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Abstract: Organic bioelectronics involves the connection of organic semiconductors with living
organisms, organs, tissues, cells, membranes, proteins, and even small molecules. In recent years, this
field has received great interest due to the development of all kinds of devices architectures, enabling
the detection of several relevant biomarkers, the stimulation and sensing of cells and tissues, and
the recording of electrophysiological signals, among others. In this review, we discuss recent func-
tionalization approaches for PEDOT and PEDOT:PSS films with the aim of integrating biomolecules
for the fabrication of bioelectronics platforms. As the choice of the strategy is determined by the
conducting polymer synthesis method, initially PEDOT and PEDOT:PSS films preparation methods
are presented. Later, a wide variety of PEDOT functionalization approaches are discussed, together
with bioconjugation techniques to develop efficient organic-biological interfaces. Finally, and by
making use of these approaches, the fabrication of different platforms towards organic bioelectronics
devices is reviewed.

Keywords: functionalization; organic bioelectronics; organic electrochemical transistors; PEDOT;
PEDOT:PSS; bioconjugation; biosensing

1. Introduction

Organic bioelectronics comprises the association of organic semiconductors with bi-
ological entities of all orders of organization i.e., living organisms, organs, tissues, cells,
membranes, proteins, and even small molecules [1]. In the course of the last 20 years,
this area has experienced great advances through the design and fabrication of original
materials, innovation in fabrication technologies, and the better comprehension of the
transport properties [2]. This has fueled the development of a wide range of interesting
devices, such as soft actuators [3], biosensors [4], recording probes [5], and organic electro-
chemical transistors (OECTs) [6,7], enabling the detection of several relevant biomarkers,
the stimulation and sensing of cells and tissues and the recording of electrophysiological
signals [8,9].

In this regard, conducting polymers (CPs) are the quintessential material for the
fabrication of organic bioelectronics devices due to their organic nature and semiconducting
features [10,11]. Moreover, CPs can be seen as organic mixed ionic–electronic conductors,
since changes in CPs conductivity through redox commutation are accompanied by ion
transport to maintain charge balance [12]. This ionic–electronic coupling together with the
soft nature of these materials have propelled its use in organic bioelectronics, yielding the
development of flexible organic conducting devices which can interface very efficiently
with biological entities [10,13].
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However, some CPs can present some drawbacks when considering their interfac-
ing with biomolecules, and during their interaction with living cells or tissues. This is
the case of polyaniline (PANI), which presents poor conductivity in physiological pH
ranges, limiting its use in organic bioelectronic devices [14,15]. In this regard, poly(3,4-
ethylenedioxythiophene) (PEDOT) presents record-high conductivity in neutral media,
as well as excellent electrochemical, thermal and moisture stability, and it can be easily
prepared on a wide range of substrates [16–18]. These features have converted this CP in
the most employed material, and several reports have been made since its appearance in
this field [19].

On the other hand, when dealing with device fabrication for organic bioelectronics,
the coupling of the organic semiconductors with the biological entities is not trivial and
involves the most critical step towards the development of efficient devices. This issue
originates from the different nature and properties of these building blocks [19]. In this
respect, the effective coupling of biological units with PEDOT films becomes challenging
for several reasons. On one side, the lack of functional groups in pristine PEDOT films
hinders the direct incorporation of biomolecules on their surface [20]. Moreover, the
integration of the biological entities in the polymerization solution involves an aggressive
environment for biomolecules and denaturing for proteins, as usually organic solvents and
high curing temperatures are used [21]. On the other hand, when employing PEDOT:PSS
films, the acidity/toxicity [22], and the overall negative charge of the conducting polymer-
polyelectrolyte complex restricts its interaction and integration with negatively charged
entities, such as cells, DNA/RNA and most proteins at physiological pH conditions,
requiring the deposited films to be further modified [23]. Therefore, the development of
strategies to perform the functionalization of PEDOT and PEDOT:PSS-based surfaces with
the aim of improving their biocompatibility as well as the interfacing with biomolecules is
key for the developing of efficient organic bioelectronics devices.

In this review, we will focus on PEDOT and PEDOT–PSS functionalization methods
towards the application of these materials in organic bioelectronics. We will first present
a brief discussion of PEDOT and PEDOT:PSS films production methods, and how the
features of the films can be tuned by selecting appropriate fabrication condition. Then,
based on these production approaches, several strategies for the functionalization of the
films will be reviewed. Finally, illustrative examples of organic bioelectronics devices based
on these functionalized materials will be presented (Scheme 1).
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2. Preparation of PEDOT and PEDOT:PSS Films

Since the functionalization approach to be performed will greatly depend on the
synthesis strategy employed to obtain PEDOT-based materials, we will start this review
discussing some strategies for the preparation of PEDOT and PEDOT:PSS films on different
substrates. The techniques will be briefly explained, as well as their advantages and
disadvantages and the effect that certain factors can have on the physicochemical features
of the films. In this regard, the methods discussed can be easily classified in two broad
groups: the first group involves in situ oxidation techniques, where the EDOT chemical or
electrochemical polymerization is performed directly on the target substrate (Section 2.1),
whereas the second group comprises the employing of a commercial solution of PEDOT:PSS,
whose features are already dictated by the fabrication process (Section 2.2).

2.1. Polymerization-Based Film Preparation
2.1.1. Solution–Cast Polymerization

Solution–cast polymerization (sometimes also referred to as chemical in situ poly-
merization) is the simplest and probably the most employed method for the preparation
of PEDOT films [16,24]. In a typical solution–cast polymerization procedure, the EDOT
monomer and the oxidant agent are dissolved in an alcoholic solvent, and the mixture is
subsequently casted on a substrate, which is finally annealed and washed. The technique
is simple, does not requires any complex or expensive equipment, and it is suitable for
large-scale production of films [25]. Moreover, films can be obtained on a wide variety
of substrates.

It is known that the mechanism for the oxidative polymerization of PEDOT starts
with the oxidation of EDOT by the oxidant (considered be the rate-limiting step of the
reaction [26,27]), yielding a cation radical that dimerizes and is quickly stabilized by base-
assisted deprotonation. Next, additional oxidant molecules oxidize the dimers, and the
polymerization takes place as classic step polymerization. It is important to note here that
since the growing PEDOT oligomeric (and polymeric) chains are also oxidized during the
process (yielding a positively charged molecule), counter anions must be incorporated in
order to maintain the charge balance [28,29]. Therefore, and based on this mechanism, a
rational approach can be used to modulate the properties of the obtained films through the
manipulation of the different synthesis parameters, such as monomer concentration, sol-
vent, oxidizing agents/counterions, additives, and annealing temperature, among others.

For instance, this mechanism has encouraged the use of additives to diminish the rate
of the polymerization reaction, as produced protons are known to increase the reaction
rate and favors the production of dimers and trimers that cannot be further oxidized,
limiting the conductivity of the films. Consequently, bases such as imidazole and pyridine
are usually added to the polymerization solution, yielding films with higher conductiv-
ity [25]. Moreover, other additives such as the polymeric surfactant PEG–PPG–PEG and
the high boiling point cosolvent N-methyl-2-pyrrolidone have been reported to modify
(and improve) the features of the obtained films [30,31].

When considering the oxidizing agent, its oxidation strength, pairing anion, and
concentration are crucial factors that determine the properties of the obtained polymer film.
In this sense, the most studied and employed oxidizing agent for PEDOT is Fe(III), paired
either with chloride (Cl−) or tosylate (TOS−) anions [24]. Between those anions, it has been
reported that Fe(TOS)3 causes a reduction of the polymerization rate compared with FeCl3,
which increases the conductivity of the obtained PEDOT films [17,29]. Moreover, other Fe
salts such as iron(III) dodecylbenzenesulfonate (FeDBSA3), iron(III) butylnaphthalenesul-
fonate (FeBNSA3) and iron(III) camphorsulfonate (FeCSA3) have recently been employed
to obtain high-quality PEDOT films through the so-called self-inhibited polymerization
(SIP) route (Figure 1) [32]. In this regard, the nature of the Fe(III) salt counterion influences
the film mesostructure and in-plane conductivity of the prepared PEDOT films. It should be
noted here that compared with electrochemical polymerization, the amount of counterions
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effectively in this technique is low, since the iron salt plays both roles as oxidizing agent as
well as counterion supplier.
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Figure 1. Scheme for the comparison of the conventional PEPG/Py-inhibited polymerization of PEDOT:TOS and the
inhibitor-free self-inhibited polymerization SIP route-fabricating PEDOT:DBSA (A). Out-of-plane GIXRD diffractograms
of PEDOT:DBSA, PEDOT:OTs-PEPG, PEDOT:CSA and PEDOT:BNSA (B). Temperature dependence of σ (normalized at
300 K) for PEDOT doped with anions of different steric effect (C). Film thickness dependence of σ and comparison with
other methods (D). Reproduced under the terms of the CC-BY-4.0 license [32]. Copyright 2017, The author(s).

On the other hand, the influence of the oxidant concentration and the solvent em-
ployed for the polymerization on the final features of the polymer film have also been
studied. For instance, a lower oxidant concentration was shown to produce smoother films,
while the thickness increases with decreasing boiling point of alcoholic solvents (while
conductivity remains constant) [28,33].

2.1.2. Electrochemical Polymerization

Although chemical oxidative polymerization makes use of chemical agents to perform
the oxidation of the EDOT monomer, in electrochemical polymerization the oxidation is
performed by an electrochemical technique, this being galvanostatic (constant current),
potentiostatic (constant potential), galvanodynamic (pulsed current), or potentiodynamic
(cyclic voltammetry or pulsed potential) [34]. In a typical electropolymerization experiment,
a three-electrode cell configuration is employed (the counter, reference, and working
electrodes) and the EDOT monomer is dissolved in an electrolyte solution. After the
electrochemical oxidation, a doped PEDOT film attached to the working electrode surface
is obtained, since the incorporation of anions from the electrolyte solution that stabilize the
charged form of the polymer. Therefore, it can be easily concluded that the main drawback
of this approach involves the requirement of a conductive substrate on which to deposit
the film, such as Au, ITO, or glassy carbon, among others [35,36].

On the other hand, the technique also offers several advantages; for instance, as the
PEDOT film is directly obtained onto the target conductive substrate, it is not necessary to
employ binders for improving adhesion, and the obtained polymer films are frequently
more stable than those achieved by other techniques. This intimal electrical connection
between the target electrode and the polymer film is a crucial aspect for all the applications
of PEDOT and, particularly, for bioelectronics [37]. In addition, the control of film thickness
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and morphology can be easily achieved by employing this technique. The ability to
synthesize copolymers also constitute a very relevant advantage, and it will be further
exploited when considering the polymerization of substituted EDOT-like monomers to
obtain a surface prone to be biofunctionalized.

Furthermore, the use of the electrochemical approach simply allows the tuning of the
features of the electropolymerized PEDOT film, since many factors such as the electrochem-
ical method and its parameters, the working electrode nature, the electrolyte composition,
and the dopants type and ratio have a significant impact on the physicochemical and
electrochemical properties of the obtained polymer. For instance, the influence of the scan
rate was studied by Melato et al. for films employing tetrabutylammonium perchlorate
(TBAClO4) as electrolyte, and high electropolymerization efficiency and an increase of
crystallinity were observed for lower scan rates [38]. The solvent and supporting elec-
trolyte nature also influence the morphology and electrochemical features of the obtained
films. In this regard, it was reported that films prepared in propylene carbonate have
a smoother structure than those prepared in acetonitrile, which leads to superior elec-
trochromic properties (Figure 2) [39]. Other factors governing PEDOT film morphology
are the electropolymerization potential, EDOT monomer concentration, type of working
electrode, pre-treatment of the substrates, and current density [40–42].
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When considering the dopant, as previously stated, the anion of the electrolyte be-
comes the counterion of the PEDOT during the polymerization, and, therefore, its choice
impacts on the resulting film morphology, and mechanical and electronic features [43].
For instance, Melato et al. studied the influence of the anion and the cation during elec-
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tropolymerization of PEDOT on platinum electrodes employing different supporting
electrolytes (namely LiClO4, TBAClO4 and TBAPF6) while using acetonitrile as solvent. It
was shown that among all the electrolytes, the use of LiClO4 causes a higher electropoly-
merization efficiency and an increase of electroactivity and crystallinity of the obtained
polymers. When considering the anions, ClO4

− promoted clusters of different sizes, while
the polymer film layer obtained employing PF6

− presented a fibrillar morphology with
a higher porosity. Regarding the cations, the film porosity increased when Li+ was sub-
stituted by the larger cation tetrabutylammonium (TBA+) [38]. Other counterions have
been also reported to be employed in PEDOT electrochemical polymerization, such as the
polyanion poly(sodium 4-styrenesulfonate) (PSS) and, very recently, the sodium salt of
bis(3,5-dimethyl-4-sulfonate-pyrazol-1-yl) methane (LSA) [44,45]. However, it is relevant
to note that the presence bulky counteranions such as PSS causes a diminution in the
conductivity of the synthesized polymer.

2.1.3. Vapor-Phase Polymerization and Chemical Vapor Deposition

Vapor-phase polymerization (VPP) and (polymerization through) chemical vapor
deposition (CVD) are well-established approaches to obtain PEDOT films. In both tech-
niques the polymerization process is induced chemically, requiring the use of an oxidizing
agent, and the way in which this oxidant is applied involves the main difference between
both techniques.

In the case of VPP, a solution containing the oxidant (and usually additives) is first
casted onto the substrate, which is subsequently exposed to the EDOT monomer vapor. In
the next step, the removal of the excess of reagents from the PEDOT films is performed
by cleaning/rinsing the substrates. Therefore, a very simple equipment is required for
this procedure, as it can be performed at lower vacuum levels or even at ambient pres-
sure [46,47]. When making use of this technique, the oxidant, additives, and the process
conditions (pressure, temperature, and humidity) are the main factors that can be used
to modulate the final PEDOT film properties. In this sense, the most employed oxidants
for the preparation of PEDOT films through VPP are FeTOS3 and FeCl3 [48]. However,
other oxidizing agents have been also shown to be successful [49]. For instance, Chelawat
et al. showed that PEDOT films can be obtained using bromine as oxidant, eliminating any
rinsing step required with other oxidants (as FeCl3) and making the process completely
dry. Moreover, the films obtained using this oxidizing agent showed a conformal depo-
sition together with a longer retention of the conductivity [50]. In addition, Chen et al.
have recently described the VPP polymerization of PEDOT employing MoCl5 as oxidizing
agent [51].

Considering the process conditions, Kim et al. showed that when employing a reaction
temperature of 60 ◦C, highly ordered and conductive PEDOT crystalline microstructures
parallel to the substrate are formed, in contrast to what happens at 20 ◦C and 40 ◦C [46].
Humidity is another relevant factor to be considered. It is known that water acts as a proton
scavenger for the dimers, allowing polymerization to occur. However, an excess water
vapor leads the formation of oxidizing agent crystallite domains which not effectively
participate in the polymerization process. Therefore, Zuber et al. reported that the addition
of the amphiphilic copolymer, PEG-ran-PPG, to the oxidizing agent solution suppresses
crystallization due to steric hindrance and enhances the polymerization of defect-free
PEDOT. Moreover, the copolymer allowed a wider humidity window to be used before the
onset of crystal initiated defects is observed [52]. In a similar approach, and with the aim of
suppressing the acidic side reaction and slowing down the oxidizing rate, the incorporation
of pyridine as base inhibitor has been reported to yield films with conductivities up to
1000 S cm−1 [47,53].

In contrast to VPP, CVD involves a single-step polymerization where the vapors of
both the oxidizing agent and the monomer meet and react at the target substrate (which
is inversely placed above the oxidizing agent to minimize the probability of oxidizing
particles falling on the substrate) for the oxidation of the EDOT (Figure 3A). To control
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the process, a high-vacuum atmosphere is required, and therefore the technique needs a
vacuum chamber.

Compared with VPP, the options of oxidant are more limited in CVD, since many solid
oxidizing agents have poor volatility, such as Fe(TOS)3. Therefore, metal halogen salts with
high volatility are frequently employed, being FeCl3 the most used [54]. However, the use
of other molecules such as SbCl5 and VOCl3 was recently reported, and films obtained
employing VOCl3 showed better control of the flow rate in the CVD reactor compared
to FeCl3, which yields a more controlled PEDOT growth [55,56]. Vapors of MoCl5 were
also reported to produce high-quality PEDOT films [57]. Similar to what happens with
the oxidizing agents, the employment of additives has rarely been reported for the CVD
preparation of PEDOT films, due to the lack of suitable volatile additives.
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When considering the process variables affecting the final polymer film features,
factors such as substrate temperature, pressure, vapor flow and location of the substrate
can considerably modify the final features of the obtained films. In this sense, Drewelow
et al. have recently studied the influence of the temperature of the substrate (TSUB) and the
oxidizing agent (TOXI) on the growth kinetics of CVD PEDOT [55]. They found that at low
TSUB (RT), the growth rate follows an Arrhenius relationship with an activation energy of
approximately 1.9 eV. However, at higher TSUB, the growth rate becomes independent of
TOXI, and leads to enhanced crystalline structure in an edge-on packing orientation, as well
as longer conjugation length. Therefore, these films show enhanced conductivity, carrier
density and carrier mobility by the enhanced crystalline and chemical environmental struc-
tures in PEDOT grown at higher TSUB (still in the modest temperature regime ≤ 100 ◦C)
(Figure 3B,C). The effect of temperature and the subsequent film structure on the electro-
chemical properties has been also recently studied by Moni et al. [58]. In another interesting
study, Mirabedin et al. have reported detailed correlations between the deposition con-
ditions and the film thickness, weight, chemical composition, morphology, and electrical
conductivity for various FeCl3/EDOT inlet ratios and substrate temperatures [59].
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2.2. PEDOT:PSS Films

From the previous sections it can be noted that most of the examples of EDOT poly-
merization involve the employment of non-aqueous solutions, as the monomer shows
poor solubility in water. A well-known method to overcome this problem involves the
use of poly(styrenesulfonate) (PSS) as counterion. The story says that in an interesting
example of (industrial) collaboration, scientists at Agfa were searching for new antistatic
coatings when Jonas, a scientist at Bayer, suggested the use of PEDOT as antistatic ma-
terial. Later, they attempted the oxidation of EDOT by persulfates in the presence of
PSS in water, and obtained an aqueous dispersion of PEDOT stabilized with PSS as a
counteranion, which showed great stability [29]. Precisely, the commercial availability and
straightforward processing are the most important reasons why PEDOT:PSS dispersion
is the most employed conducting polymer to date [60]. By making use of the aqueous
microdispersion, conducting polymer films can be easily obtained on a variety of substrates
through a wide range of deposition techniques such as spray deposition, screen-printing,
dip-coating, spin-coating, drop-casting, and inkjet-printing, yielding surfaces with high
electrical conductivity, optical transparency, and good stability in air, among other interest-
ing features [16]. Moreover, by employing the commercial dispersion, even the 3D printing
of PEDOT:PSS-based architectures has been recently reported [61,62].

On the other hand, the synthesis of PEDOT:PSS can also be performed at the labora-
tory scale. In this regard, the colloidal complex is often fabricated through solution–cast
polymerization employing PSS as counteranion, as previously described. Briefly, the
synthesis involves dissolving the polyanion in water, adding the EDOT monomer to pro-
duce an emulsion, incorporating the oxidant solution (a mixture of peroxodisulfates and
Fe(III) salts), and, finally, purification of the dispersion (Figure 4A) [17]. The polyanion
facilitates the solubilization of the EDOT monomer in water and the further dispersion
and stabilization of the oligomers and polymers formed during the oxidation reaction.
It should be noted that peroxodisulfates (e.g., K2S2O8, Na2S2O8) are usually employed
as oxidizing agents in combination with small amounts of Fe(III) salts (FeCl3, Fe2(SO4)2)
working as a catalyst, since multivalent cations (such as Fe(III)) could produce a complex
with PSS, reducing the stability of the dispersion [63]. The procedure results in a very stable
aqueous polyelectrolyte-conducting polymer microdispersion, in which soluble complexes
are formed via electrostatic interaction between the positively charged PEDOT and PSS
(Figure 4B).
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As previously described for PEDOT:TOS, the processing conditions, such as the way of
adding oxidizing agents, temperature, and mechanical stirring rate, among others, impact
the physicochemical properties of the obtained PEDOT:PSS films. For instance, it has been
reported that the one-time addition of the oxidizing agent (instead of step-by-step) and/or
the increment in the acidity and temperature accelerate the polymerization rate, resulting
in large size of PEDOT:PSS micelle, which subsequently leads to films with high roughness
and poor electrochemical features [17].



Chemosensors 2021, 9, 212 9 of 38

It should be noted here that while the direct preparation of PEDOT:PSS films through
the deposition of the commercial dispersion is very practical, the obtained films have
usually low conductivities (between 10−4 to 1 S cm−1) compared with PEDOT obtained
by other methods due to the overcompensating amount of insulating PSS in the films,
which surrounds PEDOT and hampers electronic transfer [16,64]. Therefore, several
strategies including irradiation by light, solvent, thermal and acid/basic treatments have
been developed in order to enhance the features of the obtained films [65]. Finally, it is also
relevant to note here that other polyanions have also been employed in order to develop
novel water-soluble PEDOT complexes, such as pectin, hyaluronate, and dextran sulfate,
as well as various polysulfonylimide-based polymers [66]. Although this subject will not
be extensively covered in this review, interesting works on this matter have been recently
published [67,68].

2.3. Summary

In the previous sections several strategies have been described for the preparation
of PEDOT and PEDOT:PSS films. Table 1 summarizes the most relevant advantages and
issues of the PEDOT production by the methods discussed in this review.

Table 1. Main advantages and disadvantages of the PEDOT and PEDOT:PSS production methods.

Approach Advantages Issues

Solution–cast
polymerization

Simple procedure
Production of large-area films

Low cost

Thickness may be difficult to control
Adhesion of the film can be a problem

Electropolymerization

Excellent connection between the substrate
and the film

Easy control of morphology and thickness
Simple copolymerization

Conductive substrates are required
Potentiostat needed

Usually performed in organic solvents

VPP and CVD
Endows the modification of all-kind of

substrates
Production of very high-quality films

More complex equipment required
Difficult to control the process conditions

PEDOT:PSS dispersion

Commercially available
Water dispersible

Wide variety of substrates can be modified
Different deposition techniques

Easy to scale-up

Low conductivity
PSS hampers functionalization

Further treatment steps to
improve properties

3. Functionalization Strategies for PEDOT and PEDOT:PSS Films

In the field of organic bioelectronics, the coupling of the conducting polymer with
the biological units represents the most relevant step in the fabrication of an efficient
device [19]. In this sense, the different functionalization strategies of organic films pursue
the same final objective, which is to bind a biomolecule securely and tightly. Moreover, the
anchoring must not only by stable, but must also preserve the functionality of the bio-entity
and the electronic properties of the undelaying conducting polymer. For instance, when
considering antibody immobilization, a proper orientation of the biomolecule upon binding
is required, as the binding sites should be accessible to the antigen [69]. In the same way,
enzyme immobilization must preserve the native conformation of the protein and allow
for reagent transport and successive product release [70,71].

In this regard, the biofunctionalization of conducting polymers can be addressed by
two different ways, i.e., the bio-entity can be directly incorporated into or onto the organic
film, or molecules or functional groups can be employed in order to generate a more
biocompatible surface for, namely the incorporation of proteins or the improvement of cell
adhesion [72]. When considering PEDOT, the one-step integration of bio-entities in the CP
matrix represents a big challenge: as previously mentioned, the polymerization conditions
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are often aggressive since they involve the use of organic solvents and relatively high curing
temperatures. These conditions affect the structural integrity of most biomolecules, thus,
leading to diminished function. On the other hand, the lack of functional groups in pristine
PEDOT films hampers the incorporation of biomolecules on its surface [20]. Therefore, the
incorporation of biomolecules should ideally be performed after the preparation of the
films, requiring the functionalization of the surface. In a similar fashion, when employing
PEDOT:PSS films, the acidity/toxicity [22] and the overall anionic charge of the conducting
polymer-polyelectrolyte complex restrict its interaction and integration with negatively
charged entities, such as cells, DNA/RNA and most proteins at physiological pH condi-
tions, requiring the deposited films to be further modified [68,73]. Hence, adapting and
modulating the functionality of PEDOT and PEDOT:PSS films to further achieve effective
biointerfaces for organic bioelectronics is needed.

In this section, we will focus on the incorporation of materials/functional groups
to PEDOT and PEDOT:PSS films to further integrate or improve their interaction with
bio-entities. Then, the different approaches for the functionalization of PEDOT will be
divided in three main groups; (Section 3.1) the incorporation of moieties to an EDOT-like
monomer and the further copolymerization with EDOT, (Section 3.2) the incorporation of
the desired molecules to the polymerization solution and the subsequent polymerization;
and (Section 3.3) the functionalization of PEDOT:PSS films. Predictably, the approach
to be used will depend on the synthetic strategy employed. In this sense, most of the
functionalization methods reported for electropolymerized PEDOT involve the synthetic
modification of the EDOT monomer, while for PEDOT:PSS, the most employed strategy
involves the mixing of the commercial solution with the additive/the modification of the
film after preparation.

3.1. Derivatization of the EDOT Monomer

A well-known approach in order to obtain films which are prone to the incorpora-
tion of biological entities involves the polymerization of EDOT derivatives containing
recognition elements/motifs or a functional group able to be modified in a subsequent
step [74–76]. This strategy involves the use of organic chemistry strategies to obtain the
desired EDOT derivative, and its subsequent polymerization by making use of the different
oxidative methods. In this sense, when designing the monomer, one must consider that the
polymer should retain its insoluble character, but also take into account that the incorpo-
ration of over-sized substituents can lead to an excessive solubility in the polymerization
solvent [29]. Next, the obtained PEDOT-like polymer can either be a homopolymer, when
only the derivatized monomer is used, or a copolymer, as EDOT can be employed to
maintain the electrochemical properties of the films [20]. Therefore, the polymerization
technique and the counteranion/dopant must be carefully selected to obtain the desired
film properties.

In this regard, electropolymerization is the most employed technique to perform the
oxidation of EDOT derivatives, since it allows for the simple control of the different electro-
chemical parameters during the polymerization procedure, facilitating the tuning of the
monomer ratios in the obtained film. For instance, Bhagwat et al. have reported the synthe-
sis of a carboxylic acid-functionalized-EDOT (EDOT-acid) monomer and the galvanostatic
preparation of copolymer films with EDOT (PEDOT-acid) [77,78]. The PEDOT-acid copoly-
mer films were electrochemically polymerized from a solution containing a monomer feed
ratio of EDOT-acid and EDOT of 0.75 and 0.25, respectively. Subsequently, the carboxylic
moieties of the surface were employed to anchor the nonapeptide CDPGYIGSR (a peptide
derived from the basement membrane protein laminin) as well as PEGylated CDPGYIGSR
through the N-terminal of the peptide. The efficiency of the peptide together with the
effect of the spacer molecule were evaluated for cell adhesion and differentiation in cell
culture assays employing the rat pheochromocytoma (PC12) cell line. Peptide-modified
films comprising the longest PEG spacer exhibited the best attachment and neurite out-
growth, providing an effective approach to biofunctionalize conducting polymer films [78].
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Similarly, the incorporation of the acid moieties in the EDOT monomer was also found to
enable the anchoring of the GGGGRGDS peptide, while maintaining the conductivity of
the bioactive film. Subsequently, the PEDOT-acid-peptide films were able to increase the
adhesion of primary rat motor neurons [79].

In another study, Ouyang et al. reported the synthesis of 1,3,5-tri [2-(3,4-ethylenedioxy-
thienyl)]-benzene (EPh), a trifunctional crosslinking agent with three EDOTs around a
central benzene ring, and its electro-copolymerization with EDOT [80]. Systematic vari-
ations in composition from mixed monomer solutions in acetonitrile were investigated,
showing that the impedance increased with the EPh feed ratio. Moreover, the authors
performed in vitro cell culture studies, showing that the PEDOT-co-EPh films with less than
1% of EPh exhibit excellent biocompatibility to PC-12 cell lines, with limited cytotoxicity
and the ability to support neurite outgrowth.

Very recently, Mantione et al. developed different EDOT-based trimers beating am-
monium and sulfonate moieties as novel water-soluble EDOT-based bioelectronic ma-
terials [81]. The trimers were able not only to electrochemically polymerize in acetoni-
trile, but also to chemically polymerize in water. Moreover, the trimers were effectively
polymerized in vivo along the roots of living plants employing the activity of native
peroxidase enzymes.

In an interesting approach, Wei et al. performed the synthesis and further polymer-
ization of a dialkene functionalized ProDOT variant (ProDOT-diene). The ProDOT-diene
monomer was either chemically or electrochemically polymerized, and then subsequently
modified with alkyl, PEG, or ferrocene moieties via radical-based thiol–ene chemistry,
indicating that the method allows for efficient, facile tuning of the surface chemistry of the
films [82].

Hai et al. reported the synthesis of an EDOT derivative bearing an oxylamine moiety
(EDOTOA), which was subsequently electrochemically polymerized with EDOT in aqueous
solution employing NaClO4, yielding poly(EDOT-co-EDOTOA) films (Figure 5A). The
feed ratio of EDOTOA in the electropolymerization solution was varied from 0 to 100%,
showing the best electrochemical properties for the films with 25% EDOTOA, since the
increase in the EDOTOA ratio hampered the charge transfer at the polymer/electrolyte
interface. Then, these films were employed for covalently introducing sialyllactose on
the films via glycosylation between the reducing end of lactose and the oxylamine unit in
poly(EDOT-co-EDOTOA) (Figure 5B,C). Finally, the sialyllactose-grafted poly(EDOT-co-
EDOTOA) films were employed to perform the specific recognition of human influenza A
virus (H1N1) [83].

The solution–cast polymerization (and copolymerization) of EDOT derivatives con-
taining recognition elements/motifs has also been reported to be an effective strategy
to further incorporate biomolecules on films. For instance, Daprà et al. presented the
preparation of PEDOT/PEDOT-OH platforms by the chemical copolymerization of both
monomers and its further deposition on polymeric substrates [84]. Moreover, the incor-
poration of OH moieties enabled the further covalent attachment of two aptamer probes
through EDC–NHS chemistry for the construction of biosensors. The constructed devices
showed high sensitivity and selectivity for ampicillin and kanamycin A detection (depend-
ing on the aptamer employed) by electrochemical impedance spectroscopy (EIS). Finally, it
was possible to detect ampicillin in a milk sample at a concentration below the allowed
maximum residue limit (MRL).

In another interesting approach, Minudri et al. have very recently reported the
synthesis of a cationic ammonium-modified EDOT monomer (EDOT-N), as well as its
solution–cast polymerization as a homopolymer and also as a copolymer with EDOT, yield-
ing stable films (Figure 6A,B) [22]. Moreover, the versatility of the PEDOT-N homopolymer
was demonstrated by processing the polymer in two different ways. First, PEDOT-N was
assembled from water dispersions as thin films obtained by layer-by-layer (LbL) assembly
employing PEDOT:PSS as cationic counterpart. In addition, the straightforward prepara-
tion of conducting PEDOT-N hydrogels was studied, employing PEGDA-diacrylate and a
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photoinitiator (Figure 6C). The authors also showed that the PEDOT-N films showed good
biocompatibility in the presence of the human embryonic kidney-293 cell line, displaying
great potential in bioelectronics applications (Figure 6D).
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3.2. Addition of Molecules to the Polymerization Solution

Another effective way to tailor the biocompatibility properties of PEDOT films in-
volves the addition of molecules bearing the desired moieties/motifs to the polymerization
solution. Briefly, the technique involves the addition of the entity to the oxidizing agent
solution (or electrolyte in the case of electropolymerized PEDOT) and the subsequent
oxidation of the monomer, either performed by solution–cast polymerization, electropoly-
merization or VPP/CVD. Concerning the additives, a frequent strategy to increase the
biocompatibility of the PEDOT-based surface is the inclusion of hydrophilic polymers,
such as synthetic polyelectrolytes (polycations or polyanions), natural polypeptides and
even neutral polyethylene glycol (PEG) moieties.

In this regard, while the preparation of PEDOT-like films employing derivatized
EDOT monomers have not been widely reported for VPP, the functionalization of PEDOT
by adding molecules/moieties to the oxidant solution and the further polymerization of
the monomer by VPP has been extensively explored, yielding composite films where the
additive was intimately connected to the PEDOT matrix. In this way, the incorporation
of polyethylene glycol (PEG)-like molecules has been reported as an efficient approach
towards the generation of biocompatible PEDOT surfaces. For instance, PEG and a car-
boxylic acid-functionalized PEG (PEG(COOH)) were incorporated in PEDOT:TOS oxidative
solution and films were obtained through VPP. Afterwards, EDC–NHS chemistry was
employed in order to incorporate fluorescent proteins onto the functionalized PEDOT films
via the carboxyl moieties of PEG(COOH) [85]. Moreover, the addition of PEG has been also
reported to improve the conductivity of PEDOT composite films obtained through VPP,
enabling the successful fabrication of organic electrochemical transistors by making use of
the composite film as channel material [85,86].

In another interesting approach, a conducting composite polymer film was obtained
by VPP of EDOT in the presence of a biocompatible polyanion derived from the par-
tial sulfonation (32%) of statistical ethylene vinyl alcohol copolymer (EVAL32) [87]. A
methanol/water solution containing EVALS32 and the oxidant FeTOS3 was spin-coated
on glass slides, which were subsequently exposed to EDOT vapors, yielding EVALS32-
PEDOT composite films with good conductivity, transparency, and stability in water. The
addition, the partially sulfonated EVAL matrix yielded conducting platforms possessing
residual hydroxyl groups able to be submitted to further chemical modification, including
crosslinking, and grafting with bioactive molecules.
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Similarly, Bongo and coworkers reported the incorporation of gelatin, a derivative of
the extracellular matrix protein collagen, into PEDOT:TOS films via VPP. The integration
of gelatin not only retained the electrochemical properties of the conducting polymer film,
but it also specifically supported bovine brain capillary endothelial cell adhesion and
growth. This results indicated that the functionality of the biomolecule was maintained
and demonstrated the future potential of this type of conducting biocomposites in order to
promote cell adhesion in electrically active materials for tissue engineering [88].

The addition of molecules to the polymerization solution of solution–cast PEDOT has
also been reported as an effective strategy to modulate the biofunctional properties of the
conducting films. In this sense, the incorporation of polyamines to the polymerization
solution has gained interest in the recent years. For instance, the successful preparation of
PEDOT-polyallylamine hydrochloride (PEDOT-PAH) films on different substrates such
as Plexiglas [89], PET [90], and interdigitated Au micro electrodes [91] has been reported
recently, enabling the fabrication of different bioelectrochemical devices upon further func-
tionalization of the composites films (Figure 7A,B). The effect of the addition of different
amounts of polyamine to the polymerization solution was studied, showing that the varia-
tion of the PAH:PEDOT ratio in the polymerization solution allowed for the tuning of the
electronic and ionic features of the films [91]. Moreover, carbohydrate motifs were cova-
lently anchored to the primary amine groups using divinylsulfone chemistry (Figure 7C),
and the recognition-driven assembly of the lectin Concanavalin A (ConA) and the enzyme
glucose oxidase (GOx) on the mannosylated surfaces was performed (Figure 7D). Finally,
the detection of glucose by the functionalized electrodes was studied [89].
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Figure 7. Scheme of the PEDOT-PAH composites preparation and biofunctionalization through
mannosylation, and ConA and GOx recognition (A). Photograph of a Plexiglas substrate modified
with the composite PEDOT-PAH (B). Contact angle images of PEDOT-PAH before (top) and after
(down) mannosylation (C). SPR sensogram for the assembly of Con A and GOx on a mannosylated
sensor (D). Adapted with permission from reference [89]. Copyright 2017 John Wiley and Sons.
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The incorporation of biopolymers has also been reported as a useful strategy for the
improvement of the biofunctionalization properties of PEDOT-like films. In this sense,
Zamora et al. showed the fabrication of nanoporous PEDOT-based materials through
an assisted processing approach using starch/κ-carrageenan aerogels as templates. The
polysaccharide aerogel morphology was employed to yield meso- and macroporosity to
the conducting polymer, while the carrageenan was maintained in the polymer as a dopant,
improving the electrical and mechanical properties of the resulting nanostructured material.
Moreover, the resulting composite materials were compatible with the viability of SH-SY5Y
human neuroblastoma cells differentiated to a neuronal phenotype [92].

Moreover, Harman et al. reported the preparation of films composed of a complex
between PEDOT and the sulfonated polysaccharide polyanion dextran sulfate (DS). The
films were obtained via oxidative chemical polymerization of EDOT in the presence of the
DS polyanion, a surfactant and an anticoagulant and subsequent drop-casting, showing
conductivity similar to that obtained for PEDOT:PSS films. Moreover, water dispersions
of the polymer were successfully processed by different methods as drop-casting, spray-
coating, inkjet-printing and extrusion-printing. Finally, the addition of the PEDOT:DS
dispersion to the growth medium of L-929 cells did not affect the development of the
cells, in opposition to PEDOT:PSS, indicating that the PEDOT:DS dispersions show greater
potential for biological applications [93].

On the other hand, the incorporation of bio-functionalizable molecules in the elec-
trolyte solution and the further electropolymerization of EDOT has also been described by
different authors. In this sense, Xia et al. reported an interesting approach where collagen, a
cell-adhesion protein, was added to the electropolymerization solution, and the deposition
of the film onto Au substrates was subsequently performed via galvanostatic polymeriza-
tion. When the polymer was deposited at lower current densities, the obtained composite
film showed good electroactivity, and SEM images revealed that the PEDOT/collagen film
exhibited a network-like structure. Moreover, optical microscopy examination showed that
rat pheochromocytoma (PC12) cells were preferentially seeded on PEDOT/collagen other
than PEDOT/LiClO4, indicating that collagen is highly bioactive for cell adhesion [94].

In another interesting example, Vara et al. showed the electrochemical deposition
of PEDOT doped with poly[(4-styrenesulfonic acid)-co-(maleic acid)] (PEDOT:PSS-co-
MA) on gold electrodes and carbon microfibers (MFs) employing constant anodic current.
The authors showed that the obtained film was able to be further modified with linked
N-Cadherin (NCad), a calcium-dependent adhesion molecule that has a major role in
axonal guidance and fasciculation in vivo and is also required for neuronal migration and
synaptic plasticity. In the first place, the procedure for the protein attachment involved
the binding of a goat antibody raised against human IgG (Fc specific) through EDC–NHS
chemistry, making use of the carboxylic moieties in PSS-co-MA and the amino residues of
the protein. Then, a recombinant human NCad-Fc chimera that combines human NCad
with the Fc region of human immunoglobulin G1 (IgG1) was linked to the surface. The
applicability of the electrodes for neural activity recording was assessed in the acute
in vitro rat hippocampal slice, showing that N-Cadherin biofunctionalized electrodes
display advantageous properties for the selective detection of the activity of neighboring
neurons. Furthermore, measurements of evoked activity indicated that synaptic physiology
was unaffected by the electrodes [95].

Promsuwan et al. showed a straightforward approach to incorporate and regulate the
proportion of carboxylate functional groups on PEDOT films [4]. The incorporation of the
carboxylate moieties was performed through electropolymerization of EDOT with LiClO4
and the presence of different carboxylates, i.e., acetate (mono-COO−), malate (di-COO−),
citrate (tri-COO−), and poly(acrylamide-co-acrylate) (poly-COO−). The authors showed
that the polymerization efficiency, surface carboxylate density, electrochemical kinetics,
and cycling stability of the resulting PEDOT:COO− interfaces increased with the molecular
weight and carboxylate groups of the organic acid additives, possibly due to the increased
doping efficiency and minimized leakage of the high-molecular-weight poly(acrylamide-
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co-acrylate) in the PEDOT:poly-COO−matrix (Figure 8A–H). Moreover, the carboxylate
groups of PEDOT:poly-COO− served as anchoring sites for stable covalent coupling of
enzyme lactate dehydrogenase (LDH) via EDC–NHS chemistry, enabling the fabrication of
biosensors for lactate detection with high sensitivity, good selectivity, and reproducibility
(Figure 8I).
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3.3. Functionalization of PEDOT:PSS Films

As the commercial PEDOT:PSS formulation is obtained ready to deposit, there are
two main ways to functionalize the films: (Section 3.3.1) by blending the additive with the
commercial PEDOT:PSS solution; or (Section 3.3.2) by performing the functionalization
after the deposition of the film.

3.3.1. Blending Methods

Considering the blending of certain molecules to improve the bio-functionalizable
features of PEDOT:PSS films, Polino et al. showed the fabrication of conducting films based
on different PEDOT:PSS and polyethylene glycol diacrylate (PEGDA) blends. The authors
studied the influence of PEGDA adding from 2 to 17 wt.% to the PEDOT:PSS commercial
solution on the deposition of films via spin- and spray-coating and evaluated their optical,
electrochemical, and morphological features. They found that the film fabricated with 8%
of PEGDA yields the best compromise between electrical and optical properties. Moreover,
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the electrodes were tested as culture support for primary fibroblasts, and showed high
biocompatibility and cell spreading in all the cases [96].

In another interesting example, Abedi et al. showed the fabrication and character-
ization of chitosan (CS) scaffolds containing PEDOT:PSS. Chitosan scaffolds containing
0.3, 0.6 and 1 wt.% of PEDOT:PSS were fabricated through electrospinning. The electrical
and mechanical properties, as well as biocompatibility and cell viability of scaffolds were
investigated, with the result that addition of PEDOT:PSS to chitosan scaffold not only
enhances the mechanical properties and electrical conductivity of electrospun scaffolds,
but also improves their biocompatibility and cell viability. These authors showed that
the results obtained from scaffolds compared with the properties of native myocardium
extracellular matrix reveal its potential application for cardiac tissue engineering [97].

Kumar and collaborators reported the deposition of PEDOT:PSS/polyvinyl alcohol
(PVA) nanofibers on conducting paper (Figure 9A). PVA powder was added to PEDOT:PSS,
stirred and heated to ensure a homogenous solution which was subsequently electrospun,
yielding PEDOT:PSS/PVA nanofibers (EsNf) (Figure 9B,D). The modified paper electrodes
were further biofunctionalized with the monoclonal carcinoembryonic antibodies (anti-
CEA) through physical adsorption, as a strong interaction occurred between negatively
charged PEDOT:PSS/PVA composite and positively charged end (NH3

+) of the anti-CEA
molecules (Figure 9C). Later, BSA was added to block unspecific sites of to the anti-CEA
functionalized PEDOT:PSS/PVA electrode (Figure 9E). Finally, the platform was shown to
be useful toward the electrochemical detection of cancer biomarker (CEA) [98].
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PEDOT:PSS and PEDOT:PSS/PVA (B). Scheme for the biofunctionalization of the PEDOT:PSS/PVA nanofibers for carci-
noembryonic antigen (CEA) detection (C). SEM images of PEDOT:PSS/PVA-EsNf/CP (D) and anti-CEA/P EDOT:PSS/PVA-
EsNf/CP (E). Adapted with permission from reference [98]. Copyright 2016 John Wiley and Sons.

Employing a similar approach, Strakosas et al. showed the addition of PVA to PE-
DOT:PSS before film casting, and the further chemical vapor deposition of a silane reagent
(3-glycidoxypropyltrimethoxysilane, GOPS) onto the film. The modification of the surface
with the silane reagent allowed for the further incorporation of polypeptides/proteins un-
der basic conditions through the formation of a secondary amine bond with the biomolecule.
Later, fluorescein isothiocyanate labelled poly-L-lysine (FITC-PLL) was immobilized on
the surface, allowing for fluorescence investigations of the biofunctionalized pattern. A
second relevant test of the effectiveness of this biofunctionalization method involved the
immobilization of the enzyme glucose oxidase (GOx) on PEDOT:PSS:PVA films, yielding
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to the successful development of a glucose sensor. Moreover, the interaction of the PLL
patterned surfaces with PC12 cells was studied, showing an excellent confinement of the
cells to the patterned PEDOT:PSS:PVA. A live/dead cell staining assay showed that the
cells were alive after 5 days, indicating that the PEDOT:PSS:PVA material is biocompatible
for this application and period [99].

3.3.2. Post-Functionalization of PEDOT:PSS Films

The post-functionalization of the deposited PEDOT:PSS films has been also reported
as a strategy to enhance the biocompatibility features of the surface. In this regard, He et al.
reported the spin-coating deposition of PEDOT:PSS films and their further modification
with a silane in order to improve the bacteria capturing properties of the surface [100].
First, the films were spin-coated and treated with oxygen plasma for different times.
By this way, different hydroxide radical densities were generated, which were further
employed to immobilize the anti-E. coli O157:H7 antibody. Next, the functionalized films
were employed as channel material of OECTs to perform the detection of E. coli O157:H7
captured on the surface.

In another interesting approach, Ferlauto et al. reported the deposition of PEDOT:PSS
and the further electrodeposition of an alginate layer (Figure 10A). The authors studied
the mechanical properties of the hydrogel employing imaging techniques (Figure 10B–C),
while the electrode arrays were electrochemically characterized at each fabrication step,
and successfully validated both in vitro and in vivo (Figure 10D–F). It was shown that
the use of alginate as a soft coating of microelectrode arrays is an attractive strategy to
both reduce the mechanical mismatch at the electrode-tissue interface and improve the
electrochemical properties of microelectrodes, leading to a lower electrical noise during
neural recordings [101].

Collazos-Castro et al. have reported the deposition of PEDOT:PSS films and their
post-functionalization with the polycationic polylysine (PLL) [102]. First, PEDOT:PSS was
deposited on Au-coated glass slides and the electroadsorption of PLL was subsequently
performed. The incorporation of the polycation enabled long-term neuronal survival and
growth on the functionalized films. The authors also showed that the incorporation of an
additional layer of PSS or heparin on the films resulted in a strong inhibition of neurite
extension. Moreover, the binding of basic fibroblast growth factor (bFGF) to heparin
inhibited neurons but enhanced precursor cells proliferation and migration.

Another interesting approach for the post-functionalization of PEDOT:PSS films to-
wards organic bioelectronics applications involves the use of the Layer-by-Layer technique.
The layer-by-layer assembly is a well-known strategy to simply functionalize charged
surfaces by alternatively adsorbing negatively and positively charged entities [11,103,104].
The approach was first reported for the deposition of polyelectrolytes from water solutions,
but presently it has been expanded to all kinds of solvents, molecules, and deposition
strategies [105]. Therefore, the method allows the simple functionalization of the surface
with a wide range of elements that include proteins, enzymes, polyelectrolytes, and phos-
pholipids, among others [106,107]. Interestingly, this technique has been employed for
the functionalization of PEDOT:PSS films since the polyanion in the conducting polymer
matrix can act as an “initiator layer” for the beginning of the Layer-by-Layer architecture
construction. Therefore, several authors have reported the functionalization of PEDOT:PSS
films by this technique.

For instance, Pappa et al. have recently reported the functionalization of PEDOT:PSS
films by the Layer-by-Layer approach in order to fabricate organic transistors devices
which are able to immobilize and monitor nucleic acids [108]. First, the authors deposited
a PEDOT:PSS film on transistors channels, and the sulfonate moieties of the polyanion
were employed to initiate the deposition of PLL and PSS layers. The authors studied
the multilayer assembly process on the films as well as its the effect on the transistor
features. Moreover, they made use of the functionalized platform to control and monitor
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the electrostatic adsorption of a single-stranded negatively charged mRNA (messenger
ribonucleic acid) onto the positively charged PLL layer of the LbL assembly.
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Figure 10. Pictures of the g-MEA 400 µm-diameter electrodes (the scale bar is 400 µm) and scheme of
the soft CA-based electrode structure (A). AFM topography map of a 3 µm × 3 µm surface area of the
alginate modified electrodes (left) and the corresponding elastic modulus surface map (right). The
scale bar is 400 nm (B). Quantification of the mean (± SEM) stiffness and variance (n = 6 electrodes,
1 map per electrode) (C). Validation in vivo of the modified electrodes (D–F). Picture of a penetrat-
ing MEA with CA electrodes (D). Experiment sketch (E). Representative single-sweep recordings
from 4 (out of 8) PEDOT-alginate-based electrodes (F). Adapted under the terms of the CC-BY-4.0
license [101]. Copyright 2018, The author(s).

In another interesting report, Hardy et al. demonstrated the fabrication and evaluation
of conducting biomaterials that encourage cell alignment made of PEDOT:PSS-chitosan
LbL films [109]. First, a PEDOT:PSS layer was deposited on APTES-functionalized glass
substrates, and next chitosan and PEDOT:PSS were alternatively deposited by means of
an automatic system. The films were terminated with a layer of gelatin to improve cell
adhesion, and the features of the films were studied. Finally, fibroblasts were cultured on
them, showing adhesion and proliferation in vitro, and responding to a DC current passed
through the films by aligning with the current.

By making use of the same approach, David et al. reported the incorporation of glucose
oxidase on PEDOT:PSS films in order to fabricate a glucose sensor [110]. First, PEDOT:PSS
was deposited on Au substrates, and the LbL assembly was performed employing a
chitosan-modified graphene and the enzyme glucose oxidase. The films were characterized,
and the analytical parameters of the biosensors were evaluated, showing the successful
fabrication of a platform able to detect glucose down to 41 µM. Similarly, Daikuzono et al.
showed the fabrication of a microfluidic electronic tongue by the assembly of PEDOT:PSS-
PAH Layer-by-Layer films on gold interdigitated electrodes [111].
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3.4. Summary

From the studies presented in this section some generalities about the different func-
tionalization methods can be obtained. In this regard, when considering the derivatization
of the EDOT monomer, the procedure enables the rational design of the conducting poly-
mer surface, allowing the generation of films with very specific properties. However, this
approach needs the employment of organic chemistry strategies to successfully obtain the
derivatized monomer. Moreover, the alteration of the structure of the monomer can yield
undesirable results such as changes in solubility and different polymerization rate, which
subsequently lead to changes in the required polymerization conditions. Furthermore,
the effect on the characteristics of the obtained films, such as changes in morphology and
electrochemical features, must also be considered.

On the other hand, the incorporation of additives such as small molecules, polymers
and proteins to the polymerization solution involves a very simple way to modify the
properties of the PEDOT polymer without the requirement of complex synthetic procedures.
Moreover, the polymerization conditions are usually not affected by the addition of the
desired molecule, and the control of the density of moieties can be easily performed by
tuning the additive-monomer ratio. However, this approach can also negatively affect
the electrochemical properties of the conducting composite, as the incorporation of an
insulating element (as most of the additives) can hamper the different charge transfer
processes throughout the composite film.

Regarding the functionalization of PEDOT:PSS films, the two different approaches
discussed here are easy to perform and control. On the other hand, as PEDOT:PSS al-
ready contains a relatively high amount of a non-conducting component, the adding
of another isolating molecule in or on top of the film can yield surfaces with poor con-
ductivity. Moreover, both strategies are inherently conditioned by the features of the
polyelectrolyte-conducting polymer complex (i.e., the presence of the polyanion), and
therefore the options for the incorporation of molecules are limited. Finally, when consider-
ing the post-modification of deposited PEDOT:PSS films, the process will be performed
mainly on the surface of the film, which could hamper ion diffusion when considering
bioelectronics applications.

4. Bioelectronics Applications Based on PEDOT and PEDOT:PSS Films

So far, we have discussed the preparation methods of PEDOT-based films as well
as several approaches for their functionalization towards the generation of biocompati-
ble surfaces. In this section, we will highlight applications of PEDOT-based devices that
benefit from this improved biocompatibility. The section will involve the description of
bioelectronic devices involving the straight electrochemical connection of the conduct-
ing film with the bio-entity, such as organic electrochemical transistors, biosensors, and
electrophysiological recording devices as well as scaffolds for cell interfacing and tissue
engineering. In this regard, OECTs will be described separately due to their increasingly
growing relevance and multiple applications within the organic bioelectronics field.

4.1. Organic Electrochemical Transistors

Briefly, an organic electrochemical transistor (OECT) comprises a three-terminal device
immersed in an electrolyte solution, where an organic semiconductor film forms the channel
of the device between the source (S) and the drain (D) electrodes. The gate electrode (G)
modulates the conductivity of the channel and, therefore, the current that flows between
the S and D electrodes (IDS). Consequently, OECTs can operate as a switch, where VG is
the input and IDS is the output. Moreover, they can also function as amplifiers, where
the power of the input signal is amplified on the way to the output [6]. In contrast to
traditional field-effect transistors, OECTs employ ion injection from the electrolyte solution
to modulate the conductivity of the organic channel, resulting in devices with record-high
transconductance [91,112]. This feature, together with the soft nature of the organic channel,
makes OECTs particularly efficient for the development of organic bioelectronic devices.
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Moreover, the possibility of the channel to have a direct contact with the electrolyte/tissue
and the use of low gate and drain voltages are also interesting features for this area
of application.

PEDOT:PSS is the most used material for the fabrication of OECTs, and several bio-
electronic devices for health care-related applications and biomedical research have been
developed employing this channel material [8,113]. For instance, Hempel et al. have
recently studied the adhesion and interaction of cells with PEDOT:PSS-based OECTs down
to a single cell resolution using an impedimetric readout method [114]. Rivnay et al. have
also demonstrated the high-quality recordings of human brain rhythms with PEDOT:PSS
OECTs [115]. Furthermore, Liang et al. have reported that flexible PEDOT:PSS-based
OECTs are able to record cardiac action potentials, competing with hard-material-based
OECTs [116], among other numerous examples.

However, one of the main problems of PEDOT:PSS OECTs involves their operation
in depletion mode, meaning that the organic channel is originally in its conducting state,
and requires the application of a gate voltage to switch off the device [117]. This feature
leads to undesirable consequences when operating in solution, since relatively high VGS
to maintain the device in the “OFF” state are required and high operating currents are
produced, prompting parasitic reactions with dissolved oxygen and water, and inducing
the deterioration of the device [13,91].

These factors have motivated the development and use of novel PEDOT-based channel
materials for OECTs. For instance, Cea et al. have recently developed enhancement-mode
ion-gated organic electrochemical transistors (E-IGTs) employing a blend of PEDOT:PSS
and PEI as channel material and chitosan as ion membrane [118]. The devices showed high
transconductance and rapid transient response with a stable operation over an extended
period of time and allowed the fabrication of integrated circuits. Moreover, the E-IGTs were
employed in a wide range of neurophysiological applications, including electromyography,
electrocardiography, intracranial encephalography, and action potential recording. The
devices showed stable performance in physiological environments, being able to record
signals for more than a week of implantation in a freely moving rodent. Finally, the E-IGTs
showed remarkable advantages compared with conventional electrodes with silicon-based
amplifiers; they present local amplification, they are composed of only biocompatible and
commercially available materials, and they are flexible and compatible with a wide variety
of plastic substrates.

Moreover, as explained in Section 3, the biocompatibility of films obtained from the
commercial PEDOT:PSS solution is not adequate since the surface usually exhibits some
of the features of the polyanion (such as negative charge), hampering its integration with
biomolecules [68,73]. Therefore, different OECTs have been developed employing the
above-mentioned biofunctionalization strategies.

For instance, Hai et al. developed an OECT for the label-free detection of human
influenza A virus (Figure 11A,B) [119]. An electrodeposited film of poly(EDOTOA-co-
EDOT)/PEDOT:PSS was employed as semiconducting channel, and it was subsequently
functionalized by glycosylation of 2,6-sialyllactose with oxylamine of the EDOTOA unit, a
specific receptor for hemagglutinin, the spike protein on the surface of human influenza
A virus (Figure 11C–E). The signal transduction mechanism involved the doping of the
transistors due to the adsorption of negatively charged virus nanoparticles, which yielded
changes in the recorded drain-source current. Moreover, the devices showed LOD values
of two orders of magnitude lower than commercial immunochromatographic assays while
exhibiting similar response time (Figure 11F–H).
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In this regard, when considering the fabrication of transistors-based biosensors, the
immobilization of enzymes on amine-functionalized surfaces has been reported to be an
effective approach [71,120]. Making use of this approach, Buth et al. modified the surface
of OECTs of α-sexithiophene (an analog of PEDOT without the dioxy substituent) with
(3-aminopropyl)triethoxysilane (APTES) and showed that the acid-base equilibrium of
the surface amino groups changed the doping state of the channel material, yielding an
enhancement in the pH sensitivity of the devices [121]. Moreover, these moieties allowed
for the anchoring of penicillinase via EDC–NHS chemistry, yielding penicillin biosensors
with an estimated LOD of 5 µM.

Very recently, the fabrication of OECTs employing PEDOT:TOS and polyallylamine
hydrochloride (PAH) composites as conducting channel material has been reported. To
fabricate the devices, the polyelectrolyte was incorporated in the polymerization solution
and subsequently casted onto interdigitated gold electrodes (Figure 12A). The regulation
of the polyelectrolyte-to-conducting polymer proportion allowed for the straightforward
tuning of both electronic and ionic characteristics of the devices, producing transistors with
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low threshold voltages while keeping high transconductance values, a crucial requirement
for an efficient integration of OECTs with biological entities. Moreover, the integration of
the polyelectrolyte in the conducting PEDOT matrix improved the transient response of the
OECTs during the ON/OFF switching, most likely due to enhanced ion transport (Figure
12B). In addition, the pH-sensitive amino moieties not only improved the pH response of
the transistors but also enabled the non-denaturing electrostatic anchoring of functional
enzymes. As a proof-of-concept, acetylcholinesterase was electrostatically anchored by
taking advantage of the NH2 moieties, and the OECTs-based sensors were capable of
detecting the neurotransmitter acetylcholine in the range 5–125 µM (Figure 12C) [91].
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By making use of the EDOT monomer derivatization strategy, Wustoni et al. reported
the co-electropolymerization of films containing both EDOT and hydroxymethyl EDOT
(EDOTOH) monomers, yielding p(EDOT-ran-EDOTOH) in microscale transistor chan-
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nels [122]. The copolymer showed great charging capability and OECT performance. More
importantly, the presence of hydroxyl moieties in the film enabled the stable incorpora-
tion of enzymes, yielding biologically functionalized transistors. Different enzymes such
as GOx, lactate oxidase (LOx) and cholesterol oxidase (ChOx) were incorporated in the
channel, and the miniaturized, multi-transistor platform was able to simultaneously detect
glucose, cholesterol, and lactate.

In another interesting example, Carli et al. developed a water-based PEDOT:Nafion
solution which was used for the preparation of different bioelectronics devices, namely
OECTs, non-volatile memories (memristors) and artificial synapses [123]. The PEDOT:Nafion
complex was prepared by solution–cast polymerization, and the different electronic devices
were fabricated depositing a dilution of the as-synthesized PEDOT:Nafion solution on
custom-designed test patterns. Different relevant features of PEDOT:Nafion were stud-
ied by physicochemical techniques and in the electronic device architectures, showing
fast ion transport and stability to delamination, even in the absence of adhesion promot-
ers. These results make PEDOT:Nafion a promissory material in the domain of printable
organic electronics.

4.2. Biosensing

Biosensing is an interdisciplinary discipline which has shown great growth during
recent decades, becoming one of the most active and dynamic areas in analytical chemistry
research [124]. In this regard, biosensors can be considered to be complementary devices
to traditional analytical methods due to their particular features, such as low cost, fast
response time, and possibility of miniaturization, among others [70]. In particular, con-
ducting polymers-based platforms have been extensively employed for the construction of
biosensing devices as they can simultaneously offer a proper environment for the immobi-
lization of the recognition elements and act as physicochemical transducer of the chemical
signals into a measurable electrical response (or simply mediate the electron transfer to the
electrode) [124–126]. Among them, and unlike PANI that requires acid media to exhibit
good electrochemical activity [14,15], PEDOT shows excellent conductivity and electroac-
tivity in neutral solution, which has motivated its widely extended application for the
fabrication of biosensing platforms [64,127].

However, when considering biosensors, the PEDOT film surface biofunctionalization
is a necessary and critical step for the construction of efficient devices. Since the perfor-
mance of the biosensor strongly depends on the features of the interfacial architecture, the
recognition element (i.e., enzymes, antibodies, proteins) must be immobilized in a manner
that ensures the preservation of its biological activity and the accessibility to its active
sites [70,71]. Moreover, the biofunctionalization procedure must not affect the stability
of the transducing component in order to establish an efficient charge transfer and/or
conduction paths [128].

In this regard, multiple strategies have been developed to anchor different elements
on PEDOT-based surfaces with the aim of developing efficient biosensing devices. For
instance, Meng et al. have recently reported the preparation of a bifunctional nanofibrous
PEDOT 3D network bearing carboxylic acid moieties (Nano-PEDOT-COOH) for the devel-
opment of NADH and lactate biosensors. First, the electro-copolymerization of EDOT and
EDOT-COOH was realized on glassy carbon electrodes employing tetrabutylammonium
perchlorate, and the control of the EDOT:EDOT-COOH ratio allowed for the modulation of
the diameter of the fibers together with the carboxylic acid group density. Interestingly, the
nanofibers were assembled in a 3D network with high surface area, yielding low charge
transfer resistance to the film and high transduction activity towards the co-enzyme NADH.
Moreover, the carboxylic moieties enabled the anchoring of lactate dehydrogenase (LDH,
a NADH-dependent dehydrogenase) via EDC–NHS chemistry, yielding a biosensor for
lactate detection in the range of 0.05–1.8 mM with a response time lower than 10 s [129].

Click chemistry has also been shown to be a useful strategy for the development of
PEDOT-based biosensors. For instance, Galán et al. have recently reported the fabrication of
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a label-free electrochemical DNA sensor based on azidomethyl-substituted (azido)-PEDOT
electrodes making use of click chemistry (Figure 13) [74]. First, the electropolymerization of
azido-EDOT in dichloromethane was performed on Au electrodes under argon atmosphere.
Next, an acetylene-terminated DNA probe, complementary to a specific “Hepatitis C”
virus sequence, was immobilized to azido-PEDOT using “click” chemistry. Finally, DNA
hybridization was detected by differential pulse voltammetry (DPV), showing a LOD of
0.13 nM.
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Figure 13. Scheme of the fabrication of DNA immobilization process by “click” reaction (A). DPV
measurements after “click” reaction (B). Selectivity evaluation of the DNA sensor by DPV mea-
surements (C) and corresponding calibration curve (n = 3) (D). Adapted with permission from
reference [74]. Copyright 2015 Elsevier.

Moreover, when considering the biosensing field, the development of flexible electro-
chemical platforms has received remarkable interest from the scientific community over the
last decade due to their great potential to build implantable devices for predictive analyses
and personalized medicine [130–132]. In this regard, while the preparation of PEDOT-
based films on metal electrodes have been widely reported, this substrates are not suitable
when it comes to the development of flexible platforms, making necessary the employment
of conductive surfaces which also show mechanical stability [2,133]. Here is where PEDOT
and PEDOT-related materials offer their very interesting properties, showing excellent
conductivity as well as light weight, high flexibility, and mechanical adaptability [16,68].
Therefore, several strategies have been developed in order to allow the biofunctionalization
of PEDOT and PEDOT-like flexible electrodes [134].

For instance, employing a strategy previously described, Sappia et al. have developed
flexible all-polymer biosensing platforms based on PEDOT-PAH films (Figure 14A) [90].
The polyamine-PEDOT blend was deposited on flexible PET films, showing a better me-
chanical performance than pristine PEDOT (Figure 14B). Moreover, the incorporation of
amino residues on the film allowed the covalent anchoring of sugar motifs by employing
divinylsulfone (DVS) chemistry, and, by thus, the further immobilization of lectins and
glycoenzymes mediated by carbohydrate-lectin recognition. The strategy initially involved
the incubation of the polyamine biosensors in a 5% DVS solution in carbonate buffer. Next,
the films were glycosylated either with mannose or N-acetylglucosamine (GlcNAc) in
the same buffer. Subsequently, the self-assembly of Concanavalin A (ConA) and Wheat
germ agglutinin (WGA) lectins on the glycosylated (mannose or N-acetylglucosamine,
respectively) PEDOT-PAH films was performed in HEPES buffer, as show in Figure 14C).
Moreover, the ConA integration further allowed for the assembly of two model glycoen-
zymes (GOx and HRP) via biorecognition interactions, and the further electrochemical
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detection of glucose and hydrogen peroxide by the flexible all-polymer biosensors. The
authors found that biosensors fabricated employing thinner polymer layers showed bet-
ter glucose sensing performance, probably due to a diminished capacitive contribution
from the thicker conducting polymer films (Figure 14D). Furthermore, the PEDOT-PAH
platforms without the ConA immobilization step showed negligible non-specific GOx
adsorption, confirming the specificity of the developed approach.
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Figure 14. Scheme for the fabrication of PEDOT and PEDOT-PAH1L films by spin-coating on PET foils (A). Images of a
flexible PET foil substrate modified with film of PEDOT-PAH (B). Sequential functionalization of the PEDOT-PAH composite
(C). Cyclic voltammograms and current densities of the glucose oxidation for Con A/GOx-functionalized films prepared
with different PEDOT-based layers (red, 1 layer of PEDOT-PAH, light blue, 2 PEDOT layers+1 layer of PEDOT-PAH). The
yellow curves correspond to the PEDOT-PAH electrode without ConA (D). Adapted with permission from reference [90].
Copyright 2020 Elsevier.

Very recently, Xu et al. have developed a flexible, fully organic, biodegradable, label-
free impedimetric biosensor for the detection of the vascular endothelial growth factor
(VEGF) biomarker [135]. To fabricate the biosensors, a conducting ink containing PE-
DOT:PSS, anti-VEGF165 antibody and photoreactive sericin was spin-coated and patterned
onto previously obtained fibroin substrates. Afterwards, the films were detached from
the glass support, yielding free-standing platforms. The developed biosensor was demon-
strated to be highly sensitive and selective to the target protein, performing the impedi-
metric detection in a range of biologically relevant fluids such as buffer, serum, and urine.
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Moreover, the platform was demonstrated to be mechanically compliant and conformable
to soft tissue, as well as biocompatible and degradable.

Similarly, Pal et al. reported a facile approach employing photolithography in order
to fabricate PEDOT:PSS-based glucose sensors on a fully biodegradable and flexible silk
protein fibroin support [136]. High-resolution PEDOT:PSS microstructures were fabricated
over a large area using water as solvent and were demonstrated to retain the electrochemical
activity up to 3 days of PBS soaking. Moreover, the electrodes were able to detect dopamine
and ascorbic acid with high sensitivity. In addition, the conducting ink was able to function
as matrix for enzymes, enabling the detection of glucose. The strategy constitutes a valuable
approach towards the development of mechanically flexible, transparent, electroactive,
cytocompatible and biodegradable devices.

4.3. Electrophysiological Recording

The recording of physiological signals is key to evaluate the physiological state of
patients and healthy individuals. Moreover, the continuous monitoring enables point-
of-care disease diagnostics and allows healthy persons to profit from it as preventive
medicine while continuing their daily lives [137]. For instance, among these signals, the
recording of cardiac activity by electrocardiography (ECG) is crucial to detect abnormalities
such as tachycardia or myocardial infarction [138]. Similarly, the recording of muscle
activity by surface electromyography (EMG) is employed as a medical diagnostic and to
control prosthetic members. Finally, electroencephalography (EEG) and neural recordings
provide information about neurological rhythms as well as the oscillations of small cell
clusters, activity of single neurons, and subthreshold activity throughout various brain
circumstances [139,140].

Next, to allow for effective recordings of those signals, the electrodes need to fulfill
specific requirements, such as having an adequate contact with the body without present-
ing toxicity or triggering allergic reactions, having low cost, and showing comfortable
wearing. When considering the quality of the recordings, to show low impedance at the
electrode/skin interface is also a must for the devices [140,141]. In this regard, organic
PEDOT-based electrodes (and, particularly, PEDOT:PSS-based) have replaced traditional
metal substrates due to their low impedance, availability, flexibility, and biocompatibil-
ity [142,143]. For instance, a low-cost, dry, imperceptible, and temporary PEDOT:PSS-based
tattoo electrode able to perform surface electromyography and electrocardiography record-
ings on various locations on limbs and face was recently reported by Ferrari et al. [144].

Despite the great advances in this field, there is still room from improving those elec-
trodes, especially when it comes to the biocompatibility of the material and its physical and
electronic features, such as flexibility and charge injection properties. Therefore, different
strategies have been developed to create more efficient electrophysiological recording
devices. For instance, and very recently, Velasco-Bosom et al. reported the fabrication of
scalable electrode arrays comprised of composites of PEDOT:PSS and the biocompatible
ionic liquid cholinium which were able to capture electromyography signals with millime-
ter spatial resolution (Figure 15) [145]. The devices were fabricated through inkjet-printing
and laser-cutting fabrication techniques (Figure 15A–C) and enabled the recording of high-
quality spatiotemporal signals from the forearm of individuals. These recordings allowed
for the identification of the motions of the index, little, and middle fingers, and the direct
visualization of the propagation of polarization/depolarization waves in the underlying
muscles (Figure 15D–F).
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Another interesting approach involves the deposition of PEDOT films employing
Nafion. For instance, the electrodeposition of PEDOT:Nafion films on microelectrode arrays
was recently reported, as well as its comparison with PEDOT:PSS films in terms of electro-
chemical, morphological, and in vivo electrophysiological features [146]. PEDOT:Nafion
exhibited a similar performance compared with PEDOT:PSS in terms of neural recording,
while the charge injection limit was two times larger. In a similar fashion, Vreeland et al.
reported the electropolymerization of a Nafion/PEDOT composite polymer on carbon-fiber
microelectrodes with the goal of creating a mechanically stable, robust, and controllable
electrode coating that increases the selectivity and sensitivity for in vivo electrochemical
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measurements. PEDOT:Nafion-coated electrodes were lowered into the nucleus accumbens
of a rat, and both spontaneous and electrically evoked dopamine release were measured.
In addition to improvements in sensitivity and selectivity, the coating dramatically reduced
acute in vivo biofouling [147].

In another study, del Agua et al. reported the fabrication of conducting, water stable,
free-standing textile electrodes by adding the crosslinker divinyl sulfone (DVS) to PE-
DOT:PSS formulations [137]. The addition of DVS enables the preparation of low resistance
free-standing as well as textile electrodes without hampering the conductivity of the films
nor its mechanical features. Later, both electrodes were evaluated for their application
towards cutaneous electrophysiology (particularly ECG) showing great performance and
allowing for precise electrophysiological recordings in a comfortable way.

4.4. Cell Interfacing and Tissue Engineering

The interaction of materials with cells (and, in a larger scale, with tissues) is key in
a wide range of applications such as neuronal activity monitoring, stimulation devices,
scaffolds for tissue regeneration, drug delivery, and cell culture [72]. Therefore, the ra-
tional functionalization of surfaces for improving these interactions and/or promote a
specific cell behavior, has received growing interest from the scientific community in recent
years [140]. In this regard, the organic nature of PEDOT-based platforms enables biocom-
patible surfaces possessing particular electric and optical properties. PEDOT films possess
an exceptional feature when exchanging signals with cells, as they are able of transducing
electric to ionic signals and vice versa [148]. This feature becomes particularly relevant
in applications requiring communication through interfaces as those happening between
cells and substrates, allowing the fabricated devices to monitor neuronal activity, simulate
nerve impulses or perform controlled drug delivery [149]. Thus, PEDOT-based substrates
for cell culture are able to electrically stimulate cells in order to promote growth or incite
differentiation [150].

In this regard, the functionalization of PEDOT-based surfaces with biomolecules is
necessary to improve cell-surface interactions. In particular, proteins are essential players
in this interaction, and their nature, orientation and conformation are crucial for the
development of an effective communication across the different interfaces [151]. Among
them, integrins are a relevant type of cell adhesive glycoproteins which can recognize
specific peptide sequences in extracellular matrix proteins such as laminin, collagen, and
fibronectin. Hence, their incorporation in the composite matrix has been shown to be an
interesting approach to develop efficient cell interacting systems [151,152].

In an interesting approach, Maione et al. reported the preparation of electroactive
films based on PEDOT and an Arg-Gly-Asp (RGD)-like peptide [153]. First, the authors
performed the synthesis of a peptide where Gly was substituted by an amino acid bearing
the EDOT moiety (RGED) in the side chain. Later, the preparation of conducting films based
on RGED was performed by electropolymerization, either using EDOT as a co-monomer or
not, onto previously PEDOT-modified steel electrodes. The effect of the peptide incorpo-
ration increased the wettability of the obtained films for both employed strategies, while
the surface roughness only increased for the copolymerization strategy. Furthermore, it
was shown that the incorporation of RGED negatively affects the electrochemical stability
of the films, probably due to the degradation of the peptide during the oxidation and
reduction processes. Finally, and due to the cell recognition abilities of the RGD motif, the
electroactive surfaces prepared using the conjugates displayed higher bioactivities in terms
of cell adhesion, and the relative viabilities depended on the wettability, roughness, and
electrochemical activity of the surface.

The incorporation of acid moieties has been also shown to improve PEDOT-interfacing
properties. For instance, Sekine et al. have recently reported the fabrication of a PEDOT-
COOH-based nanostructured platform in order to improve cell interfacing and captur-
ing [154]. First, PEDOT-COOH films presenting different nanodots size and density were
obtained on ITO substrates by electropolymerization. Later, and since most tumor cells
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overexpress a membrane antigen named the epithelial cell-adhesion molecule (EpCAM),
the PEDOT-COOH nanodots films were conjugated with a capturing agent, antihuman
EpCAM (anti-EpCAM), to test their capture efficiency. In this regard, the carboxylic acid
moieties were first conjugated with streptavidin via EDC–NHS chemistry and subsequently
incubated with biotinylated anti-EpCAM (Figure 16A). Finally, the interaction of the differ-
ent PEDOT-functionalized films with five tumor cell lines of interest for circulating tumor
cell diagnostics was evaluated, demonstrating that the efficiency of specific cell capture
by EpCAM antibodies was enhanced by four to five times compared to PEDOT-COOH
smooth films. (Figure 16B–E).
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and HeLa cells capture yields for different anti-EpCAM conjugated PEDOT films (D). Synergistic effect of morphology
and capture agents on cell capturing. Capture yields of various cell lines using anti-EpCAM conjugated PEDOT nanodots
PEDOT-NS4 (black) and PEDOT films PEDOT-FLT (white). MCF7 and T24 cells are EpCAM-(+). DAUDI, Jurkat, and HeLa
cells are EpCAM-(−) (E). Adapted with permission from reference [154]. Copyright 2011 John Wiley and Sons.

Although flat surfaces can be useful to study particular interactions, sometimes a
mechanical support which offers a more similar environment to the extracellular matrix
is needed to obtain a more “real” behavior of the cells. In this regard, PEDOT-related
materials have been also employed for the fabrication of scaffolds for cell culture [2,155].
In particular, a very effective approach involves the incorporation of hydrogel networks
in the conducting PEDOT matrix. For instance, Huang et al. have recently developed
a conductive PEDOT-chitin hydrogel that served as nerve guidance conduit [156]. First,
the polysaccharide chitin was employed to fabricate the hydrogel film and its mechanical
features were improved by partial deacetylation. The porous structure of the hydrogel
together with its enhanced biocompatibility considerably stimulated nerve cell attachment
and proliferation in vitro, while cell electrical stimulation promoted nerve cell-related gene
expression. Finally, in vivo studies showed rats sciatic nerve repair after the incorporation
of the PEDOT hydrogel, probably due to the enhancement of the adhesion of Schwann
cells and the angiogenesis at the injury sites.

Hu et al. reported the fabrication of a conducting hydrogel based on PEDOT:PSS and
peptide-modified PEG through a noncovalent assembling approach [157]. The developed
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strategy enabled the modulation of the mechanical and electronic properties of the system
through the control of the synthesis conditions. Moreover, the conducting network pre-
sented self-healing properties and supported the survival and growth of cells. Furthermore,
the assembled matrix enabled the development of 3D-cell cultures with incorporated elec-
trical stimulation (ES) function, as shown by the support of the survival and proliferation
of encapsulated mesenchymal stromal cells and their differentiation under ES.

In another interesting example, Spencer et al. reported the synthesis of a conducting
matrix based on PEDOT:PSS dispersed within a photo-crosslinkable hydrogel, gelatin
methacryloyl (GelMA) [158]. To fabricate the hydrogels, different PEDOT:PSS amounts
were added to GelMA solutions, and the crosslinking was subsequently performed. The
effect of PEDOT:PSS loading on the electrical and mechanical features of the hydrogels,
and on their degradation, swelling, and biocompatibility was studied. It was shown that
the incorporation of PEDOT:PSS lowered the impedance of the matrix at physiologically
relevant frequencies and allowed the excitation of explanted abdominal muscle tissue.
Finally, in vitro studies showed that hydrogels containing 0.1% (w/v) PEDOT:PSS sustained
the viability and propagation of C2C12 myoblasts, showing a performance comparable to
that of GelMA structures.

4.5. Overview

From the literature reviewed in this section it is possible to derive more general obser-
vations. First, when considering the fabrication of OECTs, it is observed that PEDOT:PSS is
probably the most employed material for the fabrication of those devices. In this regard, the
commercial availability together with the straightforward and reproducible deposition on
a wide variety of substrates of the PEDOT:PSS dispersion drives its widespread use for the
development of organic transistors. However, as previously stated, the functionalization
of this polymer is a must to develop efficient organic electronic devices. Therefore, the
addition of molecules to the EDOT polymerization solution is also reported as an efficient
method to fabricate OECTs, and the incorporation of polyamines appears as one of the most
employed strategies inside this approach. On the other hand, the electropolymerization
of derivatized monomers is not so widely employed for the fabrication of the conduct-
ing channel of OECTs, probably due to the different reactivity rates of the derivatized
monomers and the requirement of reproducible polymerization conditions between both
source and drain electrodes. However, few advances have been recently reported, and we
envisage a growth of the field in this direction.

On the other hand, PEDOT:PSS is not so widely employed for the development of
usual three electrode-based biosensing platforms, probably due to the low bio-functionality
of the polymer. In this regard, when conducting substrates are employed, the electropoly-
merization of derivatized EDOT monomers appears as an efficient technique for the
development of reproducible and reliable biosensing devices. However, when a flexible
biosensing device is desired, the obtention of a conducting platform cannot be realized by
this approach, and the incorporation of additives to the PEDOT polymerization solution is
chosen to improve the biocompatibility of the surface, allowing the further anchoring of
different recognition elements without dramatically affecting the conductivity.

Regarding the applications related to cell interfacing and tissue engineering, the
functionalization of PEDOT with proteins (or, at least, peptides) is a requirement for the
improvement of the interaction of the film with the cells. Therefore, the obtention of
functionalized PEDOT by electropolymerization is reported to be an efficient approach
since the amount of the biological element incorporated can be easily controlled. Moreover,
and to match the mechanical features of the films with those of the cells, hydrogel-PEDOT
combined matrixes are being increasingly employed to fabricate films presenting improved
interfacing features, as well as better compatibility with different tissues.

Finally, for the efficient recording of electrophysiological signals, not only the mechan-
ical features of the film should be matched with those of the target tissue, but also the
platform must show a low impedance to efficiently transduce the electronic signal. In this
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sense, PEDOT:PSS shows very interesting features, driving its widespread use towards this
particular application. Nevertheless, its functionalization towards the generation of a more
compatible interface results necessary.

5. Summary and Outlook

In summary, we have discussed several functionalization strategies for PEDOT and
PEDOT:PSS films to incorporate a wide range of biomolecules for bioelectronics devices.
Since the election of these approaches will greatly depend on the film preparation method,
we first discussed PEDOT and PEDOT:PSS films synthesis techniques. Next, a wide range
of functionalization approaches were presented. The incorporation and tuning of different
functional moieties on PEDOT were shown to enable the further integration of a wide
variety of biomolecules, such as proteins and peptides, as well as biorecognition entities
including nucleic acids, antibodies, and enzymes. In the last section, we showed how these
biofunctionalized PEDOT surfaces can be employed towards the generation of platforms
showing very relevant applications.

Finally, while this field continues to progress further and further every day, the de-
velopment of new functionalization approaches is necessary for the improvement of the
present biosensing and biomedical devices based on PEDOT, as well as for the emergency
of new technological applications. New advances in the field will surely be achieved
coming from the synergistic efforts by both organic semiconductors and biotechnological
researchers. We believe that the development of bioelectronic devices will be directed
towards the fabrication of wearable units able to monitor different simultaneous phys-
iological signals in real time. In this regard, and helped by the integration of energy
storage devices, the transduction of bioelectronic signals such as biomarkers concentra-
tion and electrophysiological recordings could be easily and reliably performed by these
devices by taking advantage of the soft nature and the high conductivity of PEDOT and
PEDOT:PSS-based platforms. In this regard, the occurrence of a proper tissue-platform
interfacial connection is a must. Finally, the development and commercialization of these
point-of-care and mobile health technologies will simplify the health monitoring of patients,
allowing more patients/individuals to be supervised.
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