, among
which >40 % lie in Materials Science Multidisciplinary. Overall, it is
evident an increasing interest of PEDOT:PSS for bioelectronics, which is
expected to growth even more in the near future.

In bioelectronics, the need to converge the conductive properties of
metal electrodes with biocompatible, soft, engineered hydrogels is
crucial to obtain a functional biological interface [48]. Multiple chal-
lenges are faced in this context. Firstly, the final construct must be
biocompatible when in contact with the targeted cellular entity. Sec-
ondly, the PSS doping process is known to affect the oxidation level and
electronic properties of PEDOT [49], causing a decrease in the PEDOT:
PSS electrical conductivity. Numerous studies focused on the enhance-
ment of PEDOT:PSS conductivity through a so called ‘secondary doping’,
however, few solutions can be adopted to obtain biocompatible PEDOT:
PSS constructs. Thirdly, most of the bio-electrochemical interfaces
require high stability in physiological or aqueous solutions and adhesion
to the selected substrate. In each challenge, the selection of appropriate
not-cytotoxic chemical compounds is necessary.



M. Seiti et al.

Biomaterials Advances 154 (2023) 213655

1100
®PEDOT:PSS
900
@ Bioelectronic(s) OR Biocompatible
PEDOT:P
£ 700 OT:PSS
g
g
O 500
=
—
8
]
& 300
100
-100 8888888885555
PR RS RS ES RS RS RS RS RS RS RS RS RS RS SRSE SRS
Publication Year [#]

Number of publications on PEDOT:PSS per year

2018

== Bioelectronic(s) PEDOT:PSS

Biocompatible PEDOT:PSS

——Total Sum

Record Count [#]

1997 2002 2007 2012 2017 2022

Publication Year [#]

2019
2020
2021
2022

Fig. 1. PEDOT:PSS in the scientific community: number of publications per year in the range 1997-2022, showing a positive growing trend. Data were acquired from
Scopus, with the following keywords: i) PEDOT:PSS, ii) Bioelectronic(s) PEDOT:PSS, and iii) Biocompatible PEDOT:PSS.

Tailoring PEDOT:PSS properties for bioelectronics can be then cir-
cumscribed into five main requirements: i) biocompatibility, ii) con-
ductivity, iii) stability in saline solution, iv) adhesion to the substrate,
and v) potential (bio)-degradability. Fig. 2 summarizes the chemical-
physical properties of PEDOT:PSS for bioelectronic applications and
the various treatments described in the manuscript.

This paper aims to present a selection of different methods applied to
enhance PEDOT:PSS conductivity, stability, and adhesion in water-
based solution, simultaneously ensuring its biocompatibility for bio-
electronic applications. Each section is divided based on the challenge
pursued. Section 2 illustrates tailoring the chemical-physical properties
of PEDOT:PSS to enhance its conductivity, mostly with organic dopant
agents. Section 3 considers methods to increase PEDOT:PSS chemical
stability in aqueous solutions and adhesion to the substrate. Section 4
discusses methods to increase its biocompatibility whereas Section 5
proposes an observation concerning the concept of biodegradability.

Section 6 is dedicated to the description of conductivity and biocom-
patibility enhancement approaches by means of the addition of carbon
fillers. This section also presents a portfolio of bioelectrical applications
collected from the recent literature, in order to offer a general overview
of the achieved progresses as inspiration for future research. Ultimately,
the conclusions, along with future perspectives, are presented to sum-
marize the key concepts discussed.

2. Tailoring PEDOT:PSS electrical conductivity

Pristine PEDOT:PSS is known to own high electrical stability, with no
change under thermal treatment in air over 1000 h at 100 °C, and a
variable electrical conductivity depending on the ratio PEDOT/PSS,
with values in the range of S = [107° - 1] S/cm [51,52], as reported in
Table 1. This is mainly caused by an excess of insulating PSS chains in
the PEDOT:PSS structure, which restraints conductive PEDOT chains.
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Chemical and physical properties of the commercial PEDOT:PSS aqueous dispersion. Data taken from Fan et al. [53] and Elschner et al. [54].

Viscosity [cP at 20 °C]

Particle Size distribution ~ Conductivity (S/cm)  Resistivity [Q cm]

PEDOT:PSS PEDOT/PSS ratio (by weight)  Solid content (%)

Clevios™ P VP AI4083  1:6 1.3-1.7 5-12
Clevios™ PVP CH8000  1:20 2.4-3.0 2-20
Clevios™ P 1:2.5 1.3 80
Clevios™ HTL Solar 1:2.5 1.0-1.3 8-30
Clevios™ PH500 1:2.5 1.0-1.3 8-25
Clevios™ PH750 1:2.5 1.0-1.3 8-25
Clevios™ PH1000 1:2.5 1.0-1.3 15-50

Dso = 80 nm 1073 500-5000
Dgp = 100 nm

Dso = 35 nm 107° 10*-3 x 10°
Dgp = 50 nm

Dso = 80 nm <10 500-5000
n.a. 0.1-1 n.a.

Dso = 30 nm 300-500" n.a.

Dso = 30 nm 750° n.a.

Dso = 30 nm 850-1000" <0.0012"

2 For dispersion containing 5 % of Dimethyl sulfoxide (DMSO).

Therefore, it is necessary to increase S in order to use PEDOT:PSS as a
conductive electrode/interface.

Jeong et al. [55] demonstrated that the conductivity of PEDOT:PSS
films can be increased up to S = 125.367 S/cm, by means of a hydro-
thermal treatment which employs the use of water at a relative humidity
>80 %, and heating temperatures higher than 61 °C. This green-friendly
and cost-effective method can be directly performed by means of an
autoclave, which also ensures sterilization for cell culturing. However,
more efficient methods to increase S have been discovered during the
last decade, such as the doping process. As explained by Huseynova et al.
[9]1, doping can induce an increase in the concentration of mobile charge
carriers, allowing a higher conduction all over the polymer backbone
and a neutralization of some PSS™. This mechanism is known as sec-
ondary doping, since the first type of doping, of p-type nature, is achieved
between PEDOT and PSS and it generates a conductive PEDOT:PSS
structure with stable ionic bonds between PEDOT" and PSS~ chains [9].
The secondary doping can be applied in both pre- and post-treatments:
pre-treatments (or direct addition) are used prior the film formation
process, while post-treatments are employed on the annealed film. In the
case of thin films, these processes are also known to affect the film
transmittance, morphology, roughness, and thickness [9]. For instance,
Rivnay et al. [56] found out that if PEDOT:PSS (Clevios™ PH-1000) thin
films are modified with specific co-solvents, such as ethylene glycol
(0.0-50.0 v/v%) and 4-Dodecylbenzenesulfonic acid (DBSA) (0.002 v/v
%), morphological and structural re-arrangements occur and induce an
effect on the control of PEDOT:PSS electronic and ionic mobilities.

Secondary doping treatments include chemical- (most common one),
thermal-, or light-based process [1]. Particularly, effective chemical
approaches include organic solvents, surfactants, ionic liquids, salts,
carboxylic, inorganic acids, salt zwitterion, or acid/alkai treatments
[57,58]. As an example, Xia et al. [59] obtained PEDOT:PSS films with a
conductivity increase from S = 0.3 S/cm to S = 1325 S/cm, via a fluoro
compound hexafluoroacetone (HFA) treatment for four consecutive
times. The highest PEDOT:PSS conductivity reported (S ~ 4380 S/cm,
almost comparable to the ITO's one) has been instead achieved via a
controlled sulfuric acid (H2SO4) post-treatment, which induces the for-
mation of crystallized PEDOT:PSS nanofibrils by PSS removal via
charge-separation [60]. Despite these successful results, the two ap-
proaches cannot be used in bioelectronics, due to their cytotoxic or
corrosive nature [21]. Also, commercial PEDOT:PSS solutions which are
custom made for PE cannot usually be exploited due to the presence of
cytotoxic solvents, like diethylene glycol [61].

So far, the use of organic solvents is the most accepted method in
bioelectronics, due to the possibility to enhance the conductivity of
PEDOT:PSS commercial aqueous dispersions from 0.2 to >100 S/cm by
the easy addition of i) a polar organic solvent with a high boiling point
(b.p.), or ii) a co-solvent system of water mixed with an organic solvent
with a low b.p [62].. In the first case, a conformal change of PEDOT
chains from a coil to an expanded linear structure occurs, which pro-
motes the inter-PEDOT chain change transport [57,58,62] and, as a
consequence, an increase in S by a few orders of magnitude [63]. This
phenomenon is caused by a phase separation between PEDOT" and

PSS~ chains. Particularly, polar co-solvents donate protons (H"), thus a
removal of PSS~ chains (SO 3) produces PSS-H' and a reduction in
coulomb interaction [64]. For this reason, the presence of water in the
dispersion does not contribute to the S enhancement [62]. Besides, the
higher is the b.p. of the co-solvent used, the more is the time left for a
morphological rearrangement of the polymer chains, resulting in a
higher decrease in electrical resistance between dried particles [64]. Co-
solvent addition can be performed by means of pre- or post-treatments,
such as in the case of ionic liquids and anionic surfactants. Particularly,
post-treatments are film dipping (immersion) in the solvent, solvent
dropping on the film, polar solvent vapor annealing of the film, or film
spin/spray rinsing [9].

In the following paragraphs, a list of representative studies on the use
of polar organic solvents in PEDOT:PSS dispersions is presented.

- Dimethyl sulfoxide (DMSO). Dimethyl sulfoxide molecule is a pyra-
midal structure with sulfur, oxygen, and carbon atoms on the cor-
ners. The sulfur-oxygen bond is fairly polar so that the liquid has a
high dielectric constant. The presence of a liquid structure and as-
sociation forces is reflected in a high freezing point, a low entropy of
fusion, a high boiling point, and a high entropy of vaporization [65].
DMSO is an aprotic solvent that has incited considerable debate in
the scientific and academic world. It is soluble in both water and
therapeutic, toxic agents that are not soluble in water. All these
properties have suggested its possible applications in different fields,
such as CPs. For instance, Lu et al. [15] developed conductive
PEDOT:PSS (Clevios™ PH1000) nanofibrils hydrogels, with the
addition of DMSO (13.0 v/v%) as second dopant. Specifically, the
mixture was spin-casted, dry annealed x3 times (130 °C for 30 min),
and rehydrated. During the dry annealing process, a densification of
PEDOT:PSS, with subsequent recrystallization of PEDOT-rich nano-
fibrils and rearrangement of PEDOT and PSS chains, was observed. In
wet physiological conditions, the hydrogel showed a conductivity S
~ 20 S/cm, a stretchability over 35 %, and low Young's modulus ~2
MPa. A higher conductivity improvement from S = 0.07 S/cm to S =
73 S/cm was instead achieved by Cruz-Cruz et al. [66], by doping
PEDOT:PSS (Baytron) films with a DMSO concentration of 17.0 w/w
% (see Fig. 3A). In this case, the cause of conductivity enhancement
was mostly linked to the reduction of the PSS barrier between PEDOT
grains, allowing an increase of their size. Alternatively, Kim et al.
[68] used PEDOT:PSS (Sigma Aldrich) at an amount of 2.2-2.6 w/w
% in an aqueous suspension with DMSO (2.0 w/w%), to fabricate
nano-arches-like structures with 400 nm radius and S = 200 S/cm
(see Fig. 3B). The structures combined high stretchability with good
electronic performances, useful for bioelectronic photo-switches, or
electrochemical transistors. Post-treatments of PEDOT:PSS film with
an exposure to DMSO vapor, have been also used as alternative
methods to control film formation and conductivity increase over the
exposure time, due to a conformational change of swelling inter-
connected polymer chains [69,70].
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Fig. 3. Tailoring PEDOT:PSS for electrical conductivity enhancement: representative cases using biocompatible compounds. (A) Conductivity of PEDOT:PSS thin
films doped with DMSO as a function of annealing temperature in air, N, or vacuum atmosphere. Republished with permission from Cruz-Cruz et al. [66],
Copyright© Elsevier B.V. 2010. (B) AFM images of PEDOT:PSS thin films (Clevios™ PH1000) before and after conductivity doping: PEDOT:PSS as (a) pristine, (b) 5.0
v/v% of DMSO dopant, (c) 6.0 v/v% of EG dopant, and (d) solvent post-treated, 6.0 v/v% of EG dopant. Republished with permission from Kim et al. [67],
Copyright© Wiley 2011. (C) PEDOT:PSS electrodes (Clevios™ PH1000) as (a) pristine, (b, ¢, d) with 1.0, 6.0, and 9.0 v/v%, of EG dopant, respectively. Republished
with permission from Cui et al. [40], Copyright© Springer Nature 2019. (D) Effect of co-solvents concentration of DMSO, EG, and glycerol on PEDOT:PSS films
(Clevios™ PH1000, thickness ca. 150 nm). Republished with permission from Zhang et al. [21], Copyright© AIP Publishing 2015; (E) Surfactants effect on PEDOT:
PSS (Bayer AG) films' conductivity: PEG influence on S at different M,,. Republished with permission from Wang et al. [52], Copyright© Elsevier B.V. 2005.

- Ethylene glycol (EG). Ethylene glycol is the simplest diol and has

various exceptional properties due to its typical structure (i.e., two
hydroxyl (OH) groups at adjacent positions along a hydrocarbon
chain). It is a colorless, odorless, relatively non-volatile, and hygro-
scopic liquid with low viscosity. Indeed, owing to its unique prop-
erties, it is proposed in a significant number of industrial applications
(e.g. energy, plastics, automobiles, and chemicals) [71]. Cui et al.
[40] studied the effect of EG (1.0-9.0 vol%) as conductivity enhancer
in a PEDOT:PSS (Clevios™ PH1000 and P VP Al 4083) water-based
dispersions. The most promising films were achieved at a EG 6.0 vol
%, displaying a transmittance of 96 % at 1 = 550 nm and a uniform
low root-mean-square (RMS) roughness of 1.83 nm (see Fig. 3C).
This favoured the phase separation of the PEDOT:PSS chains, thus
increasing the sheet resistance (Rgp, [€2/5q]) up to Rgp = 195 Q/sq. At
the same EG concentration, S can be also further enhanced by a post-
treatment in an EG bath for 30 min. Post-treated PEDOT:PSS (Cle-
vios™ PH 1000) films by Kim et al. [67] indeed showed an increase
in conductivity till S = 1418 S/cm, due to a combined action of PSS
chains depletion and PEDOT-rich grains stretching orientation,
which generate a more compact structure and larger contact areas,
respectively. Likewise, Stritesky et al. [72] spin-coated different
PEDOT:PSS ink-jet printing inks (particularly Sigma Aldrich n. 483
095 and PEDOT/PSS-AS) and demonstrated that a combined post-
treatment by EG and subsequent thermal annealing could reduce
their electrical resistance (R, [2]) of 2 orders of magnitude.

Glycerol. Glycerol is a naturally occurring 3-carbon alcohol in the
human body. It is the simplest triol, characterized by structural
backbone of triacylglycerol molecule. It can be found in all natural

fats and oils as fatty esters and is an important intermediate in the
metabolism of living organisms. It is totally miscible with water and
many alcohols, but also with many heterocyclic compounds. A sig-
nificant and increasing resource of glycerol is as a byproduct in the
production of biodiesel. Glycerol is currently used in a wide variety
of applications due to its specific combination of chemical and
physical properties and its physiological innocuity [73]. Particularly,
it has been used to increase the PEDOT:PSS electrical conductivity
for electric charge transport, up to a certain concentration, due to a
decrease of energy barrier and a structural reorientation of PEDOT:
PSS chains [74,75]. Garma et al. [76] used 10.0 w/w% of glycerol in
a waterborne PEDOT:PSS solution (0.6-1.2 wt%, Clevios™ PJet 700)
in order to produce contact pads, feed lines, and electrodes for
microelectrode arrays (MEAs). The impedance (Z, [2]) of these de-
vices had an average value of Z = 19.50 kQ at 1 kHz, which was far
below the value of the respective used MEAs with flat gold elec-
trodes, equal to Z = 160 kQ. Tsukada et al. [77] electrochemically
combined PEDOT:PSS (Clevios™ P) with glycerol and silk fiber
bundles in order to obtain microfiber reinforced composites (S =
0.102 S/cm). Similarly, Zhang et al. [21] used mixtures containing a
PEDOT:PSS aqueous suspension (1.1 w/w%, Clevios™ PH1000)
with the surfactant DBSA (0.5 v/v%) and glycerol (5.0 v/v%) to
produce PEDOT:PSS films with a final S = 600-700 S/cm (see
Fig. 3D).

4-Dodecylbenzenesulfonic acid (DBSA). 4-Dodecylbenzenesulfonic
acid is an alkyl sulfonate. It participates in the preparation of a
polymer along with polystyrene-block-poly(4-vinylpyridine) and a
comb-coil A-block-(B-graft-C) type of copolymer. It can be used for
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several applications, such as: solvent for the synthesis of 2-(1,5-
diaryl-1,4-pentadien-3-ylidene)-hydrazinecarboximidamide hydro-
chlorides; in-situ coating of rutile nanoparticles; stabilizer in the
preparation of colloidal suspensions; fabrication of solid-state dye-
sensitized solar cells (DSSCs) [78]. In combination with PEDOT:PSS
(Clevios™ PH-1000), DBSA (0.5 w/w%) has been used by Inal et al.
[79] for the fabrication of ice-templated PEDOT:PSS scaffolds, which
also included collagen (0.05 w/w%, type I from rat tail) and 3-glyci-
doxypropyltrimethoxysilane (GOPS) (3 w/w%) as crosslinker/sta-
bilizer for the co-culturing of fibroblasts and epithelial cellular
lineages.

Alternatively, a co-solvent system with water is needed in the use of
organic solvents at low b.p., in order to actuate a phase segregation
between PEDOT™ and PSS™, which eventually leads to a partial removal
of PSS™ [62]. By testing several compounds at low b.p., such as Ethanol
(EtOH), Methanol (MeOH), Isopropanol (IPA) or Acetone at
0.0-20.0-40.0-60.0-80.0-100.0 v/v%, Xia et al. [62] demonstrated
that the conductivity of PEDOT:PSS (Clevios™ P) did not change
remarkably when the solvent was directly added into the aqueous
dispersion, contrary to a co-solvent system [62]. Moreover, S was also
positively influenced by the volume fraction in the co-solvent, the
dielectric constant (EtOH generally rose more than IPA, which has a
lower dielectric constant), and the treating temperature (range
[120-180] °C). The authors also demonstrated that the presence of OH
groups did not contribute in the conductivity enhancement, in accor-
dance with other studies [58].

Biocompatible surfactant treatments can be also applied to increase S
in PEDOT:PSS. For instance, Wang et al. [52] investigated the addition
of the biocompatible polymer polyethylene glycol (PEG) at different
molecular weights (Mw) (Mwpgg = 400, 800, 1500, 2000) in PEDOT:PSS
(Bayer AG) aqueous dispersions for thin films (thickness ca. 30-50 nm).
Interestingly, the authors demonstrated that the most favorable con-
centration of PEG for an increase in S was inversely proportional to the
Mwpgg. The sharpest pick in S was indeed observed using the lowest
Mwpgg = 400, at a concentration of 0.04 mol/L, S = 17.7 S/cm. A
gradual decrease in S was also detected with a further addition of the
surfactant. Instead, in the case of higher values of Mw, like Mwpgg =
2000, the highest values of S were reached at very low concentrations,
such as 0.01 mol/L (see Fig. 3E). The authors hypothesized that PEG
may weaken the electrostatic interaction between PEDOT and the
excessive PSS, by forming hydrogen bonds with the PSSH sulfonic
groups, thus allowing a more expanse PEDOT chains conformation.
Soleimani-Gorgani et al. [64] also investigated the effect of PEG (Mwpgg
= 200) in PEDOT:PSS aqueous dispersion (Sigma-Aldrich, 1.3 w/w%).
Specifically, the particle size of PEDOT:PSS, which has a usual diameter
of ca. tens nanometer, was detected higher with an increase in the
Mwpgg, mostly due to the enlargement in space between the PEDOT"
and PSS~ chains. This effect was also verified via atomic force micro-
scopy (AFM), where a change in the roughness morphology of PEDOT:
PSS was detected from 2.9 to 3.55 nm at RMS. Li et al. [80] also
examined the addition of PEG (Mwpgg = 200, 400, 1500) at 1.0, 2.0, and
4.0 v/v% for PEG4go and at 4.0 v/v% for the others, in PEDOT:PSS
aqueous suspension (Clevios™ PH1000) to study an interesting mech-
anism of autonomic self-healing. It was found that PEG could indeed
induce a change in the mechanical properties of pristine PEDOT:PSS,
favouring a lower elastic modulus and an increase in the elongation at
break. This phenomenon is likely to be caused by a material flowing
back to the damaged area after cutting, and it is more significant in low
Mwspgg at high concentrations, due to a higher mobility of molecular
chains. Such kind of mechanism may be very useful for the fabrication of
wearable bioelectronic devices.

Biocompatible ionic liquids, like organic or inorganic salts, are also
another valuable alternative to organic solvents, with the main differ-
ence of not being volatile [57]. Liu et al. [81] used a PEDOT:PSS aqueous
suspension (Clevios™ PH1000, 1.0-1.3 w/w%) with 50 w/w% of ionic
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liquid 4-(3-butyl-1-imidazolio)-1-butanesulfonic acid triflate, to fabri-
cate soft 3D micropillar electrodes for MEAs. These authors observed
that the micropillar showed an impedance (measured at 1 kHz) of about
Z = 6*10° Q, which is more than one order of magnitude lower
compared with that of the platinum planar electrodes [81].

Finally, biocompatible epoxy resins, such as the epoxy resin poly
(ethylene glycol)diglycidyl ether (PEGDE) can be also used as conduc-
tive fillers and crosslinkers in PEDOT:PSS films. For instance, PEGDE
was found to be optimal at a concentration of 3 w/v% in PEDOT:PSS
(Sigma Aldrich) [82]. Particularly, a crosslinking mechanism was
detected by an X-ray Photoelectron Spectroscopy (XPS) analysis be-
tween the PEGDE epoxy ring and the sulfonic groups of PSS chains. The
interaction between PEDOT:PSS and PEDGE was further verified by FT-
IR spectra, with an increase in S = 522 + 48 S/cm. Moreover, the
resulting composite revealed good cell viability and hydrophilic
behavior with C3H10 mouse embryonic fibroblasts. Table 2 reports a
general overview of the aforementioned methods to gain or increase the
conductivity of PEDOT:PSS, with biocompatible compounds.

3. Tailoring PEDOT:PSS stability and adhesion enhancement in
wet conditions/saline solution

Most of the electrochemical and bioelectronic applications require
the stability of PEDOT:PSS constructs in aqueous or physiological so-
lutions, after immersion [83]. However, soaked PEDOT:PSS easily faces
swelling, delamination, and redispersion, due to the presence of high
hydrophilic PSS chains, mostly present on the surface of the films [29].
Indeed, this excess of PSS is expected to dissolve when immersed in
water, due to the formation of hydrogens bonds by HSO3 groups [29]. In
this way, the film becomes hydrophilic. This disadvantage is also much
more evident in PEDOT:PSS films when are produced via patterning or
layer-by-layer (LBL) deposition techniques [84]. Moreover, a reduction
in S has also been observed in moist air conditions [85,86].

Several methods have been reported to obtain a crosslinking of
PEDOT:PSS for long-term bioelectronic applications. The crosslinking
mechanism is used to avoid post-process delamination or redispersion,
favouring a stable solid-state PEDOT:PSS film in wet conditions by the
introduction of chemical (preferably covalent) bonds. This can be ach-
ieved by multiple crosslinking techniques, such as ultra-violet (UV)
light, ionic liquids, or the use of silanes, with notable attention towards
the crosslinker glycidoxy propyltrimethoxysilane (GOPS) [82]. The
latter, as Hikansson et al. [84] demonstrated, showed an increase in
water stability already at low levels, such as 0.1 v/v% in PEDOT:PSS
(Clevios™ PH1000 and Clevios™ PVPAI4083) spin-coated thin films.
The authors explained that the epoxy ring group in GOPS reacts with the
sulfonic groups of the PSS chains, leading to a change in PEDOT:PSS
films morphology, while no effects occur on the oxidation level of
PEDOT (see Fig. 4A, B). An incremental reduction in the globular grain-
like structure of pristine PEDOT:PSS (RMS of ca. 2.1 nm) was also
observed with an increase in the concentration of GOPS (RMS of ca. 0.8)
[84]. GOPS can however dramatically reduce both electrical and ionic
conductivity of PEDOT:PSS. The decrease in S is mostly caused by a
reduction in charge carrier mobility, due to the insulating properties of
the siloxane network. Instead, a high drop in ionic conductivity can be
caused by a direct reaction of GOPS with PSS regions, where ions move.
Precisely, S could drop by one order of magnitude at 0.1 v/v% of GOPS
in PEDOT:PSS, with a further decrease as far as PSS units exceed GOPS
molecules, and finally saturates at 1.0 v/v% of GOPS, with S = 0.002 S/
cm [84]. This behavior has been also reported by Zhang et al. [21],
which demonstrated that the addition of GOPS in a PEDOT:PSS:DBSA:
glycerol mixture caused an increase of the film thickness and a decrease
in S, despite GOPS prevented film dissolution and delamination after
immersion in water (see Fig. 4C). Furthermore, EIMahmoudy et al. [88]
demonstrated that a GOPS addition (ranging from 0.05 to 5.0 w/w%), in
a PEDOT:PSS (Clevios™ PH1000) aqueous solution with EG (5.0 w/w%)
and the surfactant DBSA (0.002 v/v%), significantly affected the bulk
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Table 2
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Chemical mechanisms to enhance conductivity in PEDOT:PSS by means of biocompatible compounds: typologies used for bioelectronic applications with relative

additives and conductivity values.

Chemical mechanisms for biocompatible PEDOT:PSS conductivity enhancement

Compound Concentration PEDOT:PSS typology Conductivity ante Conductivity post doping Ref.
doping
Organic solvent addition
Dimethyl sulfoxide (DMSO) 2.0 w/w% High conductivity grade (Sigma 1072 S/cm 200 S/cm [68]
Aldrich) (2.2-2.6 wt%)
13 v/v% Clevios™ PH 1000 (Heraeus) <10S/cm ~20 S/cm [15]
(1.1 w/w %)
17.0 w/w% Baytron P V4071 0.07 S/cm 73 S/cm [66]
4-Dodecylbenzenesulfonic acid Glycerol (5.0 v/v%) — DBSA (0.5 v/v%) Clevios™ PH 1000 (Heraeus) <1S/cm 600-700 S/cm [21]
(DBSA) and glycerol (1.1 w/w %)
Ethylene glycol (EG) 6.0 v/v% Clevios™ PH 1000 (Heraeus) <10 S/cm 1418 S/cm [67]1
(1.1 w/w %)
Co-solvent system 80.0 v/v% ACN - 20.0 v/v% water Clevios™ P(Heraeus) (1.3 w/w 0.2 S/cm 103 S/cm [62]
%)
Others Hydrothermal treatment (HT) (relative Clevios™ P (Heraeus) 0.495 S/cm 125.367 S/cm [55]
humidity >80 %, heating temp. >61 °C)
Surfactant treatment
Polyethylene glycol (PEG) Mwpgg 400 (0.04 mol/L) Bayer AG PEDOT:PSS 0.1 S/cm 17.7 S/cm [52]
Mwpgg = 400 (4.0 v/v%) Clevios™ PH 1000 (Heraeus) few S/cm 1399 + 87 S/cm (after [80]

Others

(1.1 w/w%) methanol soaking)

Biocompatible ionic liquids (organic or inorganic salts), biocompatible epoxy resins (poly(ethylene glycol)diglycidyl ether (PEGDE)
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Fig. 4. Tailoring PEDOT:PSS stability in wet conditions: a selection of representative cases. (A) Schematic representation of the GOPS-crosslinked PEDOT:PSS
mechanism (Clevios™ PH1000): (a) zoom on the GOPS interaction with PSS-chains, showing a chemical bonding between HSO3 groups of PSS and GOPS epoxy ring,
and between three GOPS molecules; (b) zoom on the GOPS methoxysilane chemical bonding with glass surface hydroxyl groups. (B) Relative absorbance with respect
to pristine and GOPS-crosslinked (0.1 v/v%) PEDOT:PSS films on glass substrate at different water immersion times. Republished with permission from Hékansson
et al. [84], Copyright© John Wiley and Sons 2017. (C) Effect of GOPS concentration on the thickness and conductivity of PEDOT:PSS films (Clevios™ PH1000),
doped with 5.0 v/v% glycerol and 0.5 v/v% DBSA. Republished with permission from Zhang et al. [21], Copyright© AIP Publishing 2015. (D) Schematic illustration
of the DVS cross-linking reaction in PEDOT:PSS films (Clevios™ PH1000) at room temperature. Republished with permission from Mantione et al. [87], Copyright©

American Chemical Society 2017.

conductivity in the film; the highest S (~460 S/cm) was observed for the
film containing a GOPS amount of at least 0.05 w/w%, whereas S
decreased by four times (120 S/cm) with a GOPS concentration of 5.0
w/w%. Contrary, the ability of the PEDOT:PSS film to uptake water
(swelling capacity) decreased, especially from 397 % to 12 % when the

GOPS content increased from 0.05 to 5.0 w/w%. Therefore, although
GOPS uptakes loss in conductivity, its convenience with respect to water
stability enhancement induced several researches to still investigate its
content effect at low concentrations. Dijk et al. [89] used an aqueous
dispersion of PEDOT:PSS (Clevios™ PH1000) in a mixture of EG, DBSA,
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and GOPS as a coating material for MEAs (64 gold electrodes with a
diameter of 20 pm). After four months of incubation in cell culture
media, >70 % of the electrodes did not show visible signs of degradation
(stable average Z = 25.5 + 3.4 kQ at 1 kHz at day 112), validating the
use of GOPS. Guex et al. [90] also obtained a stable S = 6.1 + 4.0*10°®
S/cm after 28 days in cell culture media, by mixing a PEDOT:PSS
aqueous dispersion (1.25 w/w%, Ossila Ltd., Sheffield, UK), with 0.25 v/
w% DBSA, and 0.0, 1.0, 2.0 or 3.0 v/w% GOPS.

Another disadvantage of GOPS is the necessity to use high curing
temperatures (conventionally 140 °C for 1 h), which does not allow the
biofunctionalization of the compound with natural biomolecules, due to
their high potential degradation. Alternatives to GOPS have been then
investigated in the recent years. Mantione et al. [87] used dispersions of
PEDOT:PSS (Clevios™ PH1000) in a mixture of EG (5.0 v/v%, DBSA
(0.1 v/v%) and divinylsulfone (DVS) as crosslinker agent for the prep-
aration of films used in OECTs bioelectronic applications (see Fig. 4D).
DVS is a reactive molecule, which has been widely studied to crosslink
biomolecules such as glycosaminoglycanes (GAGs) and hyaluronic acid.
Its main features include: a high reactivity with nucleophiles such as
alcohols, thiols and amines, the possibility to work in a wet environ-
ment, and a low b.p. which facilitates the elimination of PSS excess [87].
The PEDOT:PSS films crosslinked with DVS presented S = 550-750 S/
cm, that is 200-300 S/cm higher than that of the PEDOT:PSS films
crosslinked with GOPS at 3.0 v/v%, indicating that the addition of DVS
did not drastically affect the conductivity [87]. Moreover, a better
transconductance of 13.2 + 0.65 mS (day 10), and stability of thin
PEDOT:PSS-DVS films were achieved in a sterile phosphate buffered
saline (PBS) solution, when compared to PEDOT:PSS-GOPS samples
[871.

Alternatively to DVS, the addition of biomacromolecules to PEDOT:
PSS, such as proteins, enzymes, or electrocalysts, like metal or metal
oxide nanoparticles and carbon-based nanomaterials [20], has been also
explored for increasing PEDOT:PSS stability in water. Zhang et al. [20]
investigated the use of sodium carboxymethyl cellulose (NaCMC, 1 mg/
mL in double-distilled water) as stabilizer in PEDOT:PSS (Baytron P, 1.3
w/w%) films on glassy carbon electrodes (GCEs). NaCMC is a water-
soluble, non-toxic, anionic biopolymer, usually implemented as food
additive or binder for the production of Si anode in Li-ion batteries
[91-93], due to its good ionic conductivity which facilitates the move-
ment of Li* ions. Those films revealed a good adhesion and electro-
catalytic ability as electrochemical sensors for individual or
simultaneous detection of different agricultural harmful substances and
nutritional ingredients, such as salicylic acid, nitrite, and maleic hy-
drazide. Indeed, PEDOT:PSS-CMC/GCE film retained ca. 99.4 % of its
original activity for 105 days, using [Fe(CN)6]3’/ 4~ as redox couple and
0.1 M of potassium chloride (KCI) as electrolyte. Its electrical stability
was further confirmed by cyclic voltammetry (CV) tests for 300 cycles,
resulting in an integral area decrease of only 6.7 %. Moreover, PEDOT:
PSS-CMC films showed robust structural flexibility after soaking in
water for ca. 35 days, with almost no change in the surface morphology.
The PEDOT:PSS-CMC conductivity (S ca. 1.05 S/cm) also gradually
increased after immersion in double-distilled water till S = 20.4 S/cm at
day 10, due to a surface loss of excess PSS chains in the film confor-
mation, despite at longer soak times, a decrease was detected due to film
damage (S = 8.5 S/cm at day 40) [20]. This drop in conductivity may be
caused by unorganized interconnected PEDOT-rich regions, despite the
segregation of PSS and CMC [16]. Belaineh et al. [16] blended PEDOT:
PSS (Clevios™ PH1000, 1.1 w/w%) with CMC and cellulose nanofibrils
(CNF) separately, for the fabrication of continuous nano-beadlike
structures with n-stacked PEDOT or structures dominated by phase
separation with lamellar stacking of PEDOT, respectively. AFM and TEM
observations showed that CNF-PEDOT:PSS had a more organized
structure than CMC-PEDOT:PSS, especially in the presence of a sec-
ondary dopant (DMSO), favouring mechanical stability and a higher
conductivity.

Another alternative crosslinker to GOPS is poly(ethylene glycol)
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diglycidyl ether (PEGDE), that is a water soluble epoxy resin. Solazzo
et al. [82] fabricated homogenous films with PEDOT:PSS (Sigma
Aldrich) and PEGDE at concentrations of 0.0, 1.0, 3.0, 5.0, 10.0 w/w%.
After a post-curing process at ambient temperature, PEDOT:PSS-PEDGE
3.0 w/w% reached an interesting value of S = 706 + 32 S/cm, exhib-
iting a similar stability to PEDOT:PSS-GOPS films at 3.0 v/v% (after 48 h
in distilled water, room temperature). Relevant results have been also
obtained with the use of the biocompatible photoactive crosslinker poly
(ethylene glycol) diacrylate (PEGDA), commonly applied in biomimetic
interfaces. Particularly, Polino et al. [48] produced PEDOT:PSS (Cle-
vios™ PH1000) - PEGDA (8.0 w/w%) films, with EG at 6.0 w/w%, by
spin and spray coating techniques, and further functionalized with poly-
L-lysine (PLL) at 0.01 v/v% (aqueous solution). PEGDA was shown to
influence the PEDOT:PSS surface roughness, increasing it till 300-580
nm at 17.0 w/w% (spray coating), while generating defects at low
concentrations (2.0 w/w%), due to a poor solubility. The thin films
biocompatibility was still verified with primary fibroblasts.

A long-term, stable adhesion of PEDOT:PSS films to the substrate is
also necessary to prevent easy peel-off or crack formation. Surface
treatments, such as UV, plasma cleaning (e.g. air, nitrogen, oxygen) or
chemical ones can be applied. For instance, hydroxyl groups are usually
generated on PDMS substrates to reduce its high hydrophobic behavior
[94]. Alternatively, GOPS and DBSA crosslinkers can avoid delamina-
tion and detachment on different type of substrates, such as glass. When
using plastic substrates, like polyethylene terephthalate (PET), such
crosslinkers can be also avoided; Zhang et al. [95] indeed demonstrated
that PEDOT:PSS (Clevios™ PH1000) spin coated films on PET, with
glycerol as secondary dopant, remained intact in wet conditions also
after 90 days.

In the case of flexible and wearable bioelectronics, glycerol, poly-
meric blends (as poly(vinyl alcohol), PVA and PEG), or ionic liquids can
be also useful to increase PEDOT:PSS stretchability, by reducing the
ionic interaction between PEDOT and PSS chains [96,97]. Wang et al.
[22], studied the incorporation of PVA (10 % v/v) into a drop-casted
PEDOT:PSS (1.3 w/w%, Bayer AG) dispersion on GCE substrates. This
composite revealed excellent film forming and adhesive properties,
useful in electrochemical sensors. PVA (2.0 w/w%) was also investi-
gated by Lu et al. [98], in combination with poly(acrylic acid) (PAA), for
the generation of an interpenetrating network (IPNs) with PEDOT:PSS
(Sigma Aldrich) to enhance its adhesion of platinum electrodes arrays
for in-vivo opto-neural tissue interfaces. The resulting polymer-hydrogel
showed reduced electrochemical impedance and higher capacitance at
1 kHz.

4. PEDOT:PSS biocompatibility assurance and enhancement

Biocompatibility, surface topography, mechanical, conductive, and
chemical properties are necessary to obtain a functional bioelectrical
interface. Since their discovery, CPs have been applied as electroactive
substrates for the growth and modulation of electrically active cells. Due
to their ionic-electronic nature, they have been used as electroactive
materials for TE interfaces in the form of electrodes (alternative to
metal-based ones), hydrogels (see Fig. 5A), or surface coatings. Their
permeability to ions can enlarge the electrochemical surface area of the
electrode, while keeping its geometric surface area, with no loss in
sensitivity (high signal-to-noise ratio) or charge injection [96,99].

Pristine PEDOT:PSS has been widely evaluated biocompatible for
both in-vitro (cytotoxicity assays and cell culturing) and chronically in-
vivo studies [100]. Specifically, it has been mostly exploited in novel
soft and stretchable electrodes for its high charge storage capacity and
its relatively low interfacial impedance, which allows its use for long-
term periods. Moreover, another significant benefit of utilizing
PEDOT:PSS is its optical transparency when fabricated as thin film, of-
fering the potential for simultaneous optical and electronic transduction
within a single experiment, making it useful for many electronic and
optoelectronic devices [79,101,102]. By controlling the film thickness
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Fig. 5. Representative applications of biocompatible PEDOT:PSS constructs. (A) Pure PEDOT:PSS hydrogels (Clevios™ PH1000) on PET substrate showing an
anisotropic drying process. Republished with permission from Lu et al. [15], Copyright© Springer Nature 2019. (B) A PEDOT:PSS ink-jet printed MEA (Clevios™ PJet
700, with 10.0 w/w% glycerol) validated with cardiac cells for in-vitro electrophysiological recording: (a) production strategy and materials adopted, (b) MEA design
composed of 16 electrodes, and c) integrated MEA in a standard MEA PCB 64-electrode chip layout. Republished with permission from Garma et al. [76], Copyright©
Royal Society of Chemistry 2019. (C) PEDOT:PSS (Clevios™ PH1000) scaffolds made with an (a) ice templating technique (b) of various shapes, such as disks and
rectangles; SEM images of (c) PEDOT:PSS scaffolds with the addition of 3.0 w/w% GOPS, (d) with zoom on the porous structure. Republished with permission from
Wan et al. [106], Copyright© Royal Society of Chemistry 2015. (D) Representative scheme for the functionalization of PEDOT:PSS by PVA incorporation (Clevios™
PH1000). Republished with permission from Strakosas et al. [107], Copyright© Royal Society of Chemistry 2014.

(usually in nano scale) and the blend composition [103], PEDOT:PSS
can indeed serve as a transparent electrode in the visible range [104]
with a transparency up to 90% [105], which is very useful in applica-
tions where visibility is essential, such as in cellular monitoring over
time, organic solar cells, or organic light-emitting diodes (OLEDs).
Particularly, systems which uses PEDOT:PSS transparent electrodes in
cellular monitoring are able to perform direct cell imaging using con-
ventional inverted optical microscopy, all while maintaining effective
recording of electronic signals, such as cellular impedance [108,109].
However, its biocompatibility must be ensured even after the addition of
(co-)solvents, ionic liquids, and/or crosslinkers. As explained by
Berggren et al. [99], due to the synthesis method and the manufacturing
process chosen, the PEDOT:PSS film might potentially retain residues
like monomers, solvents, additives or an excess of dope-ions. If these
elements, referred as cytotoxic residuals, are released from the film over
the course of an experiment in the medium culture, they can provoke a
high risk of toxicity, leading to cellular damage or even death [99]. Long
detoxification processes are then required to remove these cytotoxic
compounds (if feasible) [110]. In the next paragraph, representative
studies on the use of PEDOT:PSS as coating material, thin film/elec-
trode, and scaffold are presented, with special attention to biocompat-
ibility and the effect on cellular lineages.

One of the main applications of PEDOT:PSS in bioelectronics is as
coating material on conductive electrodes for in-vitro electrophysio-
logical recording [111,112] or as wearable OECTs for non-invasive
detection of bioanalytes and/or signaling molecules, such as glucose

[113] and dopamine. Blau et al. [114] studied for 63 days the activities
of cortical and hippocampal brain tissue cells of embryonic rats cultured
on fully polymer MEAs, composed of PDMS coated with PEDOT:PSS
(CPP105D, H.C. Starck, 1.2 w/w%) and EG (5.0 v/v%). Results showed a
good cellular network morphology, with a survival rate similar to the
one obtained on commercial non-polymer MEAs (control sample).
Similarly, Garma et al. [76] cultured cardiomyocyte-like cells on MEAs
printed with a mixture of PEDOT:PSS (Clevios™ PJet 700) and glycerol
(10.0 w/w%) (See Fig. 5B). An average of 94.90 % of living cells was
reached after 48 h, showing a good biocompatibility of the device.
Hempel et al. [115] also reported the successful use of PEDOT:PSS-based
(Sigma Aldrich) OETCs for electrophysiological sensing of cardiac cell
line HL-1. 3D MEAs devices, equipped with PEDOT:PSS-based (Cle-
vios™ PH1000) micropillar electrodes, doped with the ionic liquid 4-(3-
butyl-1-imidazolio)-1-butanesulfonic acid triflate (IL, 50.0 w/w%),
were also effectively used for the culturing of mouse cardiac muscle
cells, revealing how the local mechanical microenvironment generated
by the micropillar electrodes was highly compatible with that of in-vivo
tissue [81].

Regarding in-vivo studies, Zheng et al. [116] reported the 3D
printing of PEDOT:PSS (3 w/w%, Clevios™ PH1000) using a room-
temperature DBSA 10.0 w/w% coagulation bath, for the fabrication of
a cortex-wide neural interface for mice brain activity stimulation. Re-
sults showed a high charge injection capacity (CIC), CIC = 6.366 mC/
cm? and a maximum Z of 14.9 + 0.54 kQ at 1 kHz in vivo after three-
weeks post-implantation.
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PEDOT:PSS has been also utilized as stand-alone electrode for elec-
trophysiological analyses. Pires et al. [117] modulated the neurite
outgrowth of human neural stem cells (NSC) through electrical stimu-
lation, resulting in 1.6 times higher than the one in non-stimulated
conditions. The electrodes were composed of a mixture of PEDOT:PSS
(Clevios™ P AI 4083, solid content 1.3-1.7 %), EG (volume ratio 1:4),
DBSA (0.5 pL/mL), and GOPS (10 mg/mL). Alternatively, Ganji et al.
[118] investigated the use of PEDOT:PSS (Clevios™ PH1000) in a
mixture with EG (~20.0 v/v%), DBSA (0.2 v/v%), and GOPS (1.0 w/w
%) as electrodes on Parylene-C flexible substrate for an in-vivo intra-
operative monitoring of human brain. The 56 microelectrodes (@ ~ 50
pm) in the device showed a functionality of ca. 96 %, and displayed
impendences 10 times lower than platinum electrodes (ca. 12.63 kQ vs
314.79 kQ, respectively) in the frequency range for physiological ana-
lyses of [1 Hz-10 kHz]. Through the device, the evoked cognitive ac-
tivity was shown, with changes in amplitude of ca. 400 pm. Won et al.
[110] also developed water-stable PEDOT:PSS (1.1 w/w%) hydrogels
via phase separation induced by a laser source, with a final S = 670 S/cm
and a resolution down to 6 pm in water. The hydrogels were blended
with plasmonic AuNPs (0.1 w/w%, @ = [40-60] nm) and they showed a
CIC = 16.17 mC cm ™2, long stability after 10,000 cycles of pulses and 6
months, and good neural signal recording from a brain slice of mice.

TE applications often use PEDOT:PSS for the fabrication of thin films
or scaffold-like constructs to support in-vitro cellular activity too. For
instance, Han et al. [119] developed a flexible PEDOT:PSS-based
hydrogel optoelectronic interface, for the generation of action poten-
tials in neurons and cardiac myocytes below 50 and 150 mW cm 2,
respectively. The interface owns a Young's modulus in the range of
33-40 kPa, a stable charge injection of 13.2 + 1.4 pC cm ™2 under 50
mW cm 2 (in the presence of DMSO at 16.0 v/v%), and a long-term
functional stability, demonstrated by accelerated aging tests at 87 °C,
in which the photovoltage retained by 92 + 2.8 % after 4.5 weeks of
testing, which is equal to ~36 months. Marzocchi et al. [29] instead
studied the effect of surface roughness, surface conductivity, wettability,
and surface energy on spin coated PEDOT:PSS films (Clevios™ PH1000
and CPP105D) for a controlled cellular growth of glioblastoma multi-
forme cells (T98G) and primary human dermal fibroblasts (hDF). Elec-
trochemical polymerization of the PEDOT:PSS films was performed by
means of an external redox voltage at different oxidation states (redox
voltage of —0.9 V and +0.8 V), and in different aqueous media, such as
PBS. Cells were seeded on reduced, oxidized, and not biased samples and
after 72 h, a strong cell-dependency effect was only present on the
electrochemical state of the film; the proliferation rate of T98G cells was
highly enhanced on reduced samples, while for hDF only on the oxidized
PH1000, showing in both cases a strong chemical interaction with the
culture media. Also Wan et al. [106] discovered that oxidized 3D
microporous PEDOT:PSS (Clevios™ PH-1000) scaffolds promoted the
adhesion and growth of mouse fibroblasts (3T3-L1) (7 days) better than
reduced ones by 1.5 fold (see Fig. 5C). Particularly, scaffolds were
produced via an ice-templating method and doped with GOPS (3.0 w/w
%). Scaffolds also showed a good electrochemical switching behavior.
Alternatively, Amorini et al. [120] demonstrated that the redox state of
PEDOT:PSS (Clevios™TM CPP105D) films can be electrically modulated
to obtain a sponge effect on ions at the film-liquid interface, allowing a
change in the ionic environment around cells, thus the ability to govern
cellular adhesion, viability, and growth. 3D anisotropic porous PEDOT:
PSS (Sigma-Aldrich) scaffolds have been also obtained by Solazzo et al.
[47] and tested on C3H10 mouse embryonic fibroblasts. Specifically, a
lyophilization (freeze-drying) process, followed by crosslinking with
GOPS, and subsequent exposition to a sulfuric acid crystallization for
PSS removal and PEDOT nanofibrils generation, was performed. The
same authors also demonstrated a discrete cell viability (above 85 %) of
mouse embryonic fibroblasts on PEDOT:PSS crosslinked with 1.0 and
3.0 w/w% of PEGDE, and on PEDOT:PSS crosslinked with 3.0 w/w% of
GOPS [82]. Murine fibroblast cells cultured on PEDOT:PSS-GOPS and
PEDOT:PSS-DVS films (Clevios™ PH-1000), showed instead a viability
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comparable to the inert control (polyethylene) already at 24 h [87].
PEDOT:PSS crosslinked with DVS (3.0 v/v%) also evidenced a better
initial cellular adhesion for human neuroblastoma cells, when compared
to PEDOT:PSS crosslinked with GOPS, being beneficial for the estab-
lishment of a neural interface. Alternatively, Guex et al. [90] proposed
highly porous freeze dried PEDOT:PSS (1.25 w/w% in aqueous solution,
Ossila Ltd) scaffolds doped with DBSA (0.25 v/v%) and GOPS (0.0, 1.0,
2.0 or 3.0 v/v%) as secondary dopant and crosslinker, respectively. The
resulting scaffolds were further cultured with MC3T3-E1 osteogenic
precursor cells, demonstrating the ability to increase ECM mineralisa-
tion and osteocalcin deposition. A precursor cellular differentiation into
osteocalcin positively stained osteoblasts after 28 days, and enhanced
levels of genes, such as alkaline phosphatase, runt-related transcription
factor 2, and collagen type I alpha 1 were observed, along with a
deposited mineralized extracellular matrix (ECM).

PEDOT:PSS can be also biofunctionalized in its bulk or surface with
biomolecules or side-groups of the ECM, in order to improve the bio-
logical interface and encouraging cellular viability [99]. Especially, this
biofunctionalization is usually performed after fabrication to avoid any
potential denaturation of the biomolecules, due to an exposition to
solvents and high annealing temperatures. For instance, Strakosas et al.
[107] proposed a method to easily incorporate biomolecules after film
preparation, as shown in Fig. 5D. Before film casting, PVA (Mwpya =
130,000) was added into a mixture of PEDOT:PSS (Clevios™ PH 1000),
DBSA (0.5 mL/mlL), and EG (50 mL/mL); later a silane reagent was
chemically vapor deposited onto the film, and glucose oxidase (GOx)
and ECM-derived polypeptide poly-Llysine (PLL) were finally incorpo-
rated in the film. Silane reagents (e.g. aminosilanes, APTS (3-amino-
propyltriethoxysilane) or GOPS usually contain an organic functional
group which can bind a secondary organic molecule and an alkoxylane.
Thus, they can produce a covalent linkage with the free hydroxyl groups
of the substrate surface (usually glass or metal oxide based), via a
condensation reaction.

5. Remarks regarding PEDOT:PSS and biodegradability

CPs, including PEDOT:PSS, are not officially classified as biode-
gradable materials. However, in the past decade, efforts have been made
to develop biodegradable composites within this category. As stated by
Peng et al. [121], biodegradation is a phenomenon caused by enzymes
or chemical degradation actuated by living organisms and/or their se-
cretions. In the context of TE, biodegradability refers to a material
capability to degrade at a certain rate which aligns with the natural
growth or regeneration of native tissues over time, thus eliminating the
need for surgical removal [7]. Biodegraded organic polymers undergo
breakdown into smaller molecules, eventually transforming into carbon
dioxide and water, usually through hydrolysis and oxidation [122]. As
explained by Boehler et al. [123], to ensure material biodegradability,
there are primarily two approaches: creating a composite with a
biodegradable substance or altering the material backbone structure.
This alteration involves introducing enzymatically cleavable or hydro-
lyzable linkages between smaller electronic segments. This approach is
designed to ensure that even small portions of non-degradable segments
can potentially be tolerated and eliminated or phagocytized without
causing tissue irritation or inflammation.

In the wide context of CPs, this corresponds to finding a balance
between conductivity and biodegradability. Until recently, there have
been relatively few studies exploring PEDOT:PSS composites with po-
tential biodegradability. For example, Ren and Dong [124] introduced
an electrohydrodynamic electrode composed of PEDOT:PSS (PEDO-
Tinks)/Graphene/PVA for foldable electronics, which, after a 10-day
exposure to a water-based plant microbial solution, displayed a signifi-
cantly rougher surface compared to the one obtained when immersed in
DI water. This surface modification suggests a potential degradation, as
it appeared to serve as a nutrient source for microbials. Zhuang et al.
[125] also investigated a potential biodegradable film made of Silk
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Fibroin/PEDOT:PSS (Clevios PH™ 1000) designed for electroactive cell
culturing, as evidenced by their experiments with PC12 cells. In their
study, the film was immersed in a solution containing 0.1 U/mL protease
XIV, an enzyme typically utilized for investigating silk degradation.
After a span of 4 weeks, the film exhibited a weight loss of >20 %, and,
despite the poor degradability of PEDOT:PSS, the conductive layers
located on the surface of the film surface showed a minimal presence of
PEDOT:PSS.

Despite these achievements, it is important to note that no in-vivo
investigation was conducted to assess biodegradability. Indeed, there
is still a considerable gap from achieving a truly biodegradable PEDOT:
PSS suitable for use in the field of bioelectronics.

6. Tailoring PEDOT:PSS bioelectrical properties with carbon
fillers

Recently, carbon-based materials, such as graphene, graphene oxide
(GO), reduced graphene oxide (rGO), carbo nanotubes (CNTs), graphite,
carbon black, and carbon materials derived from natural-biomaterials,
have attracted wide attention due to their unique chemical-physical
properties. Such properties refer to a good electrical conductivity, a
high chemical and thermal stability, and in general a low toxicity [126].
Especially, as reported in Fig. 6A, different forms of nanocarbons such as
graphene and its derivatives (i.e. planar graphene, porous graphene and
out-of-plane grown 3D graphene flakes), and nanocrystalline diamonds
have found application in bioelectronics [127]. In particular, nanosized
conductive fillers have been explored for the development of polymer-
based conductive composites [128], thus the electrical conductivity of
PEDOT:PSS can be further enhanced by their incorporation. CNTs and
graphene matrices are usually incorporated in PEDOT:PSS structures for
optoelectronics and organic OECT [129]. It is known that the carbon-
based fillers form conductive paths within the polymeric matrix,
improving its conductivity [130]. However, the formation of such
conductive paths is affected by the distribution, amount, shape, and
intrinsic properties of the fillers. Therefore, the choice of the preparation
method and compound concentrations are important to obtain the
desired level of filler dispersion. At a certain critical loading value,
known as percolation threshold, S starts to increase of many orders of
magnitude with a very small increase in the filler loading [128]. The
percolation threshold value also decreases with an increasing aspect
ratio (ratio between length and diameter) of the filler [131].

Next paragraphs present the most interesting carbon fillers imple-
mented in bioelectronics, along with a portfolio of selected cases which
highlight their incorporation in PEDOT:PSS and benefits. Table 3
eventually summarizes those findings.

6.1. Graphene, derivatives, and their incorporation in PEDOT:PSS

Graphene is a single layer of sp? hybridized carbon atoms and typi-
cally has a honeycomb structure [134]. Graphene and its derivatives, i.e.
2D planar graphene, 3D porous graphene, out-of-plane/vertical gra-
phene, GO, and rGO, have been explored for bioelectronics due to their
high electrical conductivity (10*-10° S/m) [135], mechanical strength,
flexibility, transparency, surface area (2630 m2/g for monolayer gra-
phene) [136], chemical stability, and tunability [127]. In addition,
graphene can be easily dispersed in aqueous-based solutions for the
formulation of conductive mixtures [10]. Planar graphene can be pro-
duced by several methods and the current price for graphene powder
ranges between $ 50-$ 200/kg, depending on quality and volume of
purchase [137]. A low cost and large-scale method for the production of
planar graphene is the chemical exfoliation based on the preparation of
a GO suspension starting from graphite using the Brodie, Staudenmaier
or Hummers method, followed by the reduction of GO using thermal, UV
or chemical treatments [138]. Alternative methods to synthesize gra-
phene are the epitaxial growth on silicon carbide (SiC), which involves a
thermal decomposition of SiC at 1200-1700 °C under high vacuum
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[139], and the chemical vapor deposition (CVD) based on the thermal
decomposition of carbon precursor gases on metals catalysts, such as Ni,
Co, and Cu-based substrates, at high temperatures (~1000 °C), under
ambient pressure or low pressure conditions [140]. The method used to
synthesize planar graphene can affect its chemical and physical prop-
erties, such as size distribution, surface chemistry (i.e. surface functional
groups and surface charge) purity, and, as a consequence, the in-
teractions of graphene with cells and tissues [141]. For example,
monolayer graphene substrates synthesized by CVD at low pressure,
have been reported to promote both proliferation of fibroblasts and
differentiation of neurons [142]. However, pristine graphene has been
also described to be toxic for renal cells, macrophages, and red blood
cells due to a high level of oxidative stress [143,144]. Therefore, the
cytotoxicity of graphene can be reduced through surface functionaliza-
tion [145]. As documented by Guo et al. [146], the primary methods
include covalent, non-covalent, nanoparticle functionalization, and
plasma hydrogenation. Covalent functionalization involves the forma-
tion of covalent bonds and can be accomplished using substances like
DNA, polymers, or proteins. Conversely, non-covalent functionalization
can be achieved through polymeric grafting or interactions like m—x
bonding with small molecules containing aromatic rings or surfactants.
Binding nanoparticles (NPs) to the surface, achieved by reducing
metallic salts with agents like sodium citrate or ethylene glycol, is also a
well-established option. Lastly, hydrogenation of graphene using argon
or hydrogen plasma is a relatively new, straightforward approach,
which can reduce contamination during the process and enhances hy-
drophilicity. Alternative approaches, like PEGylation, are applicable for
in-vivo studies. In such scenarios, PEGylation serves to minimize the
formation of a protein corona when nano-sized graphene interacts with
blood components.

Among graphene-based materials, porous graphene has been syn-
thesized by various methods: (i) self-assembly of GO nanosheets [147],
(ii) template method (including template-directed assembly and
template-directed CVD) [148], and (iii) laser scribing method starting
from commercial polymers [149]. Notably, porous graphene, synthe-
sized by template-directed CVD method, has been reported to have high
biocompatibility and enhance the differentiation of neural stem cells
towards astrocytes and neurons [150]. Out-of-plane graphene flakes
have been instead produced by thermal decomposition of SiC [151] or
plasma-enhanced CVD [152]. 3D fuzzy graphene has been also synthe-
sized on a 3D Si nanowire mesh template, showing high electrical con-
ductivity (2355 + 785 S/m) and surface area (1017 + 127 mz/g) [153].
In addition, scaffolds based on out-of-plane graphene flakes have been
reported to own high biocompatibility and promote the proliferation of
osteoblasts [154]. As stated by Uz et al., this cellular-graphene inter-
action is most probably caused by n-= interactions of aromatic amino
acids found in the cellular membrane which orient proteins towards the
graphene layers [10].

The incorporation of graphene in PEDOT:PSS has been extensively
exploited in electrophysiological interfaces (MEAs devices), biosensors,
bio-actuators, and drug delivery carriers. For instance, Kshirsagar et al.
[155] fabricated MEAs based on PEDOT:PSS and graphene with Au
conductive paths leading to the microelectrodes and negative epoxy
photoresist SU-8 as insulator. Graphene was deposited on the substrate
using a polymer-based transfer method, whereby PEDOT:PSS was elec-
trodeposited on the graphene microelectrodes. The pristine graphene
microelectrodes exhibited an electrochemical impedance of 21.0 @ cm?
at 1 kHz with a transmittance of 99.4 %. After electrodeposition of
PEDOT:PSS, the impedance decreased to 0.3 Q cm? at 1 kHz and the
transmittance reduced to 50 %. Furthermore, the PEDOT:PSS-graphene
microelectrodes recorded cardiac field potentials with amplitudes up to
3.8 mV peak-to-peak and noise below 20 pV peak-to-peak, similar to
those recorded from TiN and carbon electrodes. Similarly, Lee et al. [24]
deposited PEDOT:PSS-GO and PEDOT:PSS-rGO composite films on gold
microelectrodes, demonstrating that both composites improved the
electrochemical durability and charge storage capacity of PEDOT:PSS.
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Fig. 6. Tailoring PEDOT:PSS properties with carbon fillers: (A) Carbon-based materials and their main features in bioelectronic applications; (B) SEM images of solid-
state (a) rGO, (b) PEDOT:PSS, (c) GO-PEDOT:PSS, and (d) rGO-PEDOT:PSS layers deposited on a commercial screen-printed carbon electrode (SPCE), showing
surface differences caused by the presence of dispersed colloidal aggregates in the interlayers spacing; (C) relative TEM image of the rGO-PEDOT:PSS composite,
indicating the presence of PEDOT:PSS between rGO layers. Republished with permission from Abd-Wahab et al. [132], Creative Common CC BY license 2019. (D)
SEM images of a soft-porous, solid-state PEDOT:PSS/MWCNT-based 3D scaffold at the ratios (a) 1:1 and (b) 2:3, (¢, d) with highlighted (white arrow) the CNTs
domains, respectively; (E) Schematic view of the process for the fabrication of 3D hybrid PEDOT:PSS and PEDOT:PSS/MWCNT conductive scaffolds. Republished
with permission from Jayaram et al. [133], Creative Common CC BY license 2019.
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Table 3
PEDOT:PSS for bioelectronic applications, with special focus on carbon fillers incorporation.
# Material typology ~ Application Technology Features Cellular lineage Main results Ref.
Cellular interfaces
2 PEDOT:PSS, MEAs Electrodeposition CSC (1.21 + 0.02 Primary chicken Excellent biocompatibility [166]
SWCNTs mC/cm?), S (323 embryonic
+ 75 S/m) cardiomyocytes
3 PEDOT:PSS, MEAs Aerosol jet printing C (242 £ 70 nF at Cardiomyocyte-like HL-1 Cytocompatibility [167]
MWCNTs, 5mV/s), Z (128 + cells
glycerol, EG, 22 kQ at 1 kHz)
GOPS, CMC
5 PEDOT: PSS, 3D electrode for bio- Freeze drying R ~ 7 times lower TIFs Nanostructured porous [133]
MWCNTs, DBSA, interfacing and tissue compared to neat morphology, excellent
GOPS engineering applications PEDOT:PSS cytocompatibility
7 PEDOT:PSS, Neural interfaces Electrodeposition Z (294 kQ at 1 Human neuroblastoma Good biocompatibility [176]
MWCNTs, kHz), C (4.0 F) SH-SY5Y cells
alginate
8 PEDOT:PSS, Neural interfaces Electrodeposition Z (15 kQ at 1 kHz), PC12 neural cells Good biocompatibility [173]
MWCNTs, CSC (7.5032 mC/
GYIGSR, RGD cm?)
9 PEDOT:PSS, Strain sensor Casting CSC (1508.22 + VM cells Elastic modulus (36.63 MPa), [177]
MWCNTs, PGSU 3.92 pC/cm? for 5 low cytotoxicity
wt% of CNTs)
10  PEDOT:PSS, Hemodialysis devices Electrospinning S (~1 S/cm with 3 THP1 cells Long-term water resistance, [178]
MWCNTs, PEO, wt% of MWCNTSs) high adhesion strength on the
GOPS substrate, biocompatible
11 PEDOT:PSS, Electrodes for recording Polymer-based transfer ~ Z (0.3 Q cm?) Chicken cardiomyocytes, Transmittance (49.7 %), [155]
graphene, Au, cell signals method, transgenic mouse retina recorded field potentials with
Sus electrodeposition ganglion cells amplitudes up to 3.8 mV peak-
to-peak
12 PEDOT:PSS, rGO Implantable electrode, Electrodeposition CSC (155.36 + PC12 neural cells Cytocompatibility [24]
biosensors, drug delivery 14.83 mC/cm?)
carriers and neural
interfaces
Biosensors
13  PEDOT:PSS, rGO, Electrodes for detection Drop casting Improved S and / High sensitivity and low [156]
Au NPs of HyOy charge transfer detection limit towards HyOo
resistance
14 PEDOT:PSS, EG, Sensor for CEA Dip coating $(3.12 x 10728/ / Enhanced sensitivity for CEA [157]
GO cm), Ree (2.8 kQ),
Kee (1.9 x 10-5
cm/s)
15  PEDOT:PSS, Electrodes for detection Electro-spraying S (105 S/cm), / High stability in water, [158]
GNPs of DA charge transfer enhanced catalytic activity and

resistance (54.8 Q)

sensitivity of DA oxidation

The impedance of PEDOT:PSS-rGO composites at 1 kHz decreased by
about 30 % when compared to the bare gold electrode, while the charge
storage capacity (CSC), CSC = 155.36 + 14.83 rnC/cmZ, improved as
well as the electrochemical durability in comparison to pristine PEDOT:
PSS. In addition, due to the porous structure of the composites, an in-
crease in the electrical charge conduction, the degree of oxidation and
redox states of GOs, and the degree of recovered conjugated carbons in
rGOs, were detected. PEDOT:PSS/rGO films cytocompatibility was
verified with pheochromocytoma-derived cell line (PC12) neural cells,
proving their ability to modulate the expression of specific proteins,
GAP-43 and synapsin, which are involved in the axonal regeneration
and intercellular communication, respectively.

Graphene-PEDOT:PSS composites have been also proposed in many
types of electrochemical biosensors for healthcare and analytical
chemistry due to their high electrical conductivity which allows an
efficient charge transfer, necessary for the detection of analytes in
electrochemical reactions. Mercante et al. [156] deposited by drop
casting PEDOT:PSS, rGO, and Au nanoparticles (AuNPs) on gold elec-
trodes for the detection of HyO3, associated with many pathological
conditions such as diabetes, atherosclerosis and aging. Afterwards,
peroxidase type II from horseradish (HRP) was immobilized on the
surface of PEDOT:PSS-rGO-AuNPs-modified electrodes. The final elec-
trode exhibited higher electrochemical activity compared to rGO and
PEDOT:PSS-rGO-modified electrodes, due to its improved electrical
conductivity and high surface area. Furthermore, it showed enhanced
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catalytic activity towards HpO» with high sensitivity and low detection
limit. Likewise, Kumar et al. [157] fabricated a high sensitive paper-
based sensor for cancer biomarker (carcinoembryonic antigen, CEA)
detection by dip coating a PEDOT:PSS (Sigma Aldrich), EG (3.0 v/v),
and rGO (0.035 w/w%) mixture. The PEDOT:PSS-rGO coated paper
exhibited S = 3.12 x 1072 S/cm, higher than the one of pure PEDOT:PSS
coated paper, S = 1.16 x 10~ S/cm. Moreover, in the presence of rGO,
the charge transfer resistance (R.;) decreased from 7.0 kQ to 2.8 kQ2, and
the electron transfer rate constant (K, value, equal to K,; = 1.9 x 107>
cm/s, was 2.5 times higher than the one of PEDOT:PSS/EG coated paper.
The use of rGO in PEDOT:PSS (Sigma Aldrich) was also investigate for
glucose detection by Abd-Wahab et al. [132]. Particularly, after
blending the composite with glucose oxidase, the sensitivity reached a
peak of 57.3 pA/(mM-cm?) and a detection limit of 86.8 uM. Interest-
ingly, a structural change was detected when blending the PEDOT into
the graphene, which generates a PEDOT:PSS matrix interspersed be-
tween rGO layers (see Fig. 6B, C). The final S increased, probably due to
the formation of a n-x interaction between PEDOT and the rGO surface;
electrochemical activity also enhanced from a peak current of 0.522 mA
to 1.184 mA.

Alternatively, deposited PEDOT:PSS (Sigma Aldrich)/graphene
nanoplatelets (GNPs) composites were electro-spraying deposited on
fluorine-doped tin oxide (FTO) electrodes for the detection of dopamine
(DA) in aqueous medium in the presence of ascorbic acid and uric acid
[158]. The PEDOT:PSS-GNPs electrodes were treated with concentrated
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H2SO4 (98 %) to remove the insulating and hydrophilic PSS from the
composites. The final PEDOT:PSS-GNPs composites exhibited high sta-
bility in water, improved S = 105.0 S/cm and a low R.; = 54.8 Q at the
electrode-electrolyte interface. Furthermore, the PEDOT:PSS-GNPs
electrodes showed enhanced catalytic activity and sensitivity of DA in
the presence of ascorbic acid and uric acid.

6.2. CNTs and their incorporation in PEDOT:PSS

CNTs are coaxial tubes formed from sp? carbon atoms with a small
amount of sp3 carbon atoms in the form of defects. CNTs can be
considered as one dimensional (1D) nanocylinders rolled up from 2D
graphene sheets [159]. A single graphitic layer or multiple coaxial layers
can be rolled up into single-walled carbon nanotubes (SWCNTs) or
multiwalled carbon nanotubes (MWCNTs), respectively [159]. CVD is
the most common procedure for the synthesis of CNTs at a large scale
production [127,160]. However, this method produces contaminants
that can affect the properties of CNTs and often require expensive
thermal annealing and/or chemical treatment for their removal [161].
Currently, the cheapest CNTs on the market, such as purified MWNTs,
cost about $100/kg [160]. CNTs have been widely used in electronics
due to their thermal conductivity (2800-6000 W/mK) [162], low elec-
tron scattering, and controlled band-gap [160]. They have been also
used as electrodes or electrode coatings to record field potential and
electrically stimulate cells [163] due to their electrocatalytic activity
[83], high surface area (1315 mz/g for SWCNTs) [164], mechanical
flexibility, and electrical conductivity (S = [106—107] S/m for pure
CNTs) [165]. For instance, Gerwig et al. [166] electrodeposited a
mixture of PEDOT:PSS and functionalized SWCNTSs (P2-SWCNTSs) on the
top of MEAs gold electrodes for the detection of primary cardiomyocytes
activities. The biocompatible PEDOT:PSS-SWCNT composite exhibited a
lower impedance and a 3x higher CIC than the control one based on TiN
electrodes. Moreover, CSC enhanced from 0.45 & 0.12 mC/cm? to 1.21
+ 0.02 mC/cm> Cardiomyocytes (HL-1 cells) activities were also
detected by Zips et al. [167], by means of an aerosol jet printed MEA
composed of a mixture of PEDOT:PSS (Sigma Aldrich), deionized water,
glycerol, EG, GOPS, CMC and MWCNTs (final S = 323 + 75 S/m). The
printed PEDOT:PSS-MWCNTs p-needle electrodes showed a capacitance
(C, nF) of 242 + 70 nF at a scan rate of 5 mV/s and an impedance of 128
+ 22 kQ at a frequency of 1 kHz.

Nevertheless, pristine CNTs are highly hydrophobic and aggregate in
aqueous solution [168]. In addition, in the presence of oxygen they can
damage DNA, alter cell cycle and cause cellular oxidative stress
[169,170]. Therefore, in order to reduce their toxicity, their surface can
be functionalized by oxidation and substitution or addition reactions, or
by adsorption of proteins or lipids [133,171,172]. For instance, Wang
etal. [173] electrodeposited a solution of PEDOT:PSS (0.1 w/w% EDOT,
0.2 w/w% PSS, Yacoo Corp, China) functionalized with MWCNTs-COOH
(2.0 mg/mL) in deionized water, on nickel-cadmium (Ni-Ca) microwire
electrodes. Afterwards, two peptides (Gly-Tyr-Ile-Gly-Ser-Arg, GYIGSR
and Arg-Gly-Asp, RGD) were covalently bonded on the surface of the
PEDOT:PSS-MWCNTSs-COOH films in order to promote the neural cell
adhesion, spreading and growth. The impedance of the final electrode
decreased from Z ~ 600 kQ to Z = 15 kQ at 1 kHz, while the CSC
increased 0.227 mC/cm? to 7.5032 mC/cm?, compared to an unmodi-
fied Ni-Ca microwire electrode. Furthermore, PC12 cells were success-
fully cultured on the composite, and, in the presence of a neural growth
factor (NGF), neurite extensions were detected.

Similarly to graphene, CNTs have been widely used in biosensors to
improve electronic sensitivity. As an example, Wang et al. [83] studied
the effect of SWCNTs (1.0 w/w%, volume ratio 8:1) and poly-
vinylpyrrolidone (PVP, 2.0 w/w%, volume ratio 9:1) as sensing elec-
trocatalytic enhancer and stabilizer in a PEDOT:PSS aqueous solution
(1.3 w/w%, Bayer AG) for the fabrication of film electrodes, able to
detect eugenol in food samples. Due to a good soaking and conductive
ability, the sensitivity detection showed a wide linear range till 122.4
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pM and a low detection limit of 0.048 pM. The incorporation of PEDOT:
PSS into a functionalized SWCNTs (SWCNT-COONa)-PVA network also
increased S, due to the strong n-= interactions among the C—=C bonds of
SWCNTs and thiophene rings of PEDOT:PSS [174]. This composite was
selected for the fabrication of a soft actuator for robotics and biomimetic
applications, as a promising alternative to expensive Pt and Au actuators
[175]. In details, the SWCNT-PVA-PEDOT:PSS membrane actuator
showed good molecular rigidity (621.27 + 5.34 MPa), high mechanical
strength (28.8 + 1.88 MPa), high CSC = 0.00131 F, and a low R =
4206.7 Q cm?. Other unconventional biosensing applications include
field effect transistors (FETs) [179], human motion monitoring sensors
[180], and strain sensors [177,181].

The CNTs ability to enhance PEDOT:PSS conductivity found exploi-
tation also for the fabrication of 2D and 3D bioengineered constructs in
tissue engineering. For instance, Yen et al. [178] fabricated 2D
conductive electrospun nanofibers using a solution of PEDOT:PSS (Cle-
vios™ PH1000), MWCNTs (0.0-5.0 w/w%), poly(ethylene oxide) (PEO)
at 15.0 w/w% and GOPS at 3.0 w/w%, for the development of hemo-
dialysis devices. The nanofiber composite exhibited an enhanced S ~ 1
S/cm, with 3 w/w% of MWCNTs, compared to the pristine PEDOT:PSS-
PEO nanofibers. Viability tests on human leukemic cells (THP1) also
showed a viability higher than 90 %. 3D electroactive scaffold were
instead prepared by Jayaram et al. [133], which freeze dried a PEDOT:
PSS solution (Clevios™ PH1000), mixed with 0.5 w/w% DBSA, 3.0 w/w
% GOPS, and MWCNTs (PEDOT:PSS/MWCNTs ratios equal to 1:1 and
2:3) (see Fig. 6D, E). The resulting 3D electrode exhibited a nano-
structured porous morphology, a lower electrical resistance of about 7
times, and a lower impedance over the whole frequency spectra
(0.1—105 Hz), compared to the neat PEDOT:PSS samples. Moreover,
good cytocompatibility was verified by the spreading of telomerase-
immortalized fibroblasts (TIFs) over the scaffold (up to 2 days).

7. Conclusion and future perspectives

In the field of bioelectronics, there is a growing demand for the
exploration of new materials which meet several criteria, including cost-
effectiveness, ease of processing, biocompatibility, conductivity, resis-
tance to moisture, and adhesion to the substrate. Among these materials,
PEDOT:PSS stands out as one of the most promising organic electro-
active CPs. This popularity is attributed to its remarkable electro-
chemical and mechanical properties, as well as its biocompatibility with
various cellular lineages. Additionally, PEDOT:PSS is commercially
available at competitive prices, offering different PEDOT/PSS ratios that
can be tailored to meet specific requirements. Its ease of processing and
tunability further enhance its suitability for diverse bioelectronic ap-
plications, including the production of thin films, flexible/stretchable
electrodes, sensors, coating materials, and scaffolds. Due to these
exceptional properties, PEDOT:PSS the interest in PEDOT:PSS for bio-
electronics significantly increased over the past few decades. PEDOT:
PSS has been used in many emerging bioelectronic applications,
including, wearable devices, 3D biomimetic interfaces for cellular ac-
tivity stimulation, and also in-vivo bioelectronic devices. However, the
development of PEDOT:PSS formulations that can effectively address
the unique requirements of bioelectronics presents multiple challenges.

In this review, the authors provide an overview of various ap-
proaches for tailoring PEDOT:PSS properties for bioelectronics and TE.
Particular emphasis is placed on achieving or ensuring: i) biocompati-
bility, ii) conductivity, iii) stability in saline solution, and iv) adhesion to
the substrate. To the best of the authors' knowledge, this manuscript is
the first attempt to provide a comprehensive overview of various
methods for attaining these properties, while maintaining biocompati-
bility as priority. The review also gives some remarks with respect to the
additional aspect of biodegradability, despite no viable biodegradable
formulation is currently available.

Eventually, the last section presents a summary on the incorporation
of carbon fillers into PEDOT:PSS mixtures, with a specific focus on
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graphene and CNTs. Carbon-based fillers can indeed act as conductivity
or specific properties enhancers.

Although significant progress has been made, there remains a sig-
nificant amount of work to be done in the study of PEDOT:PSS. As re-
ported by Boehler et al., the transition of PEDOT and its composites,
including PEDOT:PSS, to a clinical validation (FDA approval in USA or
CE mark in European economic area) still indeed remains a challenge
[96]. This is mostly caused by the high versatility of the material, which
is rather considered a material class, in which any new variation or
alteration, including the production technique, dopant or additive used,
must be analyzed to be fully validated and approved. Therefore, it is
most likely that just only formulations targeted to a specific application
will undergo clinical trials.

Furthermore, optimization on minimizing trade-offs among PEDOT:
PSS properties, particularly when addressing the enhancement of con-
ductivity and biodegradability, will be part of future researches.
Accomplishing these goals will likely require modifications to the
PEDOT:PSS formulation at the molecular backbone level. Additionally,
more extensive research is needed on PEDOT:PSS biocompatibility,
particularly in the context of long-term in vivo implantation, requiring
long-term experimental campaigns.

To summarize, although the current scenario present some technical
and regulatory challenges, PEDOT:PSS has showcased its promise, and
its utilization is expected to increase in the coming years.
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