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ABSTRACT: Bioelectronics have made strides in improving clinical diagnostics and
precision medicine. The potential of bioelectronics for bidirectional interfacing with biology
through continuous, label-free monitoring on one side and precise control of biological
activity on the other has extended their application scope to in vitro systems. The advent of
microfluidics and the considerable advances in reliability and complexity of in vitro models
promise to eventually significantly reduce or replace animal studies, currently the gold
standard in drug discovery and toxicology testing. Bioelectronics are anticipated to play a
major role in this transition offering a much needed technology to push forward the drug
discovery paradigm. Organic electronic materials, notably conjugated polymers, having
demonstrated technological maturity in fields such as solar cells and light emitting diodes
given their outstanding characteristics and versatility in processing, are the obvious route
forward for bioelectronics due to their biomimetic nature, among other merits. This review
highlights the advances in conjugated polymers for interfacing with biological tissue in vitro,
aiming ultimately to develop next generation in vitro systems. We showcase in vitro interfacing across multiple length scales, involving
biological models of varying complexity, from cell components to complex 3D cell cultures. The state of the art, the possibilities, and
the challenges of conjugated polymers toward clinical translation of in vitro systems are also discussed throughout.
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1. INTRODUCTION

Cell-based in vitro models (including models of the cell
membrane) have been increasingly adopted for applications
ranging from tissue engineering to drug discovery and
toxicology.1 In addition, a significant body of work on in vitro
models aims at simulating biological reactions to materials for
later use in vivo (or in the body) as well as to survey newly
developedmaterials. In brief, compared to in vivo studies, in vitro
studies, apart from being ethically advantageous, are faster and
more cost-effective and can be easily standardized and

validated.2,3 Advances in 3D cell cultures as well as the advent
of microfluidics4 and the downsizing of large-scale biological
assays4 heralded a new era of in vitro models,5,6 amplifying the
role such studies will play not only for gaining insight into basic
biological systems, but also in the early stages of development
and testing of therapeutic compounds. However, there remain
challenges relatedmainly to the authenticity and validity of those
systems as well as the lack of a standardized and adaptable
technology for meaningfully converting biological signals to a
readable output.7 Electrochemical readout schemes can be
highly advantageous for the assessment and standardization of in
vitro platforms providing a wealth of real-time information given
that they are direct, more adaptable, and more scalable
compared to optical methods, currently dominating biological
assays.8 Within this realm, organic electronics are anticipated to
play a key role for biointerfacing, bridging the gap between the
biotic and the abiotic. This review covers the latest advances in
the use of organic electronic devices to interface, monitor, and
control in vitro systems of varying degrees of complexity, from
the simplest protein−ligand interactions to cell membrane
models to complex 3D cell cultures. Ultimately, generation of
authentic biological models interfaced with bespoke electronic
devices will lead to more reliable and efficient biological assays
(see Figure 1).
Section 1 provides an overview of in vitro systems, the state of

the art, the market, and the challenges currently faced. We also
discuss how (organic) bioelectronics can advance this field by
providing technological solutions to existing bottlenecks. The in
vitro systems covered are cell-based systems (including isolated
cell membranes), excluding studies based on molecules purified
from cells (such as proteins and nucleic acids), which focus on

Figure 1. Schematic overview of in vitro organic bioelectronics showing the biointerface with state-of-the-art electronic devices and platforms used for
monitoring and controlling function and activity of biological systems of increasing complexity. Created with BioRender.com.
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detection outside of the cell context. The fundamental aspects of
the conjugated polymers (section 2.1), the in vitro organic
bioelectronic interfaces (section 2.2), and the resulting device
architectures (section 2.3) are covered in section 2. We do not
cover small molecule organic electronics and carbon-based
materials, including carbon nanotubes (CNTs) and graphene.
The core section of the review, section 3, covers the state of the
art in organic bioelectronic cell-based in vitro systems, where
organic electronics technology is used for monitoring and
transducing biological activity. The categorization we follow is
based on the complexity of the biological model of study,
starting from the simplest cell membrane model (section 3.1),
followed by typical 2D cell cultures or cell monolayers (section
3.2), then more advanced 3D or organotypic cultures (section
3.3), and finally the integration of microfluidics toward
miniaturized “organ” on-chip systems (section 3.4). The last
part of this section gives an overview of the different modeling
and analysis methodologies that have been used to date to
translate the generated electrical signals to meaningful biological
properties. Section 4 summarizes the state-of-the-art in the use
of organic bioelectronics technologies for controlling or
stimulating cell cultures. Section 5 provides an overview of the
use of organic electronic sensors for monitoring biomarkers
from or in cells. This section covers applications where the
sensors are used in the context of cell-based in vitro systems,
hence detecting biomarkers in cell cultures, either in-line or
remotely. Sensors for proteins or nucleic acids from diverse
biofluids are excluded from this review. The last section of the
review, section 6 discusses the challenges and the perspectives of
this field for the future of in vitro systems.

1.1. Market Drivers, Challenges, and Opportunities

In recent years, there has been amarked decline in the number of
approved therapeutics, with attrition rates in drug discovery
increasing at an alarming rate.9 In addition, tighter safety
regulations result in increasing development costs and
decreasing profitability of new medicines, associated with the
high costs of animal studies and their failure to predict adverse
effects of promising drug candidates.10 Two key areas expected
to improve success rates are (i) the discovery of new biomarkers
and more specific drug targets driven by advances in precision
medicine11−13 and (ii) the availability of preclinical models that
better recapitulate thein vivo biology and microenvironmental
factors while enabling the assessment of thousands of
compounds.14 Animal models, the gold standard for assessing
the potency and toxicity of pharmaceutical compounds, not only
pose limitations in terms of throughput capabilities but also
suffer inherent differences from human physiology and have
frequently failed to predict the fate of a given drug.15,16 The use
of accurate and reliable in vitro models at appropriate points
during drug development could greatly improve the chances of
identifying successful drug candidates.
There is now a push toward improving predictability of in vitro

models, thus providing a potential replacement for animal
experiments, in line with the “three Rs” (reduction, refinement,
replacement).17 Looking at the in vitro toxicology market, which
is expected to reach USD 14.9 billion by 2025 from an estimated
USD 9.1 billion in 2020, at a CAGR (Compound Annual
Growth Rate) of 10.3%, growth in this market is primarily driven
by technological advancements to detect toxicity at an early
stage during drug development, overcoming the use of animal
testing.18 According to the same report, the cell culture
technologies segment accounts for the largest share of the in

vitro toxicology technologies market. Similarly, looking at cell-
culture assays, this market is projected to reach USD 22 billion
by 2025 from USD 14.9 billion in 2020, at a CAGR of 8.1%.19

The rising need for cell-based assays in drug discovery has
resulted in ever-increasing funding for cell-based research, and
growth in the number of drug discovery activities are the key
factors supporting the growth of the market. It should be noted
that the 3D cell culture market contributes to the broader drug
discovery and tissue engineering market. Specifically, organ-on-
chip (OoC) technologies have undergone significant growth
over the last 5 years as they offer great promise for creating
powerful preclinical models and are expected to play a pivotal
role in accelerating drug discovery and development. This
provides tremendous opportunity for new market players to
enter this field. Current trends for organs-on-chips reveal a
market size of USD 303.6 million by 2026 at a CAGR of
39.9%.20

1.2. In Vitro Systems: ImprovingAuthenticity andReliability
of the Model

In vitro (within glass, originally denoting a glass test tube or Petri
dish) studies are typically performed with microorganisms, cells,
or biological molecules outside of a living organism. Typical
examples of in vitro studies include the isolation and growth of
cells derived from multicellular organisms including the use of
subcellular components or extracts, as well as molecules purified
from cells. The key challenge for cell-based in vitro models is to
mimic, as accurately as possible, the in vivo state of the biological
system under study. It is also essential that the limitations of the
model are understood. The integration of electrical transducers
offers an opportunity to noninvasively interface with these
biological models as we will detail here.
The traditional method to study cells outside their natural

environment, developed in the early 1900s, is in two-
dimensional (2D) cell cultures (or cell monolayers). 2D in
vitro systems represent an oversimplification of the in vivo
situation since, inherently, they fail to mimic the necessary cell−
cell and environmental conditions responsible for cell differ-
entiation, proliferation, and viability, required for functional
tissues and organs.21,22 In the past 10−15 years, advances in 3D
cell biology and stem cell research have brought to the fore novel
and robust biological tools or bricks for building more
representative and reliable in vitro systems.14,23,24 Importantly,
the discovery of induced pluripotent stem cells (iPSCs) led to
another major breakthrough, heralding a new era in the field of
biomedical research.14,25 Other progress paths involve the use of
scaffoldingmaterials (i.e., hydrogels, fibers) for 3D cell culture in
fluidics chips26 and the incorporation of inline sensors that can
be easily standardized and give quantifiable information in
simple readout formats.

1.3. Toward in Vitro Organic Bioelectronics

Traditionally, electronic assays have been used for the study of
electroactive cells. The most prevalent method of assessing
neuronal activity has historically been patch-clamp electro-
physiology and, more recently, (high-density) planar micro-
electrode arrays (MEAs), for monitoring intracellular or
extracellular and mainly extracellular activity, respectively.27 It
is now widely accepted that the electrical properties of non-
electroactive cells are relevant to their natural function and can
provide insight on complex physiological states of the cell or the
tissue.28,29 Conventional (inorganic) electronic materials
including gold, platinum, silicon, etc., benefiting from advances
in the integrated circuit industry, have been successfully
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employed for in vitro biointerfacing in a variety of different
scenarios with key examples being highlighted in Figure 2. A
significant body of work exists on the integration of electrical
transducers in cell-based models, employing electrodes,
transistors, MEAs, and other devices, combined with electrical
modeling and simulation, for real-time monitoring of biological
events in cell culture.30−35 Electrochemical impedance spec-
troscopy (EIS) is a typical method used to assess the function
and growth of cells in a noninvasive manner,36,37 and more
recently, electrical impedance tomography (EIT) has shown
potential to provide better spatial resolution in 3D, offering
more in-depth information within complex 3D cell systems.38

Although the aforementioned methods provide a solution to
overcome the challenges in monitoring and characterizing 3D
cell systems, most of the approaches rely on traditional, flat, rigid
metal electrodes that are designed for 2D cell models. In
addition, conventional electronic materials sometimes fail to
establish intimate cell−electrode coupling that is necessary to
accurately record a signal, limiting the type and depth of
biological information that could be acquired notably in 3D
biological systems.39−41

In contrast, organic electronic materials, being easily adopted
in various forms, have been shown to more seamlessly integrate

with biological systems of advanced complexity, providing better
cell−electrode coupling and thus more effective signal trans-
duction of biological events.39,41,50−53 Organic electronic
materials including conjugated small molecules54 and poly-
mers,55 exhibit mechanical compliance, negligible cytotoxicity
and ease of functionalization and modification of the material
surface (or bulk). Notably, conjugated polymers (CPs) are
mixed conductors (ions and electrons), facilitating their direct
coupling with biological systems, where ions are the
predominant carriers, via a variety of different device designs.
Figure 3 captures our interpretation of the parameter space for

interfacing organic electronic devices with in vitro models.
Typically, this interfacing has been thought of as two-sided:
stimulation on the one hand and monitoring on the other. We
introduce a third component, which is the interfacing of
biological systems with electronics, where the chemical or
physical characteristics of the active layer of the device can alter
the biological system being studied. Interfacing can be a
powerful means of controlling biological systems when used
carefully. In terms of models, the degree of complexity of an in
vitro model can vary from isolated parts of the cell (i.e., cell
membranes) (see section 3.1) to cell monolayer models (see
section 3.2) to complex 3D (or organotypic) cell cultures (see

Figure 2. Inorganic in vitro bioelectronic systems. (a) Patch clamp recording process. Reproduced from ref 42. Copyright 2014 Springer Nature under
Creative Commons Attribution 4.0 International (CC BY 4.0) License, https://creativecommons.org/licenses/by/4.0/. (b) Neurochip, a
multielectrode device for simultaneous stimulation and monitoring. Adapted with permission from ref 43. Copyright 1999 Elsevier. (c) Mechanically
active multielectrode array for generating strains and performing electrophysiological recordings in cardiac tissue. Reproduced from ref 44. Copyright
2019 Springer Nature under Creative Commons Attribution 4.0 International (CC BY 4.0) License, https://creativecommons.org/licenses/by/4.0/.
(d) Dual mode high density MEA platform capable of simultaneous monitoring from 19 584 recording sites and 246 high signal-to-noise ratio
channels. Reproduced from ref 45. Copyright 2020 Springer Nature under Creative Commons Attribution 4.0 International (CC BY 4.0) License,
https://creativecommons.org/licenses/by/4.0/. (e) Electric cell−substrate impedance sensing (ECIS) chip with eight ECIS sensors. Adapted with
permission from ref 46. Copyright 2017 Elsevier. (f) Microfluidic heart-on-a-chip model with integrated extracellular and intracellular bioelectronic
elements for monitoring cardiac electrophysiology under acute hypoxia. Adapted with permission from ref 47. Copyright 2020 American Chemical
Society. (g) Microfluidic gut-on-a-chip device with integrated gold electrodes for TEER measurements under flow conditions. Reproduced with
permission from ref 48. Copyright 2019 Royal Society of Chemistry under Creative Commons Attribution-NonCommercial 3.0 Unported License,
https://creativecommons.org/licenses/by-nc/3.0/. (h) Schematic and photograph of a 3D electronic scaffold configuration used for stimulation and
recording of dorsal root ganglion neurons. Reproduced from ref 49. Copyright 2017 PNAS under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND) https://creativecommons.org/licenses/by-nc-nd/4.0/.
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section 3.3). Depending on the model under investigation and
the intended application, different types of bioelectronic sensors
are developed. Typically, electrophysiology sensors (i.e., sensors
of cell electrical activity) operate via the transduction of the local
membrane potential state as a function of time, by translating the
ionic mass transfer into the electronic domain.56−58 Beyond
traditional electrophysiology recordings of neurons and cardiac
cells, electrical measurements are widely used to assess passive
electrical properties of cells. For example, EIS, that is, the
application of a frequency sweep of current, offers a
straightforward and rapid way to monitor changes in the
electrode impedance due to fundamental biological processes,
such as cell adhesion and coverage, as well as a means to
quantitatively characterize the integrity of barrier tissues (or cell
membranes), by means of their electrical resistance, in a
noninvasive manner.28,36,37,59,60

Sensors of cellular biomarkers, involving an analyte-
recognition unit, can be also interfaced with in vitro cultures to
monitor secreted metabolites or surface biomarkers, resulting in
biological interactions, which can be either Faradaic or
electrostatic.50 In the case of the former, the analyte binding
event causes charge transfer between the CP and the analyte-
recognition unit, while in the latter, the binding event induces
conformational changes, which modulate either the CP or the
interface between the recognition unit and the CP (as detailed in
section 4).29

In terms of stimulation, applications can be subdivided into
mechanical, electrical and chemical stimulation, where in each
case an actuation of the biological system alters the current state
of the system, for example, inducing cell differentiation and
migration61,63,64 (see section 3.4). Electrical stimulation refers

to the application of an external electrical stimulus that can
activate intracellular signaling and influence the intracellular
microenvironment.65 As stated in the recent review by Gelmi
and Schutt,66 the electroactive material delivers the stimulus to
cells either via an electric field or via charge injection. The role
played by the electrically responsive biomaterial in signal
transduction is typically direct charge injection into the
biological entity. Chemostimulation involves modulating the
exposure of a biological system to controlled amounts of
chemical species or drugs (i.e., growth factors), which can result
in the doping and dedoping of CPs.62 Further, alterations in the
volume of the electroactive material, as a result of doping and
dedoping state of a CP, could induce a mechanical strain on a
biological entity should it be bound to the functionalized surface
of the material. Finally, interfaces allow for both measurement
and actuation by controlling the coupling between biological
and electronic systems by means of surface functionalization or
patterning (see section 2.2).61,62

2. ORGANIC ELECTRONIC MATERIALS AND DEVICES
TO INTERFACE WITH BIOLOGICAL SYSTEMS

2.1. Materials for In Vitro Organic Bioelectronic Systems

Conjugated polymers alone or in combination with other
organic materials have been extensively used to interface with
biological systems in vitro.67,64 Almost all CPs used for in vitro
applications are soluble in common solvents and allow facile
solution processing in different formats. CPs have been explored
as thin film coatings on flat rigid or flexible 2D interfaces68 and as
electroactive 3D interfaces for growing and monitoring cell
cultures.51 Notably, CP properties can be tuned at the molecular

Figure 3. Schematic showing the three key functionalities of in vitro organic bioelectronics and the various associated configurations found at the
conjugated polymer/cell junction. Created with BioRender.com.
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level through chemical synthesis or via other routes enabling de
novo design of materials that are tailor-made for biological
applications highlighting their unprecedented potential for
bioelectronics.55

2.1.1. Electronic Properties of CPs. CPs comprise a
backbone of alternating double and single bonds with
overlapping π-orbitals that create a system of delocalized π-
electrons.69 This delocalized system can result in electrical
conductivity values several orders of magnitude higher than
insulating polymers70 (i.e., >10−9 S cm−1) and strong optical
absorption in the visible spectrum of light.71 The most
commonly used CPs in bioelectronics are shown in Figure 4.
Polyaniline (PANI) and polypyrrole (PPy) represent two of the
very first CPs reported to exhibit semiconducting proper-
ties.72,73 Polythiophenes (PTh) and derivatives, including
poly(3,4-ethylene dioxythiophene) (PEDOT), have been
extensively interfaced with cell cultures in vitro. The
aforementioned CPs behave as semiconductors and hence in
their neutral state exhibit low electrical conductivity in the range
of 10−7 to 10−3 S/cm.When semiconducting CPs are chemically
doped,74,75 they can form stable materials with metal-like
conductivity (above 1 S/cm and up to several kS/cm). These
materials are known as (intrinsically) conducting polymers. So
far, both conducting and semiconducting polymers have been
used for in vitro bioelectronics.
2.1.2. Requirements of CPs for In Vitro Applications.

Direct contact with biological tissue poses specific complica-
tions, and therefore, the set of requirements that CPs need to
meet are quite demanding in order to noninvasively exchange
electrochemical signals (i.e., without damaging each other).
Figure 5 summarizes the critical material properties that in vitro
bioelectronic interfaces require.
2.1.2.1. Biocompatibility. CPs must be biocompatible to

avoid injurious effects to biological systems. Most CPs are
inherently biocompatible because they are mainly made of
chemical elements that match the organic composition of cells
and tissue, such as carbon and hydrogen. However, biocompat-
ibility of CPs cannot be universally defined because they can
elicit different biological responses depending on the type of
cells and the local tissue environment.79 Moreover, CPs are
often modified with functional groups or mixed with additives,
which could be harmful for the in vitro system of interest. An
example of a healthy cell culture growing within a CP-based
mesoporous scaffold is shown in the top left image40 of Figure 5.
2.1.2.2. Stability. Another critical requirement is the stable

operation of these materials in biologically relevant electrolytes
or cell culture media. Material composites based on CPs that are
used for this purpose are usually water-soluble, and strategies
have been employed to avoid deformation or delamination upon
immersion in physiologically relevant electrolytes.80 The
electrical output of the materials must remain stable for many
cycles of operation to guarantee accurate electrical monitoring
of biological events.81 An example is shown in the top right
image of Figure 5, where the current output of the organic

bioelectronic device is tested for 1000 on/off cycles and the
current output remains unchanged.76

2.1.2.3. Mixed Conduction. One of the most important
properties of CPs that makes them increasingly popular for
bioelectronic applications is their ability to conduct both ionic
and electronic currents.82 When electrically addressed (biased)
in aqueous electrolytes, ions migrate from the electrolyte into
the bulk of the polymer to compensate for electronic charges.83

As such, ionic fluxes originating from biological activity can
directly alter the electronic properties of CPs when in contact
with cells or tissue.84

2.1.2.4. Mechanical properties. Mechanical properties of
CPs are also crucial for in vitro interfacing. For example, their
literal flexibility enables their adaptation to various form factors
and can be tuned on demand to serve the requirements of a given
biological model. Their typically low mechanical stiffness,
indicated by the material Young’s modulus, is a critical
parameter, especially for complex tissue cultures. Biological
tissues exhibit a wide range of mechanical stiffness, spanning
multiple orders of magnitude (i.e., kPa for brain, MPa for

Figure 4. Chemical structure of the most commonly used conjugated polymers for in vitro bioelectronics applications.

Figure 5. Critical properties required by CP-based materials to be used
as bioelectronic interfaces for in vitro bioelectronics. Biocompatibility.
Adapted with permission from ref 40. Copyright 2021 The Authors.
Advanced Biology published by Wiley-VCHGmbH under the terms of
the Creative Commons CC BY license, https://creativecommons.org/
licenses/. Stable operation in aqueous electrolytes. Reproduced with
permission from ref 76. Copyright 2020 The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, under the terms
of the Creative Commons CC BY license https://creativecommons.
org/licenses/. Mixed ionic and electronic conduction. Adapted with
permission from ref 77. Copyright 2016 The Authors. Published by
Springer Nature under a Creative Commons Attribution 4.0 Interna-
tional License http://creativecommons.org/licenses/by/4.0/. Soft,
flexible, strechtable. Adapted from ref 78. Copyright 2019 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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muscle, GPa for bone).85 Given that most CPs show a Young’s
modulus in the range of ∼1 GPa86 (still significantly lower than
silicon-based electronic materials), mixing with additives or
other materials can adjust it to match the mechanical properties
of the tissue of interest.87 The ability to match the mechanical
properties of tissues renders CPs particularly attractive. CPs
have been mixed with other functional materials or biopolymers
to form multifunctional composites, including conducting
hydrogels with low Young’s modulus suitable for ultrasoft
tissue.88 A wide range of CP-based ternary or quaternary
multifunctional composites have been realized with tunable
conductivity, low Young’s modulus, self-healing properties, and
biodegradability.89 These materials are ideal for soft electronic
devices and tissue engineering.90 Bioderived materials like
chitosan,91 hyaluronic acid,92 gelatin,93 and others have been
mixed with CPs to form multifunctional interfaces for
bioelectronic applications including wound healing94 and tissue
engineering.95 PPy has been mixed or modified with functional
groups and biomolecules for improving biocompatibility.96

Yang et al. used a conducting hydrogel based on PPy and
hyaluronic acid with electrical conductivity of 7.3 mS/cm and
low Young’s modulus (∼3 kPa) to culture 3T3 cells in vitro.97 In
addition, PPy doped with p-toluene sulfonate and incorporating
the growth factor neurotrophin-3 has been synthesized and used
to stimulate the outgrowth of auditory neuron explant
cultures.98 Furthermore, conducting 3D hydrogel matrices
based on PPy mixtures with hyaluronic acid and carbon
nanotubes were used to electrically stimulate the differentiation
of human neural stem or progenitor cells.99

2.1.3. Doped Conjugated Polymers: The Case of
PEDOT:PSS. PEDOT doped with the polyanionic dopant

poly(styrene sulfonate) (PSS) is widely used in bioelectronics
due to its stability in cell culture conditions,68 commercial
availability, and excellent mixed ionic and electronic conduction
properties.100,101 PEDOT:PSS is separated in two distinct
phases: PEDOT is the p-type semiconducting polymer back-
bone that conducts holes in the form of polarons (or
bipolarons),102 which are electrostatically stabilized by the
negatively charged sulfonate groups of PSS (Figure 6a). The
hydrophilic nature of PSS promotes good ionic mobility within
PEDOT:PSS.103 When electrically addressed, in aqueous
electrolytes, hydrated cations dedope PEDOT:PSS by disrupt-
ing the electrostatic polaron−SO3

− bonds between the PEDOT
backbone and PSS, respectively.104 As shown in the schematic of
Figure 6b, PEDOT chains are then distorted, the hole transport
pathways are disrupted, and therefore, the hole conductivity of
the material is reduced. The conductivity modulation is the
principle of operation for PEDOT:PSS-based bioelectronic
devices. The dedoping mechanisms in PEDOT:PSS have been
extensively investigated by several groups.77,105,106 Berggren and
Malliaras recently described the elementary steps of this process,
in terms of a PEDOT:PSS-coated metal electrode bathed in an
electrolyte.107 First, a hole is injected from the metal electrode
into the HOMO of the polymer. Second, the hole is transported
within the delocalized HOMO of the polymer. Third, ions are
injected from the electrolyte into the polymer. Fourth the ions
are transported within the free volume between the polymer
crystallites or chains, and fifth an electrostatic compensation of
the two charges occurs in the bulk of the film. Romele et al.
provided experimental evidence of the electrostatic compensa-
tion of the fixed charges in the bulk of PEDOT:PSS films by the
mobile ions provided by the electrolyte.108 The bulk interaction

Figure 6. (a) Chemical structure of PEDOT:PSS. (b) Schematic showing the dedoping of PEDOT:PSS with cations from an electrolyte. (c)
Schematic showing an array of plates against which ions pile up to form double layer capacitors. Reproduced with permission from ref 106. Copyright
2016 JohnWiley and Sons. (d) Reversible swelling of PEDOT:PSS filmwhen in contact with the electrolyte and during dedoping/doping cycles due to
up-take of cations and water. Adapted with permission from ref 112. Copyright 2018 The Authors, published Royal Society of Chemistry under a
Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/.
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between ions and holes gives rise to high capacitance values.
Rivnay et al. found that the capacitance scales with the volume of
the film as a linear function, revealing a volumetric capacitance of
C* = 39 F/cm3.109 Proctor et al. looked in more detail at the
volumetric capacitance of PEDOT:PSS and proposed a simple
model how volumetric capacitance arises.106 The model
describes capacitance in terms of available “sites” consisting of
sulfonate anion/hole pairs, in which ions injected from the
electrolyte replace holes (Figure 6c). An injected cation drifts to
one of these sites and replaces the hole, creating a double layer
capacitor along these planes. Volkov et al. also demonstrated
that the major contribution to the capacitance of PEDOT:PSS
originates from electrical double layers formed along with the
interfaces between PEDOT-rich and PSS-rich interconnected
grains.110 Processing additives (i.e., ethylene glycol, 4-
dodecylbenzenesulfonic acid (DBSA), etc.) or annealing of
PEDOT:PSS postprocessing are proven successful strategies to
enhance the mixed conduction properties of PEDOT:PSS to
maximize C* and ion and hole transport properties.77 The
interaction of hydrated ions and holes within PEDOT:PSS leads
to swelling of the material during operation. In fact,
PEDOT:PSS films almost double their thickness or volume
when immersed in water due to the absorption of electrolyte
ions and water through the hydrophilic PSS phase.105 Upon
dedoping, cation transport takes place in the swollen phase and
further expands the volume of the material. In the swelling state,
the PSS and PEDOT regions are physically separated from ions
and water.111 This process is reversed when the electrochemical

potential changes, the material shrinks again, and ions and water
are expelled back into the electrolyte (Figure 6d).
Swelling and shrinking of PEDOT:PSS occurs repeatedly with

every doping/dedoping cycle in aqueous electrolytes, which
stresses the material and can lead to deformation and
delamination.113 In fact, pristine PEDOT:PSS is unsuitable for
in vitro bioelectronic applications due to its water solubility.
Both thin films and 3D structures made of PEDOT:PSS can be
rendered water-stable by using cross-linking agents as additives
during processing and thermally activating the cross-linking
reactions postprocessing. The most commonly used cross-linker
for PEDOT:PSS is the (3-glycidyloxypropyl)trimethoxysilane
(GOPS) (Figure 7a). The cross-linking reaction occurs via three
main reactions that have been described in detail by Hakansson
et al.114 (Figure 7b). Strong chemical bonds are formed between
GOPS−PSS, GOPS−GOPS, and GOPS−substrate and guar-
antee stable PEDOT:PSS electrochemical operation within in
vitro devices without dissolution or delamination. However, the
cross-linking strategy with GOPS comes at the expense of
reduced mixed conduction properties of PEDOT:PSS. El
Mahmoudy et al. demonstrated that the benefits of stable
electrochemical operation of PEDOT:PSS cross-linked with
GOPS come at the expense of a decrease in swelling and an
increase in the electrochemical impedance.115 This indicates
that the ionicmobility is also reduced due to the formation of the
hydrophobic silane regions within thin films and 3D structures.
Alternative cross-linking strategies involve the use of non-

silane-based cross-linkers, such as poly(ethylene glycol)
diglycidyl ether (PEGDE).113 (Figure 7c). Similar to GOPS,

Figure 7. Chemical structure of (a) (3-glycidyloxypropyl)trimethoxysilane (GOPS) and (b) three main chemical bonds formed during cross-linking
with GOPS. Adapted with permission from ref 114. Copyright 2016 John Wiley and Sons. (c) Chemical structure of poly(ethylene glycol)diglycidyl
ether (PEGDE) and (d) chemical bonds formed between the epoxy rings of PEGDE and−SO3

− groups of PSS. Adapted with permission from ref 113.
Copyright 2019 The Royal Society of Chemistry. (e) Chemical structure of divinylsulfone (DVS) and (f) schematic showing the cross-linking process
of PEDOT:PSS thin films. Reprinted with permission from ref 116. Copyright 2017 American Chemical Society.
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the reaction takes place between the delocalized electrons on the
PSS chain and the epoxy ring of PEGDE. In this case, due to the
double epoxy ring at both ends of the PEGDE molecule, PSS
chains are directly interconnected without the intermediate
bonds between silanes resulting in superior conduction
properties compared to GOPS cross-linked PEDOT:PSS
(Figure 7d). Divinylsulfone (DVS) (Figure 7e) has been also
used for cross-linking PEDOT:PSS thin films116 and meso-
porous scaffolds for 3D cell culture.117 Unlike GOPS and
PEGDE, DVS reacts with nucleophilic (alcohol and amine)
residues in the PEDOT:PSS formulation, creating a network of
insoluble chains that render the material stable during operation
(Figure 7f).116 Furthermore, DVS results in reduction of the
Young’s modulus of the film when compared with pristine
PEDOT:PSS, making possible PEDOT:PSS free-standing
electrodes.118 Finally, cross-linker free approaches for stable
PEDOT:PSS thin films have been developed. One interesting
study by Kim et al. showed that treatment of PEDOT:PSS films
with acid yielded highly conducting devices, likely due to
removal of excess PSS.119 A later study by the same group
demonstrated the use of highly crystalline PEDOT:PSS films to
modulate cardiomyocyte beating via direct electrical stimula-
tion. The incorporation of the crystalline PEDOT:PSS into
microelectrode arrays showed excellent performance, as well as
long-term underwater stability and biocompatibility. Electro-
polymerized PEDOT:PSS electrodes have also been used to
interface with neurons and to build metabolite biosensors.120

However, although electropolymerized PEDOT:PSS often
yields highly conducting films, the ease of processing of
chemically cross-linked PEDOT:PSS combined with its
commercial availability have ensured the dominance of
chemically prepared PEDOT:PSS.
2.1.4. Undoped Conjugated Polymers. Unlike doped

CPs, undoped CPs exhibit notoriously low conductivity in their
pristine state. Undoped CPs with excellent mixed conduction
properties and stable operation in physiological electrolytes have

been recently synthesized via chemical synthesis routes. Many
recent reviews discuss the synthesis and the mixed conduction
properties of these newly established CPs for bioelec-
tronics.55,121−124 These semiconducting polymers do not
contain a bulky ionic phase, and therefore, their mixed
conduction properties are inherently different compared with
PEDOT:PSS. Usually, side chain engineering is applied:
hydrophilic side chains are attached on a rigid polymer
backbone to promote ionic conduction, while good electronic
conduction is maintained.125 Among many side chain chemical
groups used (e.g., hydroxyl, lysines), ethylene glycol-based side
chains are almost exclusively used126,127 because of their
hydrophilicity and biocompatibility. The general mechanisms
of redox activity of these polymers is as follows: upon application
of a bias, ions are injected into the material and transported
through the hydrophilic network formed by the glycol side
chains to compensate for electronic charges that are located in
the rigid polymer backbone.128 Similar to PEDOT:PSS, these
undoped CPs are also ideal volumetric capacitors, with high C*
values and good ion and electron (or hole) conduction.83 By
fine-tuning side chain engineering, electrochemical doping can
happen at low voltages (as low as 0.05 V vs Ag/AgCl).129 The
understanding of all these processes is ongoing and many recent
reports establish structure−morphology−property relations
necessary to understand how these materials operate in aqueous
electrolytes.83,130,131 Side chain engineering has been applied to
synthesize both p-type132 (hole transport) and n-type133

(electron transport) CPs. Figure 8 shows the chemical structures
of representative CPs that either have been used for in vitro
bioelectronics or showed a step change for development of
organic bioelectronic devices. Polythiophene backbones func-
tionalized with side chains containing different functional
groups are successful examples. P3HT (Figure 8a) is a CP
with good optoelectronic properties that has been used
extensively for photostimulation of cell activity134 and for
biosensing.135 Furthermore, a number of CPs based on

Figure 8. Chemical structures of organic semiconducting materials that have been used for in vitro bioelectronic applications or as building blocks for
organic bioelectronics devices. Left panel shows p-type materials, that is, redox active hole conductors, (a) poly(3-hexylthiophene) [P3HT], (b)
poly(3-carboxy-pentyl-thiophene) [P3CPT], (c) poly(3-{[2-(2-methoxyethoxy)ethoxy]methyl}-thiophene-2,5-diyl) [P3HT-EG], (d) poly(2-(3,3′-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2′-bithiophen]-5-yl)thieno[3,2-b]thiophene) [p(g2T-TT)], and (e) poly{2,2′-[(2,5-bis(2-hexyldec-
yl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole1,4-diyl)dithiophene]-5,5′-diyl-alt-thiophen-2,5-diyl} [DPP3T-L]. Right panel shows n-type
materials, that is, redox active electron conductors, (f) poly(N,N′-bis(7-glycol)-naphthalene-1,4,5,8-bis(dicarboximide)-co-2,2′-bithiophene-co-N,N′-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)) [P-90], (g) poly(benzobisimidazobenzophenanthroline) [BBL], and (h) 2-(2,3,4-
tris(methoxtriglycol)phenyl) [60]fulleropyrrolidine [C60-TEG].
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polythiophene functionalized with hydrophilic side chains have
been explored as the channel material of organic electrochemical
transistors (OECTs) (Figure 8b,c).126,136−138 In addition, other
CP backbones have been functionalized with glycol side chains
and show great potential to be used as bioelectronic interfaces.
Glycolated 2-(thiophen-2-yl)thieno[3,2-b]thiophene (2T-TT)
polymers, such as poly(2-(3,3′-bis(2-(2-(2-methoxyethoxy)-
ethoxy)ethoxy)-[2,2′-bithiophen]-5-yl)thieno[3,2-b]-
thiophene) (p(g2T-TT))129 (Figure 8d) and diketopyrrolo-
pyrrole (DPP139) (Figure 8e) are representative examples, with
state-of-the-art mixed conduction properties and stability in
aqueous electrolytes. Interestingly, Ohayon et al. showed that
lysinated side chains can be attached to a DPP CP backbone to
improve adhesion of primary neuron cultures without the need
for additional biopolymer coatings.140 However, the develop-
ment of n-type CP materials with mixed conduction properties
operating in aqueous electrolytes is challenging. The injection of
an electron from a metal electrode into an n-type CP interfacing
an electrolyte, leads to electrochemically reduced chains that are
likely to react with molecular O2.

141 This leads to faradaic side
reactions, which are potentially responsible for the limitedmixed
conduction properties and the electrochemical instability of n-
type CPs.142 Despite these challenges, recent developments
proved that n-type materials can be synthesized with operational
stability in aqueous solutions and in contact with the biological
milieu.141,143 Recently, Yang et al. reported the development of a
highly conducting n-type polymer based on poly-
(benzimidazobenzophenanthroline) (BBL) (Figure 8g) doped
with poly(ethylenimine), which shows great potential to be used
in a number of bioelectronic applications.144 Although n-type
CPs for in vitro bioelectronics applications are scarce, the recent
advancement of n-type CP mixed conductors has enabled new
technological opportunities such as complementary logic
circuits with high gain,138 amplifiers for multiscale real-time
ion detection and monitoring,145 and biofuel cells for powering
in vitro bioelectronic devices.146 In addition, these n-type CPs
show great potential to be used for metabolite biosensors with
simplified design.147,148 Finally, it is worth noting that other
organic semiconductors (i.e., fullerenes, Figure 8h) have been
recently introduced as efficient n-type mixed conductors and
show great promise to expand the library of materials for
bioelectronics applications.149

2.2. Organic Bioelectronic Interfaces

Bioelectronic interfaces can be formed with subcellular
components, individual cells, cell monolayers, 3D cell cultures,

organotypic structures, or real tissue. In bioelectronics, the
biotic−abiotic interface is undeniably the most important factor
for communication between biological systems and electronic
components. Biocompatibility of the abiotic material is crucial
for maintaining living cells, the formation of a lasting interface,
and the accurate expression of biological mimicry. As described
in the previous sections, organic electronic materials can be
engineered for the purpose (i.e., via synthetic chemistry) or
tailored (i.e., electrically, chemically, or topographically) to
support and manipulate cell growth, thus minimizing the
mismatch between hard electronics and soft living tissues.
The distinctive features of organic electronic materials were

first demonstrated three decades ago by Langer and co-workers
in their pioneering work on the ability of PPy to regulate cell−
substrate interactions and subsequently control cell shape and
growth.150 Specifically, they showed that alterations in the
electroactivity of PPy can play a key role in the fate and the
function of mammalian cells. Switching from oxidized to
reduced (i.e., toward more neutral) state in PPy (bearing
fibronectin) resulted in cell rounding and retraction, which in
turn can be associated with the detachment or loss of anchoring
points between the cells and the substrate-adsorbed fibronectin
molecules. Interestingly, despite the dramatic change of cell
shape and spreading in the neutral state of the polymer, no loss
of cell viability was observed. Since then, several studies on both
electrogenic151−154 and nonelectrogenic155−157 cells confirmed
the hypothesis that CPs bearing absorbed biomolecules can be
used as functional substrates for controlling crucial functions
such as tissue regeneration, as well as for regulating cell adhesion
and growth.
In the following sections, we highlight the main strategies that

have been used to improve the interface between CPs and
biological systems. One strategy involves the incorporation of
biomolecules that can promote cell adhesion, growth, or
differentiation. Another strategy is the modification of surface
properties via the introduction of nano- or microtopographical
features at the interface. Finally, an alternative strategy involves
the inherent ability of CPs to electrochemically promote cell
adhesion. Here, rather than giving an exhaustive review on CP
modification for enhanced biocompatibility, we will showcase
key examples, highlighting the features of each method and their
potential for in vitro bioelectronic applications.

2.2.1. Surface Functionalization. Surface functionaliza-
tion of CPs has been a widely explored strategy to improve cell
attachment and growth. Typically, this can be achieved by

Figure 9. Schematic illustration showing the different biofunctionalization strategies.
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incorporating extracellular matrix proteins (i.e., collagen,158,159

fibronectin,160,161 and laminin162,163). Alongside improving
cell−surface interactions or reducing (bio)fouling, biofunction-
alization of CPs has been also used as a strategy to boost their
intrinsic properties (i.e., wettability,164,165 electroactivity166).
Typically, biological molecules, or other functional groups, can
be introduced through (i) adsorption, (ii) entrapment, (iii)
covalent bonding, or (iv) doping processes (Figure 9).167,168 For
the fundamental principles of surface biofunctionalization, the
experimental techniques, and the associated approaches, we
refer the readers to exhaustive reviews on the subject.169−171

2.2.1.1. Adsorption. In physical adsorption, a functional unit
(e.g., protein, peptide, nucleic acid) is adsorbed at the polymer
surface via electrostatic interactions between charged species
and the polymer matrix. In such a case, biomolecules can be
attached on the polymer surface through hydrogen bonds, van
der Waals forces, or hydrophobic interactions. This method is
considered simple and fast, and usually has minimal effect on the
electroactivity of the polymer. However, the involved inter-
actions are considered nonspecific, meaning that surrounding
biomolecules or proteins may influence the selectivity and
disturb the cell/electrode interface. Additionally, the adsorbed
biomolecules are susceptible to changes in physiological and
environmental conditions (i.e., pH, temperature) and may leach
off the surface, rendering the surface inactive.166 Adsorption was
massively utilized for the development of the first generation of
biosensors,172,173 as well as in the early studies of CP
biointerfaces161,174−177

2.2.1.2. Entrapment. In the case of entrapment, a
functionalizing agent is mixed with the conducting polymer
(or monomer prior to synthesis), and via electrochemical
polymerization or other deposition techniques, these functional
species are entrapped in the polymeric matrix of the growing
film. Adjusting the polymer film properties (i.e., thickness,
roughness) in conjunction with the size of the functional unit
leads to formation of free active moieties within the bulk and at
the surface of the CP matrix. Both adsorption and entrapment
can be directly used to modify the polymer surface and do not
require additional mediators or chemical modifications. A
representative example was demonstrated by Martin et al. with
the entrapment of nerve growth factor into both PPy and
PEDOT films via electrochemical polymerization.178 Validation
studies with PC-12 cells cultured on both materials exhibited
adequate adhesion and differentiation, as well as highly extended
neurites.
2.2.1.3. Covalent Bonding.Covalent chemistry enhances the

binding of bioactive molecules and the stability of the resulting
CP. This can be done both during CP synthesis and
postpolymerization.179,180 Various approaches have been
suggested for the covalent bonding of biomolecules on the
surface of conducting polymers, including the use of self-
assembled monolayers (SAMs),181 functional groups (i.e.,
-NH2, sulfur, carboxylic acid),182−185 or surface treatment
processes (i.e., ion implantation186). Covalent modification of
CPs has been also used as a more controllable approach to
incorporate bioactive molecules onto the surface of
CPs.179,187−192 A number of studies have focused on the
covalent attachment of the nerve growth factor (NGF) to
improve neurite outgrowth using several strategies including
cross-linking,151 copolymers bearing ester units for the develop-
ment of scaffolds,174 and amine−ester coupling via the use of
poly(lactic-co-glycolic acid) (PLGA) fibers.193 Surface mod-
ification by peptides has been widely explored as a means of

introducing extracellular matrix components, hence improving
the biocompatibility and bioactivity of CPs. Examples of such
strategies include the incorporation of fibrillar collagen with
chondroitin sulfate on 3D PPy structures,159 as well as the
incorporation (via a terminal cysteine residue) of the most
common peptide motif responsible for cell adhesion, Arg−Gly−
Asp (RGD).184,190 CPs based on PEDOT with functional
groups have been widely explored. CPs consisting of PEDOT
bearing side chain amine groups have shown improved cellular
response, specifically cell adhesion and proliferation,157 laying
the foundation for the design of an electroactive RGD-based
PEDOT−peptide (RGED) conjugate to promote further both
cell attachment and growth.194 In a similar study, YIGSR-based
peptides were covalently immobilized onto carboxylic acid
functionalized PEDOT copolymer using a spacer molecule
(PEG).195 These films exhibited better cell attachment
compared to peptides linked to the surface without a spacer
unit (Figure 10a). A facile method for the covalent bonding of

biomolecules to PEDOT:PSS was also presented by our group
by mixing PEDOT:PSS with poly(vinyl alcohol) in order to
introduce −OH groups at the surface. This surface functionality
allows for the incorporation of SAMs via condensation reaction,
hence providing a universal means to incorporate bioactive
molecules such as the extracellular matrix derived polypeptide
poly(L-lysine).191 A cell repellent surface was recently developed
by Zhu et al. based on a phosphorylcholine grafted EDOT,
mimicking the cell membrane.154 The goal of this study was to
inhibit nonspecific binding of proteins, while allowing the
selective adhesion of specific cells for long-term stable operation
of the devices when interfaced with cells. Moreover, this
synthetic route allowed for the covalent coupling with peptide
ligands, which can promote specific interactions with target cells.

2.2.1.4. Doping. The doping process is another way to
incorporate charged bioactive molecules such as heparin,196

hyaluronic acid,196,197 chondroitin sulfate,197−199 and dextran

Figure 10. Schematic illustration showing the surface modification
route (control, physically adsorbed, chemically conjugated) for
carboxylic acid functionalized PEDOT copolymer films with a
nonapeptide derived from laminin and the corresponding fluorescence
images of PC-12 cells (after 72 h) cultured on top of the corresponding
PEDOT based films (scale bar is 100 μm). Adapted with permission
from ref 195. Copyright 2016 Elsevier.
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sulfate197,200,201 in CPs. Incorporation of chemical dopants can
modify the CP properties including surface topography,
electrochemical properties, wettability, biocompatibility, and
bioactivity, affecting the subsequent adsorption of biomolecules
at the surface.198,202 Here, drawbacks may arise from the
increase in surface roughness and the limited access to the active
binding sites at the surface of the polymer. A more recent work
by Molino et al. demonstrated the electropolymerization of
PEDOT with a range of biological (i.e., dextran sulfate,
chondroitin sulfate, alginic acid, and ulvan) and synthetic (i.e.,
DBSA) dopants to identify the optimal conditions for efficient
protein adsorption and enhanced neuronal cell cultures.200

2.2.2. Surface Topography. Surface topography plays a
key role in the first stages of cell attachment and adhesion and
can influence cell fate by regulating cell−cell signaling pathways
and cell−microenvironment interactions via mechanotransduc-
tion.203−206 Topographical cues have been shown to strongly
mediate cell morphology and the expression of genes associated
with proliferation, migration and differentiation. In the case of
bioelectronics, topography is important both for controlling and
guiding cellular organization and for minimizing the interfacial
cleft between substrate and cells, which in turn improves cell−
material coupling and hence signal output.207 Traditionally,
topographical features are introduced via lithography-based
approaches,208 etching,209 self-assembled monolayers,210 and
laser patterning.211 There are three main approaches for the
development of topographic surfaces: (i) roughness and (ii)
anisotropic and (iii) isotropic patterning. While nanoscale

surface roughness is known to affect cell behavior, there is lack of
control over nano-irregularities in the case of organic films, thus
the efficacy of this approach is rather limited. Hence, focus is
placed on patterning methods to create continuous, non-
continuous, and random architectures based on organic
electronic materials.

2.2.2.1. Anisotropic Topography. Since the discovery of the
“contact guidance” phenomenon,216,217 anisotropic topogra-
phies have been used to study the cellular morphology and
organization on various substrates. This involves the use of
oriented 2D or 3D structures such as grooves, fibers, or wrinkles
that aid cell alignment. Based on this concept Razal et al.
demonstrated a hybrid platform consisting of spatially aligned
polylactic acid (PLA):PLGA microfibers on electropolymerized
PPy substrate, as shown in Figure 11a.212 Cultured myoblasts
were found to sufficiently adhere and proliferate, adopting a
spindle-like shape and elongated morphology, while upon
differentiation, they appeared to be well oriented along the fiber
axis. In another approach, a hybrid scaffold consisting of reduced
graphene oxide (rGO) and PEDOT microfibers was used to
culture mesenchymal stems cells (Figure 11b).213 Interestingly,
the cultures on PEDOT/rGO scaffolds exhibited good cell
alignment and viability, as well as improved proliferation and
neural differentiation. Similarly, in more recent work, highly
aligned fiber structures based on conducting polymers were used
to study axonal extension and sprouting from dorsal root ganglia
neurons.218

Figure 11. (a) SEM images of aligned PLA:PLGA and PPy fibers doped with (i) pTS and (ii) HA. Fluorescence images showing differentiated muscle
cells cultured on PPy/pTS substrate (iii) with and (iv) without the PLA:PLGA fiber array. Adapted with permission from ref 212. Copyright 2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) (i) Live−dead assay of the MSCs growing on rGO microfiber and rGO−PEDOT
composite microfiber and (ii) proliferation data of MSCs cultured for 5 days on rGO and the hybrid rGO−PEDOT microfibers. Adapted with
permission from ref 213. Copyright 2016 American Chemical Society. (c) Fabrication of 3Dmicropatterned grooves via femtosecond laser patterning
of PEDOT:PSS films and fluorescence images showing cell (HL-1) adhesion in planar and patterned substrates. Adapted with permission from ref 214.
Copyright 2017 American Chemical Society. (d) (i) Schematic showing the development of micro- and nanowrinkles on PEDOT:PSS via heat-
shrinking process of a thermo-retractable polystyrene substrate. (ii) SEM images of C2C12 (murine skeletal muscle cells) adhered on nanowrinked
PEDOT:PSS substrate and comparison of cell adhesion properties between flat and nanowrinkled (visualized in the fluorescence inset image) films.
(iii) Fluorescence image of myotubes on the microstructured samples supported by human fibroblast feeder layer. Adapted with permission from ref
215. Copyright 2013 American Chemical Society.
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Controllable and systematic 3D nano- or microstructuring for
organic biointerfaces can be also achieved by laser patterning
techniques, such as laser ablation and writing.219,220 In the
former, material is removed under the action of a focused pulsed
laser beam. The amount of the removed material and the
resolution of the resulting structures depend on the laser
wavelength, intensity, and pulse length, as well as on the material
properties. Laser writing, on the other hand, enables the
formation of 3D architectures via surface modification or
material addition. This technique allows for processing of
various materials with a sub-micrometer level resolution. Both
approaches have shown great potential for cell guiding and
controlled adhesion. Santoro et al. have demonstrated the use of
femtosecond laser ablation for 3D patterning of PEDOT:PSS
electrodes, as shown in Figure 11c.214 The resulting grooved
microtopography enhanced cell adhesion, hence decreasing the
interfacial cleft resistance without showing any apparent
degradation in the quality and the electrical properties of the
CP. Cardiomyocytes grown on grooves with the smaller pitch
size (10−20 μm) were found to spread and adhere better
compared to larger (40 μm) grooves. This is consistent with
previous studies showing that cells preferentially adhere on
smaller topographical features, ideally on sub-micrometer
scale.221,222 Laser writing was recently employed to control
the positioning of neurospheres on top of PEDOT:PSS-based
MEAs. Given the poor cell adhesion properties of PEGDA,
ribbon-like structures with a width of ∼12 μm and an
interspacing of 40 μm were positioned between the electrodes
in order to confine neurospheres on top of the electrodes and
provide guidance for the neurite outgrowth. This resulted in
enhanced electrophysiological recording yield.223 In another
study by our group, we introduced a surface modification and
cell patterning route based on laser ablation. In particular, by
patterning cell-repelling (perfluorodecyltrichlorosilane, FDTS)
SAMs on top of PEDOT:PSS films, we were able to spatially
confine cells in laser-ablated regions of various shapes and sizes,
with remarkable precision.224 Greco et al. demonstrated a novel
method for the preparation of micro- or nanowrinkles on CP
surfaces.215 As shown in Figure 11d, wrinkle-like structures were
produced via a heat-shrinking process with a thermo-retractable
polystyrene substrate. In such cases, the mechanical mismatch
between the substrate and the top spin-cast PEDOT:PSS layer
aided the formation of anisotropically uniaxial micro- and
nanowrinkles with various sizes (between 1.45 and 2.45 μm),
depending on the PEDOT:PSS thickness. Cells tended to
adhere and align on low and narrow ridges rather than on higher
and wider ones, exhibiting improved differentiation capabilities
as proven by the generation of elongated and multinucleated
myotubes.
2.2.2.2. Isotropic Topography. The term isotropic top-

ography refers to surfaces where topographical features are
independent of direction and their physical properties are the
same at any point or direction. Typical examples include pits,
pillars, islands, columns and random fibers. Generally,
interfacing cells with isotropic surfaces does not induce cell
guidance and elongation while the associated cell response is
often cell type-specific. Isotropic patterns have been used for in
vitro organic bioelectronics, mainly for interfacing electrogenic
cells. Recent work by Tomaskovic-Crook et al. involved the
fabrication of PEDOT:PSS micropillars on top of MEAs for the
electrical stimulation of human neural stem cells, as shown in
Figure 12a.225 As expected, the resulting devices demonstrated
enhanced electrical performance versus flat films, as well as

sufficient response under electrical stimulation by means of
neural network functionality and differentiation. In a similar
manner, Tullii et al. showed the fabrication of high aspect ratio
micropillars based on P3HT.226 The resulting substrates
exhibited high biocompatibility when cultured with human
embryonic kidney cells or primary cortical neurons. As shown in
Figure 12b, both cell types exhibited an elongated morphology
with the tendency to spread in the 3D space. Additionally, the
close contact between the cells and the micropillars renders the
proposed platform optimal for electrophysiological recordings.
The use of polymeric fibers to obtain conducting isotropic
structures is another commonly used approach for introducing
nanotopography, 3D topologies, and high surface to volume
ratio. Even though randomly oriented fiber meshes do not
provide extensive guidance to cells, they typically exhibit a highly
porous morphology (at different scales) and can host high cell
density cultures, which is important for modulating the cell
response in some applications. On the basis of this, several
groups studied the electrical and topographic properties of

Figure 12. (a) (i) Schematic showing the fabrication of 3D
PEDOT:PSS micropillars using direct write printing technique. (ii)
Optical micrograph showing PEDOT:PSS micropillars on top of a
photolithographically patterned MEA. Adapted with permission from
225. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) SEM images showing (i) HEK-293 cells and (ii)
primary cortical neurons cultured on top of rr-P3HT micropillars.
Adapted with permission from ref 226. Copyright 2019 American
Chemical Society (c) SEM images of mesenchymal stem cell cultures
on PEDOT:PSS/PVA/chitosan scaffolds with different PEDOT:PSS
wt% content(0, 0.3, 0.6, 1): (i) CS/PVA, (ii) CS/PVA/PEDOT:PSS
(0.3), (iii) CS/PVA/PEDOT:PSS (0.6), (iv) CS/PVA/PEDOT:PSS
(1). Adapted with permission from ref 227. Copyright 2019 Elsevier.
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conducting fibrous meshes, as well as their potential use in
electrical stimulation and in vivo implementation. A representa-
tive piece of work from the Schmidt team demonstrated the use
of PPy-coated electrospun PLGA nanofibers and the effects of
random and oriented fibers on neuronal cell cultures.228

Specifically, the resulting electroactive scaffolds were found to
maintain the characteristics of conventional electrospun
scaffolds (i.e., nanotopography, high surface-to-volume ratio,
interconnecting pores) while remaining conducting. Stimulation
studies on such neuronal cell cultured scaffolds revealed a higher
percentage of neurite-bearing cells, as well as longer neurites in
the case of aligned PPy−PLGA fibers. Xie et al. showed a similar
concept with conductive core−sheath nanofibers based on
poly(ε-caprolactone) (PCL)−PPy or PLA−PPy,170 and more
recently Pinna et al. developed electrospun fibers made of PCL−
PANI using a novel solvent system.640 Natural polymers (e,g.,
chitosan, silk) blended with conducting polymers have been also
used for the fabrication of conducting fibrous structures. In a
recent study by Abedi et al., PEDOT:PSS and poly(vinyl
alcohol) (PVA)/chitosan were blended in various ratios as
shown in Figure 12c.227 The structures with the highest
PEDOT:PSS content resulted in a decrease in the fiber diameter
and improved cell adhesion and viability. Fibrous structures,
both aligned and randomly oriented, are of particular interest for
3D cellular structures and will be discussed in more detail in
section 3.3 in the context of conducting scaffolds.
2.2.3. Tailoring Biointerfaces via Redox Switching.

Changing the oxidation state of conjugated polymers is a proven,
versatile way to alter the properties of biointerfaces and take

control over cell morphology and critical biological functions
such as adhesion, proliferation, and differentiation.150 The
fundamental mechanisms that regulate such responses are now
well understood and can be linked with morphological,
physicochemical, and conductivity alterations upon redox
switching. Typically, upon oxidation or reduction of conjugated
polymers, ions migrate in and out of the polymer compensating
the change in the electronic charge on the polymer backbone.
The switchable properties of CPs have been widely exploited for
regulating ECM protein conformation on top of CP substrates,
which in turn can control cell−surface interactions and promote
or inhibit cell adhesion and growth. PPy was extensively used in
the early studies of CP redox switching effects on biointerfaces,
while PEDOT dominated the field later and became the
reference material for such bioelectronic applications. Over the
years, several variants of those materials have been demon-
strated, mainly as a result of chemical modification or dopant
incorporation. In a work by Salto ́ et al., substrates based on
PEDOT:Tosylate (Tos) were used to study the attachment of
neural stem cells (NSCs) and correlate it with the adsorption of
human serum albumin (HSA) in the oxidized or reduced state.
The oxidized surfaces exhibited a substantial improvement in
cell adhesion compared to reduced surfaces, which was
attributed to differences in protein conformation.231 Likewise,
redox switching was used to investigate possible effects on the
adhesion and proliferation of epithelial cells. Cell cultures on
PEDOT:Tos electrodes exhibited enhanced proliferation in the
case of reduced surfaces in contrast to the oxidized surfaces,
attributed to alterations in the conformation of the surface-

Figure 13. (a) Schematic illustration showing the nanosponge effect on electrochemical cellular stimulation. PEDOT:PSS substrates were used for
cells adhesion. The ionic concentration is altered at the film−liquid interface by redox switching: (i) Cations are released from PEDOT:PSS in reduced
state, and thus their extracellular concentration increased. This causes a depolarization (+5mV) of the plasmamembrane, which lowers the outward K+

efflux and enhances the inward flow of Ca2+, which in turn enhances cell adhesion. (ii) In oxidized state, there is a higher flow of K+ resulting in more
polarized membrane potential (−10 mV) and lower Ca2+ flow, which limits cells adhesion and proliferation. Effects of PEDOT:PSS redox state on the
T98G cell (iii) adhesion and (iv) proliferation for different time points (24, 48, 72 h). Adapted with permission from ref 229. Copyright 2017 American
Chemical Society. (b) Salmonella biofilm formed on redox active PEDOT composites. (i) Photograph of a crystal violet-stained polyester surface
showing the presence of the biofilm formed after 24 h on the PEDOT surface. (ii) Schematic showing the experimental structure of the device. (iii)
Optical micrographs showing the formation of biofilm under different redox states of the various PEDOT composites. Adapted with permission from
ref 230. Copyright 2017 SpringerNature under Creative Commons Attribution 4.0 International (CCBY 4.0) License, https://creativecommons.org/
licenses/by/4.0/.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00539
Chem. Rev. XXXX, XXX, XXX−XXX

N

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig13&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adsorbed fibronectin.188 A systematic work by Lundin et al. later
showed the effects of various counterions for PPy, such as
dodecylbenzenesulfonate, tosylate, perchlorate, and chloride, on
the biocompatibility of NSC cultures. It was found that doping
PPy with smaller dopants may lead to a loss of biocompatibility,
due to the gradual leaching of dopants under physiological
conditions.232 Herland et al. demonstrated the use of PEDOT
with heparin as counterion for immobilizing fibroblast growth
factor-2 (FGF2), resulting in an electrochemical bioswitch. In
the neutral state, the surface promotes the presence of FGF2
supporting proliferation of NSCs but inhibiting their differ-

entiation. Electrochemical oxidation, on the other hand,
decreases the bioavailability of FGF2, resulting in a decreased
proliferation but increased differentiation into neural cell
types.233

In another study, PEDOT:Tos was used to enable control of
fibronectin conformation over macroscopic areas and assessed
via Förster resonance energy transfer (FRET) imaging.234 In an
effort to analyze quantitatively and at a molecular level the
interactions between single cells and the CP surface, Zhang et al.
utilized single cell force spectroscopy combined with electro-
chemical AFM. It was found that the electrochemical switching

Figure 14. Schematic illustrations of CP-based devices used for in vitro studies.

Figure 15. CP-based electrodes: typical measurement output and architectures. (a) Typical response of the impedance magnitude as a function of
frequency, the stimulation profile upon a biphasic current pulse, and the signal-to-noise ratio for a flat metal electrode (gray dashed lines) and for a CP-
coated metal electrode (balck solid lines). Adapted with permission from ref 87. Copyright 2017 The Authors, published by AAAS under the terms of
the Creative Commons Attribution license, https://creativecommons.org/licenses/by/4.0/. (b) Typical response of the impedance and phase spectra
recorded when a barrier tissue is formed directly on the surface of a CP-coated electrode. Adapted with permission from ref 252. Copyright 2019 The
Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Large area PEDOT:PSS coated kapton flexible electrode. Adapted
with permission from ref 84. Copyright 2013WILEY-VCHVerlag GmbH&Co. KGaA, Weinheim. (d) Transparent microelectrode arrays made with
PEDOT:PSS to allow simultaneous optical and electrical measurements of primary cortical cell cultures. Scale bars: left, 1 cm; right, 100 μm. Adapted
with permission from ref 260. Copyright 2021 The Authors. Advanced Science published by Wiley-VCH GmbH under the terms of the Creative
Commons CC BY license, https://creativecommons.org/licenses/.
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alters the properties of the molecular bonds as well as the force,
the stiffness, and the wettability of the surface.235 Another study
showed that the effects of electrically switchable surfaces on cell
growth can be dependent on the cell type.236

More recently, a comprehensive characterization approach
comprised of electrophysiology, X-ray spectroscopy, and AFM
was used to monitor redox switching effects on thickness (or
volume) of PEDOT:PSS films. Interestingly, the authors were
able to observe a change in the volume of the film and the
concentration of ions, indicative of sponge-like behavior. This
effect was found to modulate the electrochemical equilibrium at
the film−liquid interface, which in turn can dynamically
influence cell adhesion and proliferation.229 The electro-
chemical tunability of CPs has also been tested for microbiology
applications. A representative study by Carretero et al.
demonstrated the use of PEDOT composites to regulate
bacterial (Salmonella typhimurium) metabolism via redox state
alterations230 (Figure 13b). Bacteria/CP interfaces and
interactions will be covered in section 3.2.3.
The above-mentioned studies further highlight the superior

processability and chemical tunability of conjugated polymers.
The incorporation of novel techniques has opened new
directions in fine-tuning the surface topography and properties
of CPs fit for purpose, substantially improving cell−chip
coupling.

2.3. Organic Bioelectronic Devices

A wide range of bioelectronic devices are used to monitor or
stimulate cellular activity. The electroactive area of these devices
is made either solely from CPs or from CP-based material
composites, in direct contact with the cells. These materials can
be micropatterned using lithography237 and solution processing
techniques on both glass and flexible substrates.238 Figure 14
illustrates the commonly used device types, including electrodes,
transistors, ion pumps, photoactuators, and nonplanar/3D
devices. This section will describe in detail how each of these
devices operate and are used for translating biological events in
vitro into electrical signals. Three-dimensional devices are
described in section 3.3.
2.3.1. Electrodes. A CP coated on a metal electrode lowers

the impedance per unit area by several orders of magnitude,84

due to the high volumetric capacitance of CPs239,240 (Figure
15a). This property can significantly decrease the footprint of
the electrodes without sacrificing their sensitivity, that is, the
signal-to-noise ratio (SNR).241 The stimulation profiles of such
electrodes are also improved for a given biphasic current pulse,
and the recording quality is enhanced making the electrodes
sensitive to smaller ionic signals arising from cellular activity.242

In addition, the soft and dynamic nature of CP coatings can
improve the biotic/abiotic interfacing for both short-term and
long-term operation.243

Owing to a simpler device design compared to three-terminal
devices, electrodes can be microfabricated in dense arrays (i.e.,
microelectrode arrays, MEAs), typically used for in vitro
recordings and stimulation of electrogenic cells.244,245 PE-
DOT:PSS-based MEAs have been successfully used to monitor
neuronal activity with improved SNR,246 owing to the intimate
bioelectrode interface and inherent low impedance.247 Alter-
native ways to improve coupling include nanostructuring, as well
as the addition of 3D structures.248,249 These CP-based
electrodes are used for electrochemical measurements such as
electrochemical impedance spectroscopy (EIS), chronoamper-
ometry (CA), and cyclic voltammetry (CV) to extract the

parameters relevant for the in vitro biological system being
studied. Apart from neuronal recordings and stimulation, CP-
coated electrodes are used to monitor the formation of barrier
tissue from nonelectrogenic cells in vitro250 (see section 3.2).
The formation of a biolayer on the surface of CP-coated
electrodes increases the impedance in the midfrequency range
(Figure 15b).251,252 Similar impedance responses are observed
when PEDOT:PSS electrodes are interfaced with cell
membranes, (see section 3.1).253

Advances in microfabrication enable the realization of
electrodes with customized features to accommodate specific
biological needs (Figure 15c).254,255 For example, Susloparova
et al. showed that low impedance, highly transparent MEAs
made of PEDOT:PSS alone, without the use of gold pads, could
be used to probe the activity of neurons in vitro.256 The
transparency of PEDOT:PSS was utilized by Middya et al. to
fabricate MEAs that are able to monitor cell activity with both
optical imaging and electrical measurements257 (Figure 15d).
Finally, solution processed CP coatings allow the employment
of printing techniques like inkjet258 and screen printing,259

which significantly simplifies fabrication of electrodes and large
area MEAs. It is worth noting that PEDOT:PSS coated gold
electrodes are already commercially available in a variety of form
factors.

2.3.2. Transistors. All transistor technologies used for
organic bioelectronics are considered a part of the organic thin-
film transistor (OTFT) family.261 The channel is made of
organic semiconductors (often CPs) patterned between source
and drain contacts and in direct contact with a dielectric/gate
electrode couple.262 Upon application of a drain−source voltage
(VDS), electronic current flows through the CP in the channel. A
voltage that is applied at the gate (VGS) drives charges to the
gate/dielectric and channel/dielectric interfaces and controls
the current flow. Transistors used as organic bioelectronic
interfaces for in vitro studies are required to operate in liquid,
often in physiologically relevant electrolytes and in direct
contact with tissue. The electrolyte, owing to its high ionic
conductance, functions as the dielectric used in solid state
OTFTs connecting the external gate. Consequently, an
application of a gate bias drives electrolyte ions toward the CP
channel and modulates the current flow. Cells can be cultured
directly on the transistor surface and ionic biological signals are
recorded as electronic signal changes due to the modulation of
the current flowing in the transistor channel.263

Electrolyte gated OTFTs can be broadly categorized as
organic electrochemical transistors (OECTs)264 and electrolyte
gated organic field effect transistors (EGOFETs).265 OECTs are
made from CPs that support mixed ionic and electronic
conduction (see section 2.1, materials) allowing ions to
penetrate into the bulk of the film and interact with electronic
charges within the whole volume of the OECT channel.264 In
contrast, EGOFETs are usually made of “rigid”, highly
crystalline CPs or small molecules that are ion impermeable
limiting the ion−electron interactions to the (2D) electrolyte/
channel interface (Figure 14).266 The following section
describes in detail the principles of operation of OECTs and
EGOFETs and the different device architectures used for in vitro
bioelectronic applications. Other transistor devices have been
recently realized and show promise to expand the capabilities of
transistor interfaces used for in vitro bioelectronics. Duong et al.
demonstrated the liquid−liquid phase separated (LiPS) device
allowing for fabrication of OECTs gated with an organic
solvent−aqueous electrolyte phase separated liquid. The LiPS
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architecture expands the library for OECT-compatible oper-
ation to hundreds of water-insoluble materials that have been
developed for traditional thin film electronics.267 Another novel
design demonstrated by Spyropoulos et al. is the internal-ion
gated transistor, which uses contained mobile ions within the
conducting polymer channel to permit ultrafast response time
and allow the monitoring of fast biological events of living
organisms.268

2.3.2.1. Organic Electrochemical Transistors. A number of
recent comprehensive reviews cover in detail several aspects of
OECT technology such as device physics,269 CP-based channel
materials,123 and general overview and advances.264,270 OECTs
can not only transduce ionic biological activity into detectable
electronic signals, but in some cases amplify it at source. The
volumetric interaction of ionic and electronic charges within the
CP channel is the origin of the high transconductance (gm), and
hence amplification, of OECTs when operated at low VDS and
VGS, typically between 0 and 0.6 V.271,272 The value of gm is
dependent on the thickness and the overall volume of the
channel,109 scaling linearly with the CP thickness and the
channel volume (Figure 16 a).272 A typical bandwidth OECT
profile (i.e., transconductance vs frequency over a wide range of
frequencies) with a cutoff frequency value in the kilohertz range
is shown in Figure 16b.
2.3.2.1.1. OECT Types. PEDOT:PSS is the dominant OECT

channel material used to date. As PEDOT:PSS is doped, the
resulting OECT devices operate in the depletion mode (i.e.,
application of a gate bias dedopes the channels) (Figure 16c).

Enhancement mode (or accumulation mode) OECTs can be
also realized when undopedCPs are used as the channel material
(Figure 16d). In that case, the device is initially in the OFF state
and application of a gate bias dopes the CP. Albeit less
established, enhancement mode OECTs show great potential to
expand the implementation of these devices in circuits for
bioelectronics.138 In addition, as recently shown by Venkatra-
man et al.,271 enhancement mode OECTs can be successfully
operated in the subthreshold region of operation exhibiting high
voltage gain and low power consumption. The OFF-to-ON
transition can thus be very appealing for biosensing applications,
for example, where the binding event turns the device ON. One
prime example of undoped CPs used in enhancement mode
OECTs is the p-type material p(g2T-TT)129 (see section 2.1)
that exhibits high gm and has been used for in vitro studies.273 n-
Type enhancement mode OECTs have also been developed and
used as OECT-based biosensors147 and complementary logic
circuits,138 despite being underperforming compared to p-type
OECTs.

2.3.2.1.2. Biointerfacing, Measurements, and Figures of
Merit. Integration of cells with the OECT can either be direct or
indirect. Examples of the latter include cells suspended within
the electrolyte between the gate and the channel or supported by
Transwell membranes located above the channel.271 Typically,
the measurements performed to monitor cellular activity are
transient,60 for example, bandwidth of the device (monitoring
the gm over a range of frequencies). For example, formation of
biolayers, such as barrier tissue,274,275 or cell membranes,253

Figure 16. (a) Scaling of capacitance of PEDOT:PSS-based OECT channels with volume (W × L × d). Reproduced with permission from ref 109.
Copyright 2015 The Authors, published by AAAS under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0),
https://creativecommons.org/licenses/by-nc/4.0/. (b) Typical transconductance vs frequency graph (bandwidth) of PEDOT:PSS-based OECTs.
This graph is used to extract the cut-off frequency of the device. Reprinted with permission from ref 272. Copyright 2013 The Authors, published by
SpringerNature under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License http://creativecommons.org/licenses/by-
nc-nd/3.0/. Output curves of OECTs made of (c) PEDOT:PSS operating in depletion mode and (d) semiconducting polymers (n- or p-type)
operating in enhancement mode (or accumulation). For both modes of operation, the output curves are the steady-state transconductance of the
device. Adapted with permission from ref 282. Copyright 2020 The Authors, published by MDPI under Creative Common CC BY license, https://
creativecommons.org/licenses/by/4.0/. (e) Bandwidth of OECTs with (square symbols) and without (circles) cells. The cut-off frequency is
significantly reduced when a cell layer is formed on the channel surface. Adapted with permission from ref 283. Copyright 2018 Elsevier B.V. (f)
Response time measurements of the OECTs before and after the formation of the biolayers that tightly seal the surface of the channel. Adapted with
permission from ref 277. Copyright 2017 Elsevier B.V.
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between the OECT channel and the gate affects the ionic flux
reducing the bandwidth of the device (Figure 16e) and the
cutoff frequency. Cut-off frequency is typically the figure ofmerit
to characterize ion permeability of the biolayers (see section
2.4). The latter is a result of the physical barrier that cells form,
which impedes the ion flow between the electrolyte and the CP
channel.276 Similarly, this effect is pronounced in the response
time of the device (i.e., how fast the drain current responds upon
a gate pulse), which is another parameter or figure of merit to
evaluate the biolayer quality (Figure 16d).275,277,278 Current-
driven OECTs were also developed recently for monitoring cell
barriers in vitro.274 In this mode of operation, application of a
voltage at the gate (Vin) is used to control doping of the channel,
and a current generator applies a current bias (Ib), allowing
measurement of the output voltage (Vout). Compared to state-
of-the-art OECT devices, current-driven OECTs can overcome
limitations related to voltage operation and ion sensitivity. The
ability of such devices to tune the bias current greatly extends
their operation window without inducing harmful redox
reactions that can affect the adapted biological systems. This
device operation approach has been already applied for the
monitoring of barrier properties of cell layers279 and will benefit
new developments in complementary OECT circuits.280

Importantly, the transparency of PEDOT:PSS channels
provides the advantage to evaluate cells and tissue with
simultaneous electrical and advanced optical measure-
ments.253,281

2.3.2.1.3. OECT Architectures. Since their development in
the 1980s,284 organic electrochemical transistors (OECTs) have
undergone a substantial transformation. The original OECT
device architecture consists of an array of three gold electrodes
(S-D-G) in plane with PPy as the channel (Figure 17a). To date,
the most commonly used architecture comprises a CP channel
between source and drain contacts with an external gate
electrode immersed in the electrolyte solution, as illustrated in
Figure 14. Another OECT architecture that is particularly
interesting for in vitro studies is the planar gate OECTs, where
the CP channel is microfabricated in plane with the gate (Figure

17b). The gate and channel dimensions can be tuned to
maximize gating efficiency and current modulation of the
channel.285 All PEDOT:PSS planar gate OECTs are also
utilized, where both the gate and channel are made of
PEDOT:PSS providing more flexibility during processing
together with efficient gating (Figure 17c).285 Vertical organic
electrochemical transistors, where the channel is sandwiched
between the source and drain contacts vertically, were also
demonstrated (Figure 17d).286 This OECT architecture reduces
the device footprint and allows for dense arrays to be made
without sacrificing transconductance. Interdigitated OECTs
represent another interesting device architecture explored for in
vitro applications.287 These devices feature superior gm at small
device areas compared with single channel OECTs, which can
be tuned by changing the channel length and width and the
number of electrode fingers (Figure 17e). Importantly, different
deposition and patterning techniques on flexible and stretchable
substrates demonstrate the unique form factors that can be
achieved with these devices (Figure 17f).

2.3.2.2. Electrolyte Gated Field-Effect Transistors (EGO-
FETs). EGOFETs use a conjugated polymer (or small molecule)
patterned between a source and drain contact and gated with an
electrode immersed in aqueous electrolyte. Upon gating,
electronic charges from the polymer semiconductor are driven
by voltage at the interface with the electrolyte and electrostati-
cally interact with ions.291 The accumulation of charges at the
interface results in two electrical charge double layers: one at the
channel/electrolyte and one at the gate/electrolyte interface
with remarkably high double layer capacitance.292 This principle
of operation is utilized to build ultrasensitive EGOFET-based
biosensors able to detect single molecules of analyte.135,293 For
the vast majority of EGOFETs used as biosensors, the figure of
merit is the threshold voltage (Vth), which is the minimum VGS
needed to create a conducting path between the source and
drain (i.e., turn the device ON). When, for example, a binding
event occurs, Vth shifts to either higher or lower values
depending on the (bio)molecules added. Other figures of
merit include the subthreshold swing, charge carrier mobility

Figure 17. (a) Architecture of the first OECT device reported. Reprinted with the permission from ref 284. Copyright 1984 American Chemical
Society. (b) OECT with PEDOT:PSS coated gold gates in plane with the channel fabricated on glass. Reprinted with permission from ref 288.
Copyright 2021 AIP Publishing. (c) All PEDOT:PSS OECT, comprising a PEDOT:PSS channel and a PEDOT:PSS planar gate. Adapted with
permission from ref 285. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Vertical OECT configuration. Reproduced with
permission from ref 286. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Architecture of interdigitated OECTs gated with
an external Ag/AgCl gate. Reprinted with permission from ref 289. Copyright 2021 American Chemical Society. (f) OECT arrays fabricated on
flexible/stretchable substrates. Reproduced with permission from ref 290. Copyright 2018 The Authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. No claim to original U.S. Government Works. Distributed under a Creative Commons
Attribution NonCommercial License 4.0 (CC BY-NC), https://creativecommons.org/licenses/by-nc/4.0/.
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(μ), and transistor output current.294 For a comprehensive
summary on EGOFET-based biosensors, we recommend other
recent reviews.295,296

Despite their remarkable sensitivity to capacitance changes,
the main limitation of EGOFETs as direct interfaces for in vitro

bioelectronics is the relatively high voltage required for
operation. Operation in aqueous, physiologically relevant
electrolytes dictates voltage operation of <|1 V| to avoid
electrolysis of water. In practice, the operational voltages must
be as low as possible since CPs act as catalysts and facilitate

Figure 18. EGOFET device architectures used for in vitro studies. (a) EGOFET device used for in vitro studies of cardiomyocytes. Reprinted with
permission from ref 304. Copyright 2020 Elsevier. (b) Double gate EGOFET used to study cells in vitro at low operation voltages. Adapted with
permission from ref 302 Copyright 2017 American Chemical Society. (c) Device design and operation principles of organic charge modulated field
effect transistors. Reprinted with permission from ref 57. Copyright 2015 The Authors, published by Springer Nature under a Creative Commons
Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/.

Figure 19. Schematic showing the device configuration and the working principle (a) of a potential ion selective OEIP and (b) a cation selective OEIP.
Adapted with permission from ref 307. Copyright 2019 The Authors, published by IOP Publishing Ltd. under the terms of the Creative Commons
Attribution 3.0 license, https://creativecommons.org/licenses/by/3.0/. (c) Schematic illustration of the OEIP. The PEDOT:PSS electrodes are
connected by cation selective polyelectrolyte channels. The SU-8 layer serves as insulation and encapsulation layer with defined openings for the
electrolytes. Reproduced with permission from ref 310. Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Top view of an
OEIP array with six individually addressed channels in parallel. Arrows point to six delivery points in a common target electrolyte. Reproduced with
permission from ref 311. Copyright 2016 The Authors, published by AAAS under Creative Common Attribution-NonCommercial 4.0 International
(CC BY-NC 4.0), https://creativecommons.org/licenses/by-nc/4.0/.
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oxygen reduction reactions at voltages lower than 1 V,297 with
severe impact on both cell culture and material stability.298

EGOFETs that operate below 1 V were successfully
demonstrated; however, at this low voltage operation regime,
the current and transconductance are significantly lower
compared with OECTs. To overcome the limitations of high
voltage operation, special device designs allow EGOFETs to
take advantage of the ionic contributions to the overall current
and operate in the voltage range below 1 V.299 Nevertheless,
these devices are stable and compatible with cell culture
conditions300 and have been explored for in vitro bioelectronic
studies.266 The different EGOFET device designs and their
exact mechanisms of operation were recently reviewed by
Torricelli et al.299 A few examples are also given here. Kyndiah et
al. proposed an EGOFET for recording the extracellular
potential of cardiac cells, which was operated at VG = −0.7 V
and VD =−0.5 V. In addition, the device surface was coated with
Matrigel to favor the adhesion of cardiac cells (Figure 18a).301 In
another study, Zhang et al. reported a double gate transistor
based on highly crystalline DPP-DTT CP channel.302 This
device design, shown in Figure 18b, involves a gate immersed in
the aqueous electrolyte that is controlled by an additional
bottom gate separated from the gate dielectric. With this design,
the threshold voltage of the channel can be tuned in a voltage
window that is safe for the cells and used to monitor the
detachment of human mesenchymal stem cells. Another
approach to lower the operational voltage of EGOFETs was
introduced by Desbief et al., who used EGOFETs with Au
nanoparticles embedded on organic small molecule (i.e.,
pentacene)303 to interface with neuroblastoma cells. A floating
gate, interconnected with an EGOFET, on which cells are
cultured can also be used. This device can be operated in liquid
environments at low voltages without any external reference
electrode and is termed an organic charge modulated FET

(OCMFET).266 Spanu et el. optimized this device architecture
to record the electrophysiological activity of cardiac cells in vitro,
and their device design and operation principles are shown in
Figure 18c.57

2.3.3. Ion Pumps. Ion pumps operate as drug/therapy
delivery devices transferring ions from one side of a membrane
to the other, in analogy to ion pumps found in cell membranes.
The organic electronic ion pump (OEIP) interconnects two
isolated electrolyte regions through an ion exchange membrane
to selectively deliver ions or charged molecules and stimulate
cells locally.305 One electrolyte region contains the ion or drug
to be delivered (the source), and the other electrolyte is the
target, in which cells or tissue can be attached.306 When
potential is applied between the two electrolyte reservoirs, ions
are selectively delivered through an ion exchange membrane to
the target electrolyte. A schematic of a typical OEIP setup and
the operation principles are shown in Figure 19a,b. In this case, a
p o l y c a t i o n i c m e m b r a n e m a d e o f p o l y -
(diallyldimethylammonium chloride) (pDADMAC+) was used
to selectively deliver anions and a polyanionic membrane made
of PSS− was used to selectively deliver cations to the target
electrolyte.307

The ion delivery or drug dose can be finely tuned by the
current run through the channels.308 Device design can also be
tuned to regulate the delivery in a defined space within the target
electrolyte.309 For example, Tybrandt et al. demonstrated an
OEIP comprising PEDOT:PSS channels connected with a
cation selectivemembrane to deliver acetylcholine, which will be
discussed below in section 3.4.2 (Figure 19c).310 Furthermore,
ion pumps can be constructed in arrays to deliver drugs and ions
at multiple local points and at the same time. As shown in Figure
19d, Jonsson et al. designed an array of parallel structures and
demonstrated the simultaneous delivery of neurotransmitters
from 6 individually addressed outlets in parallel with a temporal

Figure 20. (a) Early photoactuation studies using a single semiconducting polymer film (P3HT) coated on ITO/glass substrates to stimulate neuronal
cultures in vitro. Reproduced with permission from ref 321. Copyright 2015 The Authors, published by Springer Nature under a Creative Commons
Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/. (b) Photoactuators made of CPs in a p−n junction
configuration. Reproduced with permission from ref 322. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Mechanisms of
photoactuation on cells mediated by an absorbing conjugated polymer. Reproduced with permission from ref 326. Copyright 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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resolution of 50 ms.311 In this case, the cation-selective
membranes were made of overoxidized PEDOT:PSS coupled
with the anion-permselective quaternized poly(vinylbenzyl
chloride) (qPVBC). Interestingly, it was shown that OEIPs
can be also integrated with electrodes to chemically stimulate
and sense the changes at the same local point of the culture308 or
operate autonomously after being powered wirelessly by an
integrated organic solar cell.312 OEIPs are more suitable for
delivery of small ions that can penetrate the polyionic
membranes such as protons,313 glutamate,314 potassium315

and chloride.316

2.3.4. Photoactuators. Photoactuators are devices that
modulate cell activity through optical stimulation mediated by
organic semiconductors, with high temporal and spatial
resolution. This concept led to some impressive results,
including the restoration of vision in blind animals.317,318 In
general, using exogenous functional materials to selectively
manipulate cell activity is considered a far less risky approach
compared to optogenetics.319

These devices also attracted significant interest because of
their simple setup,320 which has been illustrated by Martino et
al.321 and is reproduced in Figure 20a. Incoming light is
transmitted through the transparent conducting substrate
(glass/ITO), absorbed by the photosensitive CP (P3HT in
this case) and converted into a cue, modulating activity of cells
directly cultured on its surface. The photosensitive component
can be also made with a CP layer stack (or organic conjugated
small molecules) to form light sensitive p−n junctions (Figure
20b).322 The exact mechanisms of photostimulation using
organic semiconductors are still under investigation and so far,
three major mechanisms are proposed: photocapacitive,323

photo(electro)chemical,324 or photothermal stimulation321

(Figure 20c). Hence, CPs can convert light into a cue and can
modulate the cell membrane potential of cells that are usually in
direct contact with the semiconductors. However, decoupling
photochemical and photocapacitive effects is complex and
requires the design of controlled photo-electrochemical
measurements.325 For more detailed explanation about the
photostimulation mechanisms using organic photoactuators, we
recommend reading the review by Hopkins et al.326

A large number of organic semiconductors can be used for
photoactuation on cells, chosen mainly from the wide library of
materials that have been successfully used in solid-state
optoelectronic devices. These materials show distinct optical
and electronic properties and can be used to tune the sensitivity
of the device at different light wavelengths327 and intensities.328

The Głowacki group recently reported the development of p−n
junctions based on conjugated small molecules and used them
for optical stimulation of single cells329 and neuronal cultures in
vitro322 through photocapacitive effects. Earlier pioneering
studies from Lanzani and co-workers reported blends of organic
semiconductors comprising the p-type P3HT and n-type
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) to trigger action potentials in neurons upon light
illumination.134 Interestingly, photoactuation of cells mediated
by polymer semiconductors was found to modulate the behavior
of nonelectrogenic cells. A light sensitive CP interface was
demonstrated to modulate the cell membrane potential of
astrocytes,330 as well as to regulate the fate of endothelial colony-
forming cells through photochemical reactions.324 In addition to
CP thin films, nanoparticles made of CPs have also been used to
control cellular activity with light. Zangoli et al. used
polythiophene-based nanoparticles functionalized with amines,

to polarize the membrane of live HEK-293 under illumina-
tion.331 Finally, photoactuators based on CPs have been used to
optically trigger the redox states of specific proteins,332 modulate
the formation of reactive oxygen species in cell cultures,333 and
control the intracellular redox equilibrium in model organ-
isms.334

2.4. Modeling Organic Bioelectronic Devices for In Vitro
Applications

This section covers the various types of modeling that have been
or can be applied for the design, analysis, and simulation of
complex biological systems. We focus on the two predominant
approaches, empirical modeling (data-driven) and analytical
modeling (simulations), discussing the advantages and
disadvantages of each approach and give examples on their use
for (a) extracting information to better understand biological
systems that are interfaced with organic electronic transducers
and (b) studying the relationship between device operation,
figures of merit, and physical parameters (such as geometry and
material composition) to design bioelectronic devices with
optimized performance for specific applications.
Data-driven approaches are typically referred to as regression.

In practice, a model that corresponds to an equation relating the
input to a measured output is proposed, where the unknown
parameter values (proportionality constants, offsets, etc.) are
varied in order to maximize the fit of the model to the
experimental data. The most crucial aspect of this approach is
the selection of the right model that will provide the relevant
information on the nature of the system under investigation. It
should be noted that different models, with different parameters,
may yield similar fits. Hence, in order to enhance the reliability
of the model, components or subunits that exhibit (input−
output) behaviors that mimic known, decoupled physical
phenomena are preferred. The most common approach to this
is to model phenomena within the system as equivalent circuit
elements.335 In contrast, elucidating relationships between
device design parameters and device operation requires
analytical derivations of the coupled physical processes within
the system. While the empirical approach is useful for extracting
information on the state of a system with a well-defined
operating mechanism, this analytical approach allows for the
operating mechanism to be better understood, thus informing
the interpretation of empirically determined parameters or
figures of merit and used to optimize device design. Deriving
analytical expressions is, however, a challenging task, involving
assumptions. To more accurately model complex systems,
closed-form analytical expressions can be applied, such as finite
element modeling (FEM) or finite difference modeling (FDM).
Such simulations can enable interrogation of the relationship
between device design and performance.
In the context of in vitro bioelectronics and CPs, which are

mixed ionic and electronic conductors, the nature of the
interface between ionic and electronic domains constitutes a
core component in both types of models. To date, device
modeling in the in vitro arena has been largely restricted to
devices derived from ion-impermeable CPs, used in EGOFETs,
and ion-permeable CPs (mixed conductors), used in OECTs,
with both material types also used as electrodes. For the former,
given that ionic flux is restricted to the electrolyte and electronic
flux to the organic conductor, coupling between these domains
is mediated by an electric double layer (EDL) at the conductor
surface. In terms of CPs, however, there remains some debate as
to the exact mechanism of interfacing,124 due to the mixed
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conduction properties exhibiting primarily capacitive behav-
ior.106,110 Consequently, the majority of models currently
employed toward in vitro applications revolve around this
capacitive element.
2.4.1. Analytical Modeling. As stated above, analytical

modeling has largely been restricted to improving understanding
of the operation of organic transistors (see section 2.3.2),
improving our understanding of the relationship between the
operational parameters, figures of merit, and device geometry
(and material).
2.4.1.1. Deriving the Figures of Merit of Organic

Transistors. The primary figure of merit for a transistor is the
quasi-static transconductance (gm), which refers to the
efficiency of the gate to modulate the channel conductivity,
and is defined as
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where Id and Vg are the steady state drain current and gate
voltage, respectively, and id and vg are the small signal drain
current and gate voltage, respectively. Q is the system operating
point, defined as {Vg,DC, VD,DC}. An additional figure of merit is
the small signal bandwidth, or the cutoff frequency at which the
transient transconductance (gm = ∂id/∂vg) decreases by 3 dB.
The bandwidth of the transistor describes the fastest signal
(highest frequency) that can pass through the system without
being attenuated, and consequently, it reflects the fastest
(biological) event that can be transduced by the sensor. A
similar parameter is the system time constant (τ) or response
time, which refers to the time taken for the system to respond to
a step input. While the time constant is not limited to the small
signal domain (unlike gm), it is also a measure of the system
bandwidth reflecting the ability to respond to transient signals. It
should be noted, that a systemmay havemultiple time constants,
referring to different physical processes as well as to different
classes of system inputs (for example, OECTs have been known
to exhibit nonsymmetrical time constants for rising and falling
pulse inputs).301 Finally, owing to their central role in dictating
sensor performance, important figures of merit are the (ion and
hole) mobilities (μ) and the interfacial capacitance (C*). The
primary difference between EGOFETs and OECTs from a
modeling perspective is that the interfacial capacitance of an
EGOFET is a function of the surface area of the CP exposed to
the electrolyte, while that of an OECT is a function of the
volume of the CP. Below we discuss the relationships between
the figures of merit and device performance and the device
geometry and material design criteria, which have been
concluded from analytical and numerical modeling and
simulation.
2.4.1.2. Modeling Organic Transistors. The most widely

employed transistor configuration in bioelectronics is the
OECT, described in section 2.3.2.1. While the popularity of
this architecture has driven much of the modeling interest, an
additional reason for the skew between OECT and EGOFET
modeling efforts is the relative similarity of the EGOFET to
classical transistors. In particular, the interfacial capacitance in
an EGOFET arises from an EDL formed on the surface of the
channel, which can be effectively modeled as a thin (on the order
of nanometers), parallel plate capacitance isolating the gate from
the channel, where the charge on the capacitance dictates the
degree of doping/dedoping.336 Clearly, this is equivalent to the
capacitance in metal oxide semiconductor field-effect transistor

(MOSFET) devices due to the polarization of the metal oxide
dielectric, with the primary difference being the order of
magnitude of the capacitance. OECTs, on the other hand,
represent a greater modeling challenge, due to the mixed
conduction of their CP channels and the distributed capacitive
coupling present throughout the volume of the channel, which
violates standard assumptions in transistor modeling, such as the
gradual channel assumption. In particular, Kaphle et al. examine
the ability of common CPs to conduct both ionic and electronic
charge carriers within the polymer bulk.337 It is shown
empirically and numerically (by way of finite element
simulation) that this property results in the lateral mass transfer
of ionic charge carriers along the channel, mediated by
concentration dependent diffusion and local electric field
dependent migration (drift). The ionic flux within the channel
is therefore a function of the gate potential as well as the drain
potential and the gate geometry and placement relative to the
channel in space. This results in the concentration of ionic
species within the CP varying nonlinearly along the channel,
aggregating in proximity to the drain terminal, and resulting in a
space charge concentration that is not solely a function of the
gate potential and the channel potential at a particular lateral
position, thus violating the gradual channel assumption. This
being said, the gate capacitance in EGOFETs does depart from
standard parallel plate capacitance as it is voltage dependent.
Furthermore, while the (inner) Helmholtz layer dominates the
capacitance and is well approximated by a parallel plate model,
the diffuse layer, extending into the bulk of the electrolyte also
contributes to the net capacitance; more recent modeling
approaches have been employed to further examine the exact
structure of the EDL.338

2.4.1.3. OECT Modeling. A model of seminal importance in
understanding OECTs is the Bernards−Malliaras (B-M)
model.339 The B-M model posits that the OECT consists of
an ionic and an electronic circuit, where the ionic circuit is
modeled as an electrolyte resistance in series with the coupling
capacitance described above, while the electronic circuit is
modeled as a polymer (hole) conductivity, which is a function of
the charge on the coupling capacitor. The coupling capacitor is
the electrostatic linkage between ionic flux in the ionic circuit
and electron/hole drift in the electronic circuit, a non-
communicating interface that allows information to be shared
between the two domains. The B-M model focuses on OECTs
where the active material is PEDOT:PSS, and therefore the
coupling capacitance in question takes the form of EDLs at the
interface between the PSS template and the PEDOT crystallites.
However, due to the relatively abstracted nature of the B-M
model, the concepts may potentially be applied to OECTs
fabricated using other active materials, where the principal
difference is likely to be whether the coupling capacitance is a
function of the active material volume (as in PEDOT:PSS) or it
is exposed surface area. The B-M model conceptualizes the
coupling function of the interfacial capacitance as occurring by
way of displacement, a unit of charge accumulated on the
coupling capacitor results in a hole (polaron) being displaced
from the PEDOT bulk into the (gold) substrate, inducing an
electronic current. The resulting decrease in hole density in the
CP corresponds to a decrease in the electronic conductivity of
the CP. In this way, ionic current is measurable as both
electronic current and channel conductivity modulation,
corresponding to the two primary uses of CPs as electrodes
and transistors. As per the definition of capacitance, the charge
accumulated on the coupling capacitor is a function of the
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magnitude of the capacitance (and hence the active material and
geometry) and the potential difference developed across the
capacitance. The potential across the capacitive interface is a
function of the applied gate potential, with the two related by the
first order dynamics of the ionic circuit, mediated by the ionic
time constant, τi. Thus, the gate voltage is related to the channel
conductivity by way of the ionic circuit transient dynamics, the
geometry, and material composition of the system, which
illustrates the reliance of the transistor action on these system
properties that are linked to the system’s figures of merit.
While various improvements and adaptations of the B-M

model have been proposed,340 the most pertinent one for in vitro
applications has been the understanding gained on the
relationship of the device geometry to its performance.
Specifically, an important aspect of the B-M steady state
model, as discussed by Friedlein et al.,269 is an analytical
description of the (quasi-static) transconductance of the device.
It is shown that
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where Ci* ≔ Cinterface* is the (channel) capacitance per unit
volume, W, d, and L are the channel dimensions, and gm is the
quasi-static transconductance. Further empirical investigations
have shown that
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which implies that269

τ ∝ d WLi (4)

The first important deduction from this set of proportionalities
is that there exists a trade-off between the device trans-
conductance and the response time (mediated by the time
constant, RsCi*, of the ionic circuit), which is a proxy for
bandwidth. The second deduction of note is the dependence of
the transconductance on the factor μpCi*, which refers to the
dependence of the device on both the electronic and ionic
circuits and, consequently, the material properties of the
system.123

As an addendum to the above, recent efforts have been made
to explicitly model the dual conduction of both polarons and
ions within the polymer bulk, thus incorporating both the drain
current components due to ionic mass transfer within the
polymer and the nonuniform spatial distribution of ions within
the channel, which yields spatially heterogeneous charging of the
interfacial capacitance. Szymanśki et al.341 simulated the device
in two dimensions and concluded that the B-M model
constituted an approximation for the system at low gate-channel
potential differences, with deviating behavior above a potential
difference of∼0.1 V. The so-called drift-diffusion equations have
been used most recently by Paudel et al.342 who demonstrated
that, when parasitic contact resistances were considered, the
geometric scaling was linear for small values of length and depth
but eventually saturated.

∝ −g 1 eWd L
m,max

/
(5)

2.4.1.4. Design Criteria for Efficient In Vitro Bioelectronic
Devices. The modeling approaches outlined above relate device
geometry, material, and modes of operation to the electronic
behavior of the device and thus allow for rational design of

systems used to interrogate or actuate biological systems in vitro.
In addition to this, analytical models may be used to better
conceptualize (and therefore improve) the mode of trans-
duction. In particular, the approach to using CP devices in vitro is
to incorporate the biological system into the bioelectronic
device, such that the state of the biological system alters the
device operation. Given that biological systems exist exclusively
in the ionic domain, transduction must necessarily occur by
designing the transducer so that the state of the biological system
is coupled to the (capacitive) mechanism that couples the ionic
and electronic domains in mixed conductors. In other words, the
biological system state must either affect the ability of ions to
compensate charged dopants within the polymer bulk or
modulate the efficiency with which the gate induces ionic
mass transfer into and out of the polymer. Given that biological
species can generally not infiltrate the polymer bulk, the latter is
the generally adopted approach. Examples of this approach
commonly include the introduction of cell layers or cell
components (membranes) that yield a region within the
electrolyte altering permittivity and ionic impedance, modulat-
ing mass transfer,343 and the catalysis of biochemical reactions at
the gate and drain electrode surfaces, which modulates the
electrode−electrolyte interfacial potential.344 The impact on
gating efficiency is modeled for the introduction of cell layers or
membranes as variations in the capacitance of the gate or the
impedance of the electrolyte solution,343 while modification of
interfacial potentials can bemodeled as variations in the effective
applied gate potential.344

A third approach to coupling biological state to gating
behavior is through biologically induced ionic mass transfer
wherein the depolarization of the membranes of electroactive
cells modulates local ionic concentrations, resulting in increased
ionic chemical potential and hence diffusion.61 While this
approach does not influence the efficiency of any physical gate,
the biological system can be modeled as a virtual gate with
varying applied gate potential.344

2.4.2. Empirical Modeling In Vitro. As discussed
previously, equivalent circuit modeling should largely be
considered a data-driven approach, wherein the impedance
function of the chosen model is projected onto the data, in order
to determine the circuit parameters that will yield an impedance
that best fits the data. A difficulty with this approach, as
mentioned above, is the ambiguous nature by which different
circuit elements contribute to the net impedance; to circumvent
this, a common workflow is to first model the acellular
component of the system and fit the relevant parameters from
reference data taken prior to the inclusion of the biological
component of the system. Then, by making the assumption that
the incorporation of a biological (sub)system does not change
the impedance characteristics of the acellular system, one may fit
the modeling parameters of the biological system from new
impedance data, while keeping the parameters of the acellular
component of the system constant.

2.4.2.1. Equivalent Circuit Modeling. Given the above, it is
pertinent to first consider the generic modeling considerations
for the acellular and then the biological components of
bioelectric systems. In EIS (and electrical-cell impedance
spectroscopy, ECIS), the acellular components of the system
that contribute to the overall impedance are generally the
electrodes and the electrolyte itself. As in the B-M model339

(discussed above), the electrolyte impedance can generally be
modeled as a simple resistance.345 The electrodes, however,
display an impedance that is a function of the electrode−
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electrolyte interface and therefore depends on the charge
separation, mass transport, and charge transfer phenomena
occurring at the electrode surface.346,347 Ideally, nonpolarizable
reference electrodes should be used for measurements that have
a constant potential drop across the electrode−electrolyte
interface. As such, in most cases, pseudo-reference electrodes,
such as Ag/AgCl, are used and generally modeled as simple
resistance. For long-term biological experiments, however, Ag/
AgCl has been shown to be toxic for cells,335 so it is common to
make use of polarizable electrodes, such as platinum or stainless
steel, which electrically couple to the electrolyte by way of EDL
formation. Similarly, as discussed previously, when CPs are used,
the interface between the ionic and electronic domains is
considered to be capacitive in nature. Typically, such
components of the (electrode) system are modeled as
contributing a (series) capacitive impedance. In terms of the
biological model and its impedance, while certain bioelectronic
applications involve functionalization of an electrode surface,
which alters the electrode−electrolyte interface and hence the
electrode impedance upon interaction with a bioanalyte,343,344

others involve introducing components of cells, such as cell
membranes276,348 or cell layers,349,350 into the ionic domain of
the system. The presence of the biological model alters the ionic
flow through the electrolyte, manifesting a measurable
impedance. In particular, the impedance is a measure of the
restriction to ionic flux through a membrane or between
adjacent cells. For cell layers, the former is known as the
transcellular pathway and the latter as the paracellular pathway,
as shown in Figure 21.
The impedance of the transcellular pathway is exclusively a

function of the membrane permittivity and conductivity, both of
which are significantly less than that of the interfacing
electrolyte. This necessarily yields a restriction to ionic flow
and a charge separation across the membrane, which is modeled
as a parallel resistance and capacitance, respectively. Naturally,
for whole cells, both the top and the bottom membrane
contribute such a parallel combination to the net impedance;351

however, these two parallel circuits, which are effectively

connected in series via the intracellular compartment, are
heavily confounded, and so the model is generally reduced to a
net parallel resistance and capacitance. Indeed, measurement of
discrepancies in polarized cells can only be achieved by
introducing a significant separation in the time constants of
the two parallel combinations, generally by introducing an ion
channel modulator into the apical compartment of the
electrolyte.335 The paracellular pathway is characterized by
intercellular junctions, which regulate the ease of ionic flow
between cells. This impedance is modeled as purely resistive and
is commonly referred to as the trans-epithelial/endothelial
electrical resistance (TEER).335,345 Given that the trans-
membrane (ion-channel) conductivity is generally significantly
greater than the TEER, the net impedance of the biological
component is modeled as the TEER in parallel to the membrane
capacitance, normalized by model area.
It can therefore be seen that the impedance of both cell

membranes and tissue or barrier layers can be modeled as a
resistance in parallel to a capacitance, which is in series with the
impedance of the electrodes within the system and the
electrolyte. In both instances, the capacitance is a reflection of
the membrane permittivity (although for complete cells this is
the amalgamation of the apical and basal membrane
capacitances). However, for cell layers, the parallel resistance
models the impedance to ionic flux between cells (TEER), while
in cell membranes, the parallel resistance models the impedance
to ionic flux through the membrane via the presence of defects
(i.e., ion channels) (Figure 22a). Thus, while modeling
conceptually different aspects of the biological systems, the
net model, shown in Figure 22a, is mathematically identical and
is the most commonly used model. Thus, this model shall
henceforth be referred to as the standard model.335,345,349 The
standard model has been used to extract information regarding
the temporal evolution of both cell membranes and tissue barrier
models from typical experimental data such as those shown in
Figure 22b. In particular, specific examples of applications to
membrane models are provided in section 3.1 and examples of

Figure 21. Impedance of a cell layer is determined by ionic flow via the paracellular and transcellular pathways. (a) The paracellular pathway is
characterized by tight intercellular junctions, which impede ionic flow resistively. Similarly, transmembrane ion channels modulate membrane
impedance resistively as a function of activation and expression. The decreased permittivity of the cell membrane allows for charge separation, modeled
as a capacitance. (b) General form of the magnitude of the impedance of the standard circuit. The differing magnitudes and positions of the four
elements results in a frequency domain decoupling, making it possible to extract parameter values. Adapted with permission from ref 349. Copyright
2013 BioMed Central Ltd. under Creative Commons Attribution 2.0 Generic License, https://creativecommons.org/licenses/by/2.0/. (c) The
electrode and electrolyte impedances are confounded; similarly, the membrane resistance is significantly larger than the TEER. The so-called standard
model approximates the true equivalent circuit accordingly.
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applications to cell layer or barrier models are discussed in
section 3.2.2.

3. INTERFACING ORGANIC BIOELECTRONICS WITH
CELLS

This section covers the state-of-the-art in vitro organic
bioelectronic applications for monitoring and controlling cell
cultures (mammalian and bacterial), starting from simple cell
membrane models to the typical 2D cell layers to complex 3D
cell cultures, and finally to organotypic cultures. Advances for in
vitro stimulation of cell cultures are also discussed.
3.1. Cell Membrane Models

The plasma membrane, also known as the “gatekeeper” of the
cell, is fundamental for studying interactions of cells with
compounds at the first point of contact. Developing cell-free
biointerfaces that mimic plasmamembranes is central for a range
of applications of in vitro bioelectronics and for drug
screening.353 The structure of the plasma membrane resembles
a mosaic of components, the main constituent being a
phospholipid bilayer that separates the internal volume of the
cells and preserves their chemical content, necessary for
biochemical functioning.354,355

Biomembrane mimetic systems can be purely synthetic (lipid-
only), purely natural, or a combination of both (Figure 23).
Integral membrane proteins provide directed transfer of
molecules, sometimes with simultaneous transfer of ions in the
same or opposite direction.356 Such transmembrane pores act as
ion channels, membrane transporters, and pumps and can be
switched on and off by external stimuli, including interactions
withmolecules or changes in pH or electric potential. Apart from
water, oxygen, and carbon dioxide that routinely pass directly
through the phospholipids in the cell membrane, larger
molecules including glucose, as well as drugs and pathogens,
may interact with the cell membrane and modulate ion channel
activity or enter the cell.353 Most of these functions can be
sufficiently reproduced by introduction of synthetic analogues
mimicking basic recognition properties of membranes. Hence,
the structure and composition of the cell membrane has often
been re-created in vitro, serving as an excellent simplistic model
to investigate cellular processes that occur at the surface of cells.
As most of those processes impact the overall ion permeability of
the membrane, a sensor system able to detect such changes is a
valuable tool.357 Combining such membrane models with
devices that are efficient ion-to-electron transducers, such as CP-
based devices, can offer unprecedented opportunities for sensing
membrane interactions that rely on ion exchange, translating
ionic signals to electronic ones.358

One of the simplest cell membrane models is unilamellar
vesicles,359 which are spherical phospholipid bilayers that
typically consist of a single lipid composition with or without
incorporated proteins or originate from the surface of the cells
and hence encompass all the native components. Lipid
monolayers360 represent another simplistic membrane model
where the two bilayer leaflets are decoupled from each other,
allowing the study of biological interactions at an aqueous/oil
interface. They are typically highly insulating as they are defect-
free.
In line with the use of simplified membrane models to quickly

and massively assess the effect of drugs, lipid monolayers (made
solely from lipid molecules) could play an integral role both as
an easily scalable system and as a system where the effect of
drugs (or other compounds) on the lipids of the lipid bilayer can
be easily discerned. Recently, a lipid monolayer was stabilized in
a liquid−liquid interface, a system that is sought to be stable and
robust, in a novel organic transistor-based device configuration,
the liquid−liquid phase separated (LiPS) OECTs (see section
2.3.2) (Figure 24a).267 The resulting platforms were successfully
used to study the interaction of a mammalian model membrane
with drugs361 and the disruption of a bacterial membrane model
by an antimicrobial peptide (Figure 24b).362 Direct transduction
of ion flux through the impermeable lipid monolayer (as a result
of disruption or destabilization) was possible by recording the
electronic current passing through the device, allowing the study
of isolated membrane processes that do not rely on membrane
proteins to be studied.362

The major applications of protein studies are based on lipid
bilayer structures, where functional membrane proteins can be
incorporated to study cellular phenomena in a controlled
fashion. The experimental models of choice for studying such
biomolecular interactions are planar lipid bilayers, which are
mostly accessible to surface-sensitive techniques allowing
integration with various technologies for their characterization.
Black lipid membranes, BLMs, first developed by Mueller and

co-workers, are planar lipid bilayers supported in porous filters.
Given the high electrical sealing properties of this model, they

Figure 22. The standard model is applied to both lipid bilayer and
tissue barrier models; transistor devices allow for increased sensitivity,
alternate measurement modality, and low frequency resolution. (a) A
lipid bilayer represents the transcellular impedance pathway in
isolation. The resistive element is therefore the membrane resistance
and not the TEER. Further, the capacitance in this instance is the
channel capacitance of the CP and not the EDL capacitance of an
electrode. Adapted with permission from ref 375. Copyright 2020
American Chemical Society. (b,c) Typical example of EIS data on CP
electrodes covered with barrier tissue. This particular study combined
the transconductance-derived impedance (from the OECT measure-
ment) for the low frequency range with the EIS measurement (from
electrode measurement) for the high frequency range yielding a noise-
free wide impedance spectrum. Adapted with permission from ref 352.
Copyright 2015 AIP Publishing.
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are highly suitable for ion channel studies.363 BLMs have been
also extensively used to investigate pore forming peptide
insertion into the phospholipid membrane.364 Malliaras et al.
proposed a simple platform using an organic electrochemical
transistor to incorporate BLMs and characterize the ion
impermeable layer indirectly via the gating efficiency of the
device, which would drop in the presence of an intact layer and
partially recover when gramicidin ion channels were added276

(Figure 25a). Despite the highly insulating nature of BLMs, their
major drawback is their limited stability as they remain
functional for only few hours. Supported lipid bilayers, SLBs,
pioneered by McConnell and colleagues in the 1980s, entered
the field as a better biomimetic alternative to BLMs offering
more robustness and stability and the possibility for long-term
studies.365 SLBs are made by constructing 2D hydrated lipid
films on an underlying solid surface. In SLB characterization, the
standard optical methods used are fluorescence recovery after
photobleaching (FRAP) and total internal reflection fluores-
cence (TIRF) microscopy for characterizing the bilayer fluidity
or ordering of lipids or proteins in the bilayer, respectively.366,367

Although crucial in ensuring appropriate quality, coverage, and
orientation of bilayers, these techniques do not offer an
opportunity to conduct extensive quantitative analysis, that is,
ion channel activity or high-throughput sensing capabilities.
Planar SLBs supported on top of electronic transducers have
been readily characterized with methods such as EIS and more
recently transistor-based methods, providing quantitative
analysis of transmembrane protein function in SLBs.368 As in
whole cell studies, EIS models represent the bilayer using
capacitors and resistors in series or parallel allowing the
straightforward analysis of the response induced by membrane
defects. Transistor technology also provides a quantitative
means for characterizing SLBs due to their ability to induce or
control the gating of the device. Early attempts at incorporating

transistors with SLBs for monitoring membrane interactions
were carried out by Torsi and her team using a P3HT field effect
transistor and a phospholipid bilayer atop the organic semi-
conductor. The device was used to assess the effect of
anesthetics on the permeability of the membrane (Figure
25b).369 Later, the same team showed that by coupling the
channel of the transistor with a lipid bilayer bearing
biorecognition elements they could easily detect membrane
binding events.370

Increasing the complexity of SLBs to study membrane related
events introduces challenges related to transmembrane protein
stability and function. The proximity of the lipid bilayer to the
solid support has typically hindered the diffusion of membrane
components through the fluid bilayer, as sometimes the soluble
domains of transmembrane proteins interact with the solid
supports. Hence, substrates that retain the membrane’s native
environment and its fluidity and enable the investigation of both
equilibrium and dynamic processes by allowing the mobility of
lipids and membrane-incorporated proteins are in high demand.
One promising strategy is the use of polymers that swell in
aqueous media creating deformable and mobile substrates that
faithfully recapitulate the cytoskeleton of cells. Recently, such
polymer-supported membranes have been realized on top of
CPs, providing mechanical matching with the soft biological
structures while preserving their biological activity. In particular,
PEDOT:PSS, owing to its swelling capacity, acts as a polymer
cushion facilitating the mobility of transmembrane proteins and
preserving a fluid membrane environment. Moreover, its
inherent optical transparency allows multimodal transduction,
combining fluorescence microscopy, and electrical measure-
ments. The first attempt at interfacing SLBs with PEDOT:PSS
configured both as electrode and OECTwas with archaeal lipids
allowing the activity of a typical pore forming toxin (α-
hemolysin) to be monitored, despite the relatively poor quality

Figure 23. Schematic of the mosaic cell membrane model showing the complexity of the plasma membrane (containing proteins and glycosylated
molecules) and the various cell membrane mimics (shown in increased biological complexity from left to right) that have been interfaced with organic
bioelectronic materials and devices. Created with BioRender.com.
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(in terms of membrane electrical properties) SLB formed.371

This study illustrated that although hydrated and mechanically
compliant, the CP surface roughness in combination with its
surface charges complicated the formation of SLBs, hitherto
believed to form optimally on smooth rigid surfaces. The vesicle
fusion method, in which small unilamellar vesicles sponta-
neously fuse and break, forming SLBs upon contact with a solid
substrate, despite its simplicity and straightforwardness, poses

challenges for many types of substrates.372 A follow-up study
showed that the composition of the CP mixture prior to film
formation, that is, the amount of ethylene glycol (EG) added,
plays a significant role in the quality of the SLB formed,
presumably due to the altered surface properties.373 Over-
coming the surface-related limitations typically encountered
when using the vesicle fusion method, a surface-agnostic
approach to forming SLBs was introduced by Hohner et al.374

Figure 24. LiPS OECTs for high throughput drug screening. (a) (i) Schematic of the accumulation mode P3HT LiPS OECT structure stabilizing a
lipid monolayer at the oil/water interface and (ii) IV response of the OECT (VGS = −0.8 V) before and after monolayer formation showing the ion
blocking effect of the lipid monolayer on the device. (iii) Schematic of the bacterial mimic (POPC/POPG) monolayer formed and antibacterial drug
addition and (iv) comparative graph showing the ion permeability factor of the device after the addition of various antibacterial compounds. Adapted
with permission from ref 362. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) (i) Schematic of the mammalian lipid
monolayer mimic when the anesthetic lidocaine is added and (ii) the membrane ion permeability for different lidocaine concentrations. Adapted with
permission from ref 361. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 25. Functional biolayer (FBI)−OFETs. (a) Schematic illustrations of the FBI−OFET and the three different FBI structures showing that the
phospholipid membranes are stabilized between the P3HT active layer and the SiO2. (b) FBI-OFET as bioelectronic sensor of biological activity
showing the calibration curves of the OFET−FBI responses to clinically relevant halothane concentrations (symbols: blue, lipid only membrane; red,
purple membrane; and black, control). Adapted with permission from ref 369. Copyright 2012 National Academy of Sciences.
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and has been extensively investigated by the Cho team.375

Another advantage of the so-called solvent-assisted lipid bilayer
(SALB) method is that it offers the possibility to add complex

lipid compositions such as high cholesterol content, on a variety
of substrates. SALB has been recently employed to prepare
mammalian and bacterial model membranes using phospholi-

Figure 26. SALB formation on PEDOT:PSS devices. (a) Schematic showing the formation of the SALB inside a microfluidic channel showing the
solvent phase containing lipid micelles doped with Texas Red labeled lipids (magenta) and the aqueous buffer flowing in to replace the solvent and
forming the supported bilayer at the channel surface in the process (yellow phase). EIS configuration of the device and the SLBs, both mammalian and
bacterial mimics, with the toxin (α-HL) and the drug (PMB) used to disrupt them, respectively. POPC and cholesterol comprise the mammalian
bilayer, and POPE and POPG comprise the bacterial bilayer. (b) Nyquist plots from the EIS response of the SLB coated PEDOT:PSS electrodes, after
their formation (red) vs pristine (black) and after the addition of the respective compounds (blue). Adapted with permission from ref 376. Copyright
2019 American Chemical Society.

Figure 27. Measuring ion-channel activity on SLB functionalized n-type OECTs. (a) Chemical structure of the n-type lysinated semiconducting
polymer p(NDI-T2-L2), where L2 corresponds to the lysine-based side chains with TFA being trifluoroacetic acid and schematic of the accumulation
mode OECT incorporating the SLB. Transfer curves in the presence of different concentrations of CaCl2 for (b) pure DOPC SLB integrated OECT
and (c) DOPC bilayer containing gramicidin pores. Insets are schematics of the SLB with integrated channel pores (gramicidin) on the n-type channel.
Adapted with permission from ref 378. Copyright 2020 Royal Society of Chemistry under a Creative Commons Attribution- Non Commercial 3.0
Unported License (CC BY-NC 3.0) License, https://creativecommons.org/licenses/by-nc/3.0/.
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pids and cholesterol on PEDOT:PSS surfaces. The resulting
models have been used to study membrane−drug interactions
(Figure 26),376 as well as for the detection of binding events
using lipids that bear proteins as biorecognition elements.377 As
bacterial membrane mimics are more challenging to form on
PEDOT:PSS films via vesicle fusion given the mutually
negatively charged surfaces, SALB greatly facilitates this,
obviating the need for surface treatment steps. Despite the
universality of the method, a drawback of SALB lies in the use of
organic solvents during SLB preparation, which renders protein
incorporation challenging.
Another efficient strategy to promote SLB formation, as an

alternative to surface treatment, is the de novo synthesis of
materials that bear functional units that can favor SLB−material
interactions, benefiting from the versatility in synthesis of CPs.

To this end, a newly synthesized conjugated polymer based on a
naphthalene 1,4,5,8-tetracarboxylic diimide bithiophene back-
bone functionalized with lysine-based side chains was shown to
facilitate the assembly of the zwitterionic lipid vesicles into an
SLB, allowing the incorporation and electrical monitoring (via
an OECT) of gramicidin pores (Figure 27).378

3.1.1. Toward Native Cell Membrane Models. Although
SLBs represent a good platform to incorporate functional
transmembrane proteins, they still pose certain drawbacks in
terms of recapitulating the full complexity of the plasma
membrane.251 Even SALB-based membranes have limitations in
terms of the degree of complexity, hence rendering their use
limited. Along these lines, the Daniel group has pioneered a
method to construct membrane models that achieve the
complexity of the cellular plasma membrane, allowing study of

Figure 28. (a) Native baby hamster kidney cell SLB formation on PEDOT:PSS electrodes. (i) Schematic showing extracellular vesicle isolation,
rupture, and self-assembly on PEDOT:PSS surfaces using fusogenic liposomes and soluble PEG(8000) for impedance measurements. (ii) Schematic
showing a PX2X ATP-gated ion channel and (iii) calculated (normalized) membrane resistance of the P2X2 membrane before (red) and after (blue)
ATP addition showing the decrease in the resistance of the membrane in response to ATP, and the corresponding values of the BHK membrane
(lacking the P2X2 receptor) for comparison. Adapted with permission from ref 251. Copyright 2020 American Chemical Society. (b) Ion channel
monitoring using PEDOT:PSS devices bearing human embryonic kidney SLBs with expressed TREK-1 channels. Schematics showing (i) the HEK-
TREK1 integrated PEDOT:PSS, where TREK-1 is shown as a blue TMP with orange cations passing through, and the equivalent circuit used for
modeling the EIS data and (ii) the complex native membranes (K+ ion channels are depicted in yellow, with other TMPs in pink and green, while
TREK-1 ion channels are shown in blue) showing the different drug additions and their effect on TREK-1 channel function. (iii) Nyquist plot of the
EIS response of the HEK-TREK-1 membrane compared to the bare PEDOT:PSS electrode showing the characteristic formation of a semicircle after
the SLB is formed and (iv) the extracted normalized resistance values of the membranes for spadin, which suppresses TREK-1 activity, thus increasing
the resistance of the membranes, shown here normalized to the baseline SLB resistance, and AA that activates TREK-1 channels thus decreasing the
resistance of the membranes shown here normalized to the baseline SLB resistance. Adapted with permission from ref 375. Copyright 2020 American
Chemical Society.
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the structure and function of the embedded transmembrane
proteins in their native environment. Using native membrane
vesicles that self-assemble into SLBs on top of solid supports
combines the advantages of both worlds. Such authentic
membrane systems allow study of lipid−protein association in
the presence of native membrane components, a much-needed
intermediate between very simple bilayer platforms and whole
cell readouts.251 Such SLB platforms containing the complete
biological machinery of cell membranes have been recently
integrated with organic electronic materials and devices by the
Owens and Daniel teams. The use of cell membrane
components to form the bilayer has proven to be compatible
with the conducting polymer surface; hence good quality
“native” SLBs can be successfully realized via vesicle fusion,
exhibiting proper protein mobility and functionality. The use of
electroactive substrates has opened up a variety of possibilities
for on-chip cell membrane studies and for biosensing using
electrical readouts without the need for bulky equipment. Up to
now, the teams have demonstrated the use of the authentic cell
membranes on-chip for studying ion channel activity in response
to different drugs or other stimuli, both electrically and optically
(given the optical transparency of the CP). This method can
therefore readily serve as an alternative to patch clamp whole cell
experiments. (Figure 28)251,379 Very recently, this technology
was implemented for fundamental understanding of membrane
events governed by infection processes including virus−
membrane interactions,380 as well as toxin binding.381

3.2. 2D Cell Cultures

3.2.1. Electrogenic Cells. One of the most common
applications for in vitro bioelectronic systems is the growth,
monitoring, and stimulation of electrogenic cells. These cell
populations typically possess a series of molecular mechanisms
that allow them to alter their local ionic environment,
subsequently resulting in the generation of localized electric
fields. These transient phenomena can be monitored or even
induced through electrical devices in close proximity to the cell.
Numerous advances have been made in the production of
relevant technologies for improving the recording efficacy of
signals from electrogenic cells. Two of the most commonly
studied electrogenic cell types are neurons and cardiomyocytes
due to their relevance to major body systems, the nervous
system and the cardiovascular system, respectively. In this
section, we focus on the growth and monitoring of electrogenic
cells in 2D systems using organic bioelectronics.
3.2.1.1. Biology and Background for Electrogenic Cells.

Electrogenic cells possess a membrane potential derived from
differential maintenance of the concentrations of different ions
in the interior of the cell versus the exterior. These concentration
gradients originate from a series of selective ion channels,
pumps, and exchangers that allow the cell to control its internal
environment.382,383 When stimulated, these cells can depolarize
through a mass influx of ions into the cell. This depolarization is
mitigated by ionic pumping and exchange mechanisms that
bring the cell back to its resting membrane potential.384 This
process, termed an action potential (or sometimes spiking), is
one of the primary bases for communication between electro-
genic cells, occurring in both neurons and cardiomyo-
cytes.384,385 These signals occur over short time scales, a few
milliseconds in neurons384 and hundreds of milliseconds in
cardiomyocytes.385 In neurons, this action potential can
propagate along the neuron to a synapse, where, typically with
a cohort of simultaneous signals from other neurons,382 it can

cause a new neuron to fire another action potential either
directly through an electrical synapse across a gap junction or,
more commonly, through a chemical synapse by release of
neurotransmitters.386 In cardiomyocytes, the action potential is
typically transmitted directly through gap junctions between
adjacent cells.385

As the depolarization of a neuron is synonymous with the
attempted transmission of information, these cells typically
subsist in network patterns, where neuronal firing can be
tracked. In complex systems with many neuronal cells like the
brain, slow waves of activity called local field potentials (LFPs),
can also be observed.244,387 The ability to record an individual
cell’s action potential versus the LFP of a cellular cohort is
largely dictated by the proximity of a recording device to that
cell.388 Depolarization in cardiomyocytes also typically occurs in
a pulsatile manner, concurrent with a physical contraction
consistent with the beating of heart muscle.389 This depolariza-
tion also propagates in spatially resolved waves from a point of
origin.287,390−392 As such, the spread of information through
networks of electrogenic cells has driven the production of
spatially resolved instrumentation for recording of these signals.
Although the focus here is on organic bioelectronics for

recording cell activity, other techniques are widely utilized in this
field for monitoring electrogenic cells. Historically, the most
common mechanism for recording electrogenic cellular activity
is the patch-clamp technique. This method involves the
placement of a glass pipet onto the surface of the cell membrane.
A small suction is subsequently applied, resulting in a tight
contact between the membrane and the pipet. Electrodes can be
positioned inside the pipet to then apply a potential to the cell,
and the following electrical activity of the cell can be
monitored.393 Various iterations on this technique exist
including the cell-attached configuration and the whole-cell
configuration. The whole-cell configuration involves the rupture
of the localized cell membrane within the interior of the
circumferential contact of the pipet with the cell, thereby
creating a continuity between the cell’s interior and the interior
of the pipet.393 This setup is convenient, as it allows application
or measurement of potential across the membrane and is thus
widely used. Another common method for monitoring electro-
genic cell activity is calcium imaging, where a fluorescent marker
for calcium is monitored. Typically, individual live cells are
imaged under a fluorescent microscope, and the resultant
change in the fluorescence of calcium-derived signals is
recorded.394 Calcium is associated with various processes in
electrogenic mechanisms394 and is often used broadly as a
marker for firing activity. However, the pathways of action
involving calcium flux in a cell can be specifically examined for
the development of far more informative data.394

3.2.1.2. 2D Substrates for Electrogenic Cell Culture. Over
the past two decades, numerous culture systems have been
developed using organic electronic materials for electrogenic
culture applications. Much of this work has focused on the
efficacy of growing these cells and understanding their behavior
within the confines of these material systems. Some of the
earliest work in this area focused on the growth of a
pheochromocytoma-derived cell line, PC-12, on a PPy substrate
with applied electrical stimulation.152,161 This cell line is
commonly used in neuronal studies, as these cells can be
differentiated into neuron-like cells. The stimulation aspects of
this study and others will be examined later in this review.
Another early study examined neuron-related cell interactions
with a PPy-coated electrode shank, designed for in vivo usage.395
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In this section, we will discuss electrogenic cell cultures on
electroactive substrates, highlighting a few key factors that have
been considered by researchers in the past. We will then move
toward the active monitoring of these cultures using various
organic bioelectronic devices.
Many of the studies utilizing electroactive substrates have

e x a m i n e d n e u r a l p o p u l a t i o n s o n P EDOT -
b a s e d , 9 1 , 9 2 , 1 5 3 , 1 6 3 , 1 7 8 , 1 9 2 , 3 9 6 − 4 2 2 P P y -
based,140,174,178,415,416,423−434 and PANI-based sub-
strates,435−442 as well as other substrates including pentacene,
melanin, P13, and P3HT.226,443−446 In many of these cases,
researchers will often examine neurite outgrowth as an indicator
of neural cell compatibility with a given substrate. A neurite is a
protrusion from a neuronal cell, sometimes synonymous with an
axonal or dendritic projection but generally referring to any
observed cellular projection. Monitoring of this parameter is
frequently paired with other commonly used biocompatibility
metrics, such as viability, proliferation, cell spreading, and
proteinmarkers. For example, Abidian et al. examined the effects
of different morphologies of PEDOT and PPy coatings on
neuron spreading, finding that different polymeric morphologies
altered the extent of neurite outgrowth.447 Another study
showed that PEDOT can be electrochemically polymerized
around SH-SY5Y cells, a cell line derived from a human
neuroblastoma that can be differentiated toward neuron-like
cells.448 Modulating the electrochemical properties of the
substrate can also effect cell behavior.449 These studies show
the compatibility of various organic bioelectronic culture
environments and substrates with neural cultures.
Similarly, numerous studies have focused on the culture of

cardiac cells on organic electronic substrates. Previous work has
utilized PEDOT-based,450−453 PPy-based,454−457 and PANI-

based substrates.458−460 Generally, these studies perform some
biocompatibility assays to determine viability, proliferation rate,
etc. Some works also monitor spontaneous beating rate through
video analysis or calcium imaging. One study showed that
geometrical considerations, that is, the shape of a scaffold (a tube
versus a folding sheet), can also have an effect on beating
frequency and contractile displacement.461 Wang et al. cultured
primary rat cardiomyocytes on electrospun PLA/PANI sheets.
Upon folding these sheets into different configurations,
differences in beating frequency and maximum displacement
were observed.461 These data indicate that cardiomyocytes can
be manipulated using the culture system, but these differences
must be examined as experimental iterations are introduced.
One study also cultured cardiomyocytes on numerous organic
semiconductors.462 This study compared viability, gauged using
the MTT assay, a colorimetric assay that monitors metabolic
activity, of cardiomyocytes on TIPS-pentacene, DPP(TBFu)2,
P3HT, and PEDOT:PSS, as well as on culture plastic and glass,
providing a comparative analysis of these substrates. The MTT
assay showed slightly higher values for P3HT and slightly lower
values for PEDOT:PSS versus cells on culture plastic, but all
substrates performed well.462 Maraḱova ́ et al. also generated
films of PEDOT−graphene oxide (GO) and PPy−GO on either
graphene paper or ITO for culture of neuronal and cardiac
cells.463 Regardless, these studies show that different materials,
geometries, etc., can all be used to manipulate fundamental
biological phenomena, such as cell metabolism, in neural and
cardiac populations.
Another large cohort of studies in this field have been

conducted to determine the biocompatibility of organic
electronic substrates prior to in vivo testing. Studies have
cultured neuronal cells in vitro prior to in vivo experiments on

Figure 29. SEM images showing different PEDOT:PSS coatings on electrodes with resultant neural recordings. (a) Untemplated PEDOT:PSS-coated
gold electrode with insets showing resultant deposition from different charge densities. (b)Macroporous PEDOT:PSS-coated gold electrodes showing
resultant deposition from different charge densities. Macropores are generated using sacrificial templating process. (c) Recordings of spontaneous
neural activity from primary hippocampal cultures. Time traces show resultant recordings frommicroporous PEDOT:PSS-coated gold electrodes (318
mC cm−2), untemplated PEDOT:PSS-coated gold electrodes (318 mC cm−2), and bare gold electrodes. (d) Signal-to-noise ratio versus cumulative
frequency for coatings. Adapted with permission from ref 487. Copyright 2018 Elsevier.
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PEDOT-based254,464−474 and PPy-based probes.475−477 These
studies have primarily targeted the central nervous system.
Other similar “preclinical” studies have been performed with

cardiac cells as preliminary tests for cardiac patches, mostly using
PANI-based478−480 substrates and poly(3-amino-4-methoxy-
benzoic acid) (PAMB)-based481,482 substrates. Kapnisi et al.

Figure 30. Images of different morphologies for MEAs. (a) Image of a MEA. (b) Schematic showing MEA structure. (c) Microscopic image of MEA
recording site. Scale bar is 200 μm. (d) SEM image showing confluent layer of HL-1 cardiomyocytes with traces showing outline of MEA recording
electrode. Scale bar is 200 μm. (e) Recording voltages fromHL-1 cells on 5 different electrodes with (f) average waveform for each electrode. Adapted
with permission from ref 258. Copyright 2019 Royal Society of Chemistry. (g) Schematic showing printing of microneedle electrode MEA. (h)
Microscopic image of resultant electrode structure. (i) Image of HL-1 cardiomyocytes on microneedle MEA. Adapted with permission from ref 488.
Copyright 2019 American Chemical Society. (j) Schematic of electrode structure with highlightedmaterials: PEDOT:PSS (black), gold (yellow), SiNx
(pink), Ti (gray), glass (blue). (k) SEM cross-section (focused ion beam) of PEDOT:PSS-coated electrode with (l) corresponding optical image. (m)
Microscopic image of rat cortical cells grown on PEDOT:PSS-coated electrodes with voltage time traces (scale is∼150 μV by 4 s for larger traces) after
2 weeks of culture for each electrode. Adapted with permission from ref 489. Copyright 2020 Jones et al. published by Frontiers Media under Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/.
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also created a PANI-based cardiac patch using an auxetic
structure.483 Auxetic materials and structures have a negative
Poisson’s ratio, meaning that when they are tensed, they expand
in the orthogonal directions. These patches were found to
maintain bulk conductivity in their auxetic structuring and
conform to heart tissue during beating experiments,483

providing some insight into other mechanisms that can be
employed during cardiac cell culture.
3.2.1.3. Organic Bioelectronic Devices for Monitoring

Electrogenic Cells in 2D. While various substrates have been
produced for the culture of electrogenic cell populations,
numerous have also been developed for in vitro culture and
monitoring. Here, we will discuss different organic electronic
technologies that have been applied primarily for the measure-
ment of action potentials and spiking activity from neuronal and
cardiac cultures. Given that electrogenic cells tend to perform
functions in spatially resolved manners, as mentioned above, the
most common device for monitoring these cultures is the
electrode and more specifically the MEA. As electrogenic cells
fire action potentials, the generated electric field can be observed
through locally placed electrodes. This methodology has been
widely used with neuronal cultures, as MEA devices are also
frequently applied for cortical monitoring in vivo.484 MEA
devices for these applications are typically prepared by coating a
metal or indium tin oxide (ITO) electrode with an electroactive
material, usually a conductive polymer. This coating is known to
enhance recording efficacy and improve signal-to-noise ratio
(SNR).62,388,485 However, researchers have also generated
MEAs for in vitro recordings entirely out of organic electroactive
materials.258,486 Coating morphology can significantly affect
recordings and SNR. Aqrawe et al. electrochemically poly-
merized PEDOT:PSS at different charge densities onto an array
of gold electrodes in either an untemplated (Figure 29a) or a
templated manner, using sacrificial poly(styrene) beads to
generate pores in the PEDOT:PSS coating (Figure 29b).487 To
test the efficacy of these different coatings, primary hippocampal

neurons were cultured on the MEAs, and recordings of
spontaneous firing were taken after 16 days of culture from
uncoated, templated, and untemplated gold electrodes.
Representative time traces indicate that the SNR was highest
for the templated electrodes, followed by the untemplated
electrodes, and, finally, the uncoated electrodes (Figure
29b,c).487 This study also utilized a stimulating regimen for
these neuronal cultures, which will be discussed later in the
review.
Numerous otherMEA formats have been produced, including

recessed PEDOT:PSS electrodes (Figure 30a−f),258 PE-
DOT:PSS microneedle electrodes (Figure 30g−i),488 and
mushroom-shaped electrodes (Figure 30j−m),489 among
others. All of these electrode formats appear to show similar
cellular compatibilities, at least from a visual standpoint,
regardless of geometry (Figure 30d,i,m).258,488,489 Recordings
of neuronal cells can even be collected through arrays of
conductive hydrogel electrodes.490 However, comparison of
cellular compatibility for different geometries is difficult, given
the wide range and variance among culture conditions and cell
types. With proper material selection and preparation, MEAs
can also be constructed to be transparent,255,256,491 which is
convenient for monitoring cells visually during recordings,
especially given that proximity of cells to a particular recording
electrode is of great relevance to the resultant data quality. Of
note, as MEAs essentially consist of various individual recording
units, the recordings can and will vary for each individual MEA
(Figure 30e,f).258 However, with this in mind, beating
synchronicity can be examined in cardiac cultures using
MEAs. Recordings in these systems can also be qualified for
both neuronal and cardiac cultures through examination of
resultant signals before and after application of drugs that affect
firing. For example, bicuculline and tetrodotoxin can be applied
to neuronal cultures to induce increased or decreased firing
rates, respectively.492 Similarly, isoproterenol,493 norepinephr-

Figure 31. Images showing fibrous structures for recording information from electrogenic cells. (a) Image of fibers for cardiac patch with inset showing
a recording electrode. Scale bar is 1.5 mm. (b) SEM image of recording electrode. Scale bar is 20 μm. (c) Image of conducting polymer electrode, also
on fibrous cardiac patch. Scale bar is 50 μm. (d) Image showing cardiac patch after 7 days culture with cardiac cells. Adapted with permission from ref
504. Copyright 2016 Springer Nature. (e) Image of fibrous structure with built-in electrodes (gold) for recording electrogenic signals. Scale bar is 2
mm. (f) SEM image showingmicrostructure of mesh, allowing for connectivity between conductive regions. Scale bar is 200 μm. (g) Image of device in
culture with cardiomyocytes for monitoring electrogenic signaling between cells. Scale bar is 1 cm. Adapted with permission from ref 506. Copyright
2018 Springer Nature.
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ine,304 and other drugs can be applied to modulate beating
frequency in cardiac cultures.
Many other studies have performed MEA recordings using

primarily PEDOT-based setups on neuronal492,494−497 and
cardiac cultures,498,499 as well as a few other electroactive
materials.500,501 Other interesting systems include a PEDOT-
based electrode system developed by Smith et al. with an ion-
permeable, patternedNafion top layer to allow the application of
different topologies on top of the MEA surface. Both neuronal
and cardiac cultures were applied to this device for successful
recordings of each,502 indicating that different topologies and
layers can be applied on top of MEA structures while
maintaining recording efficacy. Heizmann et al. also produced
a PEDOT:PSS-based electrode array designed to release dyes
that can penetrate into SH-SY5Y cells upon oxidation of the
PEDOT:PSS electrodes.503 While this study does not represent
an active recording of a neuronal or cardiac population, it does
show the potential for tracking cells that have been recorded,
which could be very useful if combined with some of the above
technologies. Finally, a few devices have been manufactured that
show great potential for application within the field of organic
bioelectronics. Feiner et al. developed a cardiac patch by
fabricating a series of gold and PPy electrodes on a mesh
substrate (Figure 31a−d).504 This substrate was then coated in
an electrospun scaffold to promote cell adhesion (Figure 31a).
The gold electrodes (Figure 31b) allow for cardiomyocyte
recording and stimulation, while the PPy electrodes (Figure
31c) provide a drug release mechanism within the device. The
overall device construction also allows for a free-standing
structure (Figure 31d).504 An updated version of this device was
constructed by directly patterning the electroactive materials
onto the mesh.505 Lee et al. constructed a similar type of device
(Figure 31e−g) through the deposition of gold onto a non-
electroactive polymeric substrate (Figure 31e,f), showing that
cardiomyocyte activity can be recorded using this format (Figure
31g).506 These device layouts are generally compatible with
many of the different techniques utilized for recordings that have
been mentioned in this section and provide considerable
customizability for future in vitro culture systems.
Transistors have also been developed for monitoring

electrogenic cell populations but to a much lesser extent
because of complex circuitry. Some of the earlier instances of
transistors designed for recording electrogenic cells utilized
OFETs.507,508 These particular arrays were designed to have a
channel that extends spatially beyond the source and drain,
allowing for sensing of cells away from these components. These
devices have been applied to record both cardiomyocytes508,509

and neurons.510 Kyndiah et al. constructed an EGOFET array
for recording cardiomyocyte action potentials by examining the
source−drain current, as mentioned above. Recordings from
these devices were qualified using a series of drugs to modulate
beating frequencies.304 Multiple device arrays have been
constructed for monitoring cardiac cultures using
OECTs.58,287,390−392,511 Liang et al. fabricated an array of
PEDOT:PSS-basedOECTswith interdigitated source and drain
electrodes (Figure 32a).287,392 Monitoring the source−drain
voltage in the presence of HL-1 cardiomyocyte-like cells enabled
recording of cell activity (Figure 32b). By examining the activity
on subsequent OECTs, Liang et al. were able to show the
propagation of action potentials across this culture system
(Figure 32c).287 Other OECT devices have been developed for
monitoring electrogenic cell activity in vivo,512 but these devices
have not yet been applied in vitro.

Outside of transistors and electrodes, some studies have
focused on the development of other recording modalities.
Habib et al. fabricated an array of PEDOT:PSS-based
nanoantennae, showing recording efficacy for cardiomyo-
cytes.513 Santoro et al. generated a PEDOT:PSS-based substrate
that showed changes in impedance associated with cardiomyo-
cytes cultured on different topographies.514 Kielar et al. coupled
the concept of calcium imaging with an organic photodetector to
record activity from cortical neurons.515 Finally, the rapidly
developing field of artificial synapses has also begun to show
integration between these devices and live neurons. Desbief et al.
produced an EGOFET synapstor, onto which they seeded
neurons.303 Juzekaeva et al. developed a memristive device that
they interfaced with neurons, showing that the neurons behave
differently when interacting with the device.516 Neuromorphic
devices, such as the synapstor and memristor, are not covered
extensively in this review, but it should be noted that these
devices will become increasingly pervasive, particularly as recent
works show improved interaction between cell and device.517

Figure 32. Image of OECT for recording cardiomyocyte behavior. (a)
Microscopic image of OECT recording site. (b) Simultaneous
recording of drain−source voltage in the presence of a confluent
layer of HL-1 cardiomyocytes for 7 electrodes. (c) Contour plot of wave
propagation across device as recording by OECT with HL-1 cells.
Adapted with permission from ref 287. Copyright 2019 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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These studies show that a broad range of techniques and
technologies can still be developed and applied in vitro for
neuronal and cardiac monitoring.
3.2.2. Nonelectrogenic Cells. 3.2.2.1. Biology and

Background of Nonelectrogenic Cells. In the case of non-
electroactive cells, electrical measurements can provide
information about cell viability, coverage, growth, and differ-
entiation, as well as cell layer integrity for barrier-tissue forming
nonelectrically active cells. In the body, such tissues act as
physical barriers against the external environment (e.g., skin,
lung, intestine) or as boundaries of biological compartments
(e.g., blood−brain barrier). Barrier tissues are formed by one or
more epithelial or endothelial cell layers, where cells are joined
to each other by a complex network of intercellular junctions
with tissue-dependent morphological and functional properties,
which, along with the cells, determine the functionality of the
barrier. Tight junctions, in particular, form strands that
circumferentially band adjacent cells at the apical domain of
the intercellular space, preventing molecules between the apical
and lateral membrane domain from intermixing (i.e., fence

function), acting as a gasket that regulates free diffusion of most
solutes and transport of ions along the lateral intercellular space
(i.e., gate function).518−521 Analysis of the functionality and
integrity of tight junctions can be indicative of the barrier tissue
state, under both physiological and pathological conditions or
toxic events. To this end, many barrier tissue in vitro models are
available, which, typically, are based on cell monolayers grown
on filter membranes suspended in culture medium (i.e.,
Transwell-based culture formats), mimicking the apical−basal
polarization of native tissues.345 Electrical methods can be used
within these cell culture setups for rapidly monitoring cells in
vitro and for quantitatively characterizing the function and
integrity of barrier tissues.38,349 A well-established tool, widely
used for this purpose, is TEER, which provides a means to
quantify the ion flux across the barrier, tightly regulated by the
gate function of tight junctions.518 One of the most common
techniques for measuring TEER is the use of chopstick
electrodes, placed on either side of the epithelial/endothelial
monolayers. However, this method allows only for an
approximate estimation of the ohmic resistance of the barrier

Figure 33. (a) Illustration of organic electrochemical transistor (OECT) barrier tissue sensor (top left). Immunofluorescence images stained for tight
junction proteins (E-cadherin (green) and occludin (red), counterstained for nuclei (blue)) in the apical domain of the samples upon exposure to
various concentrations of EGTA for 2 h (scale bars 10 μm; right panel). In situmonitoring ofOECT normalized response (NR) upon addition of 1mM
(dark cyan), 10mM (orange), and 100mM(violet) EGTA. EGTA is added at time = 0, as indicated by the arrow; Reproduced from ref 533. Copyright
2013 MDPI under Creative Common Attribution-NonCommercial-ShareAlike 3.0 Unported (CC BY-NC-SA 3.0), https://creativecommons.org/
licenses/by-nc-sa/3.0/. (b) Experimental setup of the Twell-OECT device used as a sensor for in vitro monitoring of cellular dynamics (top left).
Representative images of a live/dead assay on human A549 lung cells growing on the device after a 72 h exposure to increasing doses of doxorubicin
(bottom left) and corresponding output characteristics of the OECT (kinetics of Ids current) for the different concentrations of doxorubicin (right).
Reproduced with permissions from ref 534. Copyright 2015 Elsevier.
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tissues, as it relies on single-frequency measurements, limiting
the range of biological information that could be retrieved.
Impedance spectroscopy can be used instead, providing a more
accurate insight into various biological processes, including cell
proliferation and differentiation, alongside barrier integrity of
certain epithelial/endothelial tissues. In contrast to single-
frequency TEER measurements, EIS operates over a wide range
of frequencies by application of appropriate modeling (See
section 2.4).48 Changes in cell layer capacitance can be
associated with the surface area and composition of the layer
and thus with the morphology of the barrier tissue (i.e., apical−
basal polarization, presence of tissue specific structures such as
microvilli).349,518 The sensitivity of this method to both cell
density and morphology favored its application in a variety of
assays, such as cell adhesion and proliferation, cell differ-
entiation, wound healing, and barrier tissue integrity, among
others.48,522−524 This technique has also been integrated with
Transwell-based cell culture formats to allow for drug and
nutrient transport studies (e.g., various electrodes and
commercially available devices, such as CellZScope, Nano-
analytics GmBH).525−527 However, in most cases, these devices
use rigid, high impedance electrodes (e.g., gold, silicon oxide).
Here, we discuss the integration of organic bioelectronic devices
in cell-based assays, as well as the added benefits they bring for
cell monitoring.
3.2.2.2. Organic Bioelectronic Devices for Monitoring

Nonelectrogenic Cells in 2D. While a number of studies laid
the foundation for using organic electrical transducers as
biosensors (section 4),528 it was only in 2010 that the first
device was used to monitor the activity of nonelectrogenic cells
(both barrier-forming and non-barrier-forming cell lines). In this
work, Lin and collaborators529 employed a PEDOT:PSS-based
OECT to electrically evaluate the integrity of cell layers formed
by human esophageal squamous epithelial cancer cells (i.e.,

KYSE30) and fibroblasts (i.e., HFF1 cells) on top of the
transistor channel. By evaluating the output characteristics of the
OECTs upon disruption of either cell layer, the authors showed
that the modulation of the transistor properties, as a result of the
cell−semiconductor interactions, are cell type or tissue depend-
ent.529

A significant body of work on the suitability of bioelectronic
devices for interfacing with biological systems has followed this
application, and over the past decade a breadth of research
projects have benefited from the continuous and noninvasive
cell monitoring capabilities of such tools.264,530 Of particular
importance is the integration of OECTs with barrier tissues
(e.g., intestinal, kidney, blood−brain barrier), for sensing their
integrity, known to dramatically alter after assault. As ion flow is
tightly regulated in these biological models, integration of
OECTswith barrier forming tissues is particularly favored due to
the high sensitivity and sufficient temporal resolution of these
devices for monitoring biological ion flux.531 This was first
shown by Jimison et al.532 who modified the conventional
OECT configuration by integrating filter membrane supports
(Figure 33) commonly used for building barrier tissue models in
vitro. Such filter membranes mimic the compartmentalized
architecture of barrier tissues, providing cells with the necessary
cues to form polarized monolayers and thus facilitate studies
looking at nutrient/drug transport mechanisms and toxicity.
This work demonstrated the compatibility of this new,
nonplanar OECT configuration with existing protocols and
assays for characterizing the integrity of an intestinal barrier
model, grown from human intestinal epithelial cells (i.e., Caco-2
cells). The presence of the barrier tissue modifies the ionic flux,
acting as an additional circuit element and inducing a slower
response of the device (increase of response time, τ, and drop of
current, ID), while addition of barrier-disrupting compounds
improved the response of the device. The OECT device was

Figure 34. (a) Schematic of an OECT device used as a sensor of the barrier integrity of cells growing on the integrated Transwell filter and the
equivalent circuit of the current-driven configuration of the device. (b, c) Graphs illustrating the normalized performance of the OECT as a cell barrier
integrity sensor for different concentrations of H2O2, both in current-driven and in the standard configuration. Ag/AgCl gate electrode and EMEM cell
culture medium as an electrolyte were used. Reproduced with permission from ref 535. Copyright 2019 The Authors, published by WILEY-VCH
under Creative Commons Attribution 4.0 International (CC BY 4.0), https://creativecommons.org/licenses/by/4.0/.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00539
Chem. Rev. XXXX, XXX, XXX−XXX

AJ

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig34&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig34&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig34&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig34&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown to outperform state-of-the-art assays (e.g., permeability
assays, immunofluorescence staining), acting as a highly
sensitive sensor of the epithelial cell integrity, thanks to the
inherent amplification properties of the transistor that allow for
detection of early, minute changes in the ionic flux. This was
further exemplified in a subsequent study by Tria et al., who
demonstrated that the OECT can detect breaches of an
integrated Caco-2-derived intestinal barrier upon exposure to
EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid) with the same sensitivity as commercially
available EIS techniques, but with significantly increased
temporal resolution. EGTA is a calcium chelator, commonly
used to disrupt the tight junctions, which rely on calcium to
form. Figure 33a illustrates the dose dependent responses to
addition of EGTA: increasing concentrations of EGTA induce
delocalization of the junctional proteins from the cell periphery
and thus dysregulation of the paracellular ion flux, reflected in
the improved normalized response of the OECT sensor upon
disruption of the barrier tissue.533 Inspired by this work, another
team of researchers developed an OECT combined with a
Transwell support, the “Twell-OECT”, and demonstrated its
application as a sensitive diagnostic tool for direct monitoring of
cellular dynamics and drug effects, yielding responses com-
parable to standard methods, but in a direct and dynamic
manner. The configuration of the device (placement of the gate
electrode between the PEDOT:PSS channel and the porous
membrane; Figure 33b) led to the efficient detection of signals
related to cell death mechanisms (e.g., apoptosis, necrosis), as
application of voltage at the gate pushes to the OECT channel
only ions that have crossed the layer and hence modulation of
the drain current depends entirely on cell viability.534

In an attempt to further enhance the sensitivity and temporal
resolution of OECTs for monitoring barrier integrity of cell
monolayers growing on filter membranes suspended above the
channel, Lingstedt et al.535 recently proposed the operation of

the transistor in the current-driven configuration (Figure 34a).
While in other approaches, described earlier, the OECT
transient response to demonstrate barrier integrity measure-
ment (time domain)533 or cell coverage and differentiation
(frequency domain)60 is used, in the current-driven config-
uration the transfer curve of Vout−Vin is used as a figure of merit.
To test whether the new configuration is more sensitive in
detecting changes in the cell barrier integrity, they compared
OECT transient response measurements with current-driven
operation mode upon disruption of intestinal barriers with
different concentrations of H2O2. As demonstrated by the
normalized response graphs in Figure 34c, both methods can
directly detect the effects of peroxide on the cell barrier. In the
case of high concentration, the current-driven configuration of
the OECT can detect rupture of cell layer and cell opening with
higher time resolution, while the finding in the low peroxide
concentration exposure indicates the improved sensitivity of the
method, which appears to be able to monitor in real-time the
specific effects of peroxide on the cell barrier (i.e., disruption of
tight junction, followed by cell opening). This increased
sensitivity is explained by the differences in the operation
mode and the specific device parameters, highlighting the fact
that not only do OECTs have the ability to dynamically monitor
barrier integrity outperforming conventional methods, but the
device operationmode can be tuned to achieve different levels of
sensitivity and resolution, tailored to each application.
The characteristics of the aforementioned nonplanar

configuration of OECTs have been exploited in a variety of
applications, including not only monitoring of the global cell
status of both barrier forming532−534,536 and non-barrier-
forming cells,350,537 but also toxicology and drug transport,
which have been favored by the transitioning toward more high-
throughput platforms for long-term experiments.275,538

Although such OECT platforms enable optical access to the
channel,349,539 simultaneous cell imaging is challenging, if not

Figure 35. (a) Schematic illustration and pictures of a planar OECT for combined optical and electronic monitoring of the health status of live cells in
vitro. (b) Electrical and optical characterization of MDCK-I cells growing on the PEDOT:PSS film of the planar OECT, (c) Micro-optical images of
MDCK-I on top of the channel area (darker horizontal lines in the top panel images) and the corresponding tau values obtained at different time points
(middle right panel). Immunofluorescence staining images of subconfluent MDCK-I monolayers revealing the presence and colocalization of
epithelial junction proteins (ZO-1, E-cadherin, occludin, and claudin-1) over the 5-day cell culture experiment. Reproduced with permissions from ref
541. Copyright 2014 The Authors, published by WILEY-VCH under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International (CC BY-NC-ND 4.0), https://creativecommons.org/licenses/by-nc-nd/4.0/.
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impossible since cells are grown on the filter support above the
OECT channel. While this is of paramount importance for
epithelial and endothelial barrier modeling, this configuration is
incompatible with high-resolution live cell monitoring, rather
forcing for end-point optical assays, after removing the filter
membrane from the device. These limitations can be circum-
vented by the integration of cells directly on top of the OECT
channel. Furthermore, this endows higher sensitivity for sensing
integrity of biological barriers even in cases where the resistance
is not very high.350 While Yao et al.540 were the first to
demonstrate direct coupling of cell ion current with OECT
channel current, Ramuz et al.,541 taking advantage of the optical
transparency of PEDOT:PSS OECT, proposed a planar OECT
configuration for simultaneous optical and electrical monitoring
of epithelial cells (Figure 35a). Madin−Darby canine kidney
(MDCK)-I cells were seeded on the OECT channel and, by use
of the response time, τ, as a figure of merit of electrical
characterization combined with high-resolution time-lapse
images, allowed correlation of electrical signals with specific
cell status and morphology for 5 days (Figure 35b). The all-
planar OECT configuration, obviating the use of external
(sometimes toxic in the case of Ag/AgCl) electrodes, facilitates
continuous in situ monitoring of cell cultures in aseptic
conditions, minimizing (i) risks for contamination and (ii) cell
stress (for example, by moving in and out of the incubator),
hence favoring long-term measurements. In addition, this
experimental setup facilitated acquisition of electrical signals
even before cells are confluent, revealing new information about
cell growth and behavior by demonstrating that in MDCK-I
tight junctions are formed before the layers reach confluency
(Figure 35c).541 In follow-up work, the group further
exemplified the benefits of using planar OECTs as cell
biosensors by optimizing the device features (e.g., geometry,
gate type) for enhanced electrical and optical recordings of
barrier tissues,285 but also expanded the application to non-
barrier-forming cell layers and showed the principle of use for
detecting biological signals from tissues, challenging to pick up

by conventional methods including the Transwell OECTs.350

Four epithelial cell types, with well-characterized morphology
and barrier function (i.e., tight, intermediate, no barrier) were
seeded on devices, and the evolution of each culture was
monitored for about 10 days.
Figure 36 illustrates images of the devices used in this work,

the compatibility for simultaneous optical monitoring in the
fluorescent mode, as well as a schematic representation of ion
flow pathways and the biological parameters that can be
measured in both non-barrier-forming and barrier-forming cell
cultures. To correlate the electrical readouts with the relevant
biological parameters, the authors used the device’s cut-off
frequency as a figure of merit, extracted from the bandwidth
measurements over a broad range of frequencies.60 As seen in
Figure 36d,e, electrical monitoring confirmed what is known
from literature for the trend that each cell line used follows: the
tighter the barrier is, the higher the resistance and hence the
lower the cut-off frequency. In fact, the OECTs used were
designed to be sensitive enough (fast enough) to detect activity
of leaky cell layers (i.e., non-barrier-forming).
An example showcasing this potential of bioelectronic tools is

the engineering of an OECT array to model cancer meta-
stasis.537 In this study, the researchers took advantage of the
multichannel area of the PEDOT:PSS-based OECT array to
monitor the barrier integrity of epithelial cells invaded by
nasopharyngeal carcinoma. First, they demonstrated the ability
of the device to distinguish between different types of cells (i.e.,
Caco-2 andMDCK epithelial cells vs NP460 and NPC43 cancer
cells), as reflected in the distinct frequency-dependent trans-
conductance response and cross-validated with imaging assays
(Figure 37a,b). To model invasion of cancer cells in normal
epithelial barriers, a coculture of both cell types was seeded on
the channel area formed by a 4 × 4 matrix of OECTs. By tagging
the carcinoma cells with a fluorescent dye to optically follow the
cell distribution on the device and by using the frequency-
dependent transconductance as the electrical signature of each
cell type, a heat map was formed to spatially map cancer-

Figure 36. (a) Picture of an OECT platform for monitoring adherent cells, which consists of 24 OECTs divided between 4 glass wells. (b) Optical
fluorescence image of RRF-transfected MDCK II cells directly seeded on the OECT channel. (c) Schematic illustrating the cell coverage associated
with either high ion flow through non-barrier-forming cell layers (left) or low ion flow through barrier forming cell layers (right). Full vertical arrows
indicate paracellular pathway, dashed vertical arrows indicate the transcellular pathway, and curved arrows indicate subcellular pathways; Electrical
characterization of HeLa, HEK, Caco-2, and MDCK I cells using the OECT. (d) Normalized transconductance (gm) at day 6 (full lines) of the
respective cell line culture, compared with no cells (dashed lines). (e) Evolution of the cell resistance (Rc) of each type of cell culture, extracted from a
simple fit using the equivalent circuit in the inset. Reproduced with permission from ref 350. Copyright 2015 Royal Society of Chemistry.
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epithelial cell patterns (Figure 37c), offering a new insight into
carcinoma invasion dynamics.537

A different approach in combining optical with electro-
chemical sensing was proposed by Löfflera and Richter-
Dahlfors,250 who suggested that phase angle spectroscopy
(PAS) can offer in-depth analysis of themechanisms of epithelial
cell formation and disruption, highlighting phase angle φ as an
important parameter of the EIS spectrum for characterizing
biological systems. PEDOT:PSS-functionalized ITO electrodes
were used to study the formation and disruption of a kidney
epithelial barrier via real-time electrochemical sensing combined
with optical monitoring of cells. A consistent and characteristic
peak in the φ amplitude in the 103−105 Hz (high) frequency
range (Figure 38a) was revealed, attributed to the cell layer
capacitive coating of the electrode, as cell density and
polarization increases during the formation of the barrier. This
was cross-validated by confocal microscopy, which also revealed
that themonolayer adopted a polarized phenotype (Figure 38b).
Further, this method was able to capture the disruptive effects of
the membrane-permeable ionophore ionomycin on the
epithelial barrier integrity (Figure 38c). This approach provides
a complementary tool for more in-depth in vitro analysis of
cellular communication and tissue formation and disruption,
among other applications.250

Besides the operation mode of the device, the geometry of the
device can also be tuned to fit the requirements of specific
applications, as it has been well established that the geometrical
features of certain bioelectronic devices significantly affect their
performance and thus electrical characteristics (e.g., impedance,
transconductance; see section 2.4).109,264,542 One of the most
recent studies that employed this approach was by Hsing and
collaborators,283 who postulated that variations in the OECT
channel dimensions would significantly affect the performance
of the devices as cell sensors. To test this hypothesis, the
researchers compared the response (i.e., gm, τ and |Z|) of
OECTs with different dimensions upon culture with either
barrier-forming (Caco-2 human epithelial colorectal adenocar-
cinoma cells) or non-barrier-forming (NPC43 nasopharyngeal
carcinoma cells) cells (Figure 39). Their findings suggest that
there is an optimum bandwidth of operation for specific-sized
OECTs: large-channel OECTs exhibit higher volumetric
capacitance and thus are more sensitive to low frequency
currents, such as the ones produced from the paracellular ion
flux in barrier tissues; small-channel OECTs are better suited for
monitoring activity of leaky adherent cells, where a faster
response is required for accurately capturing signals (high-
frequency domain).283

The potential of bioelectronic devices as tools for in vitro
diagnostics and, in particular for toxicology and drug develop-

Figure 37. (a) Phase contrast and immunofluorescence images of Caco-2, MDCK, NP460, and NPC43 cells cultured on OECTs (green, ZO-1 tight
junctions; blue, cell nuclei; scale bars 100 and 10 μm, respectively). (b) Plots of normalized transconductance cultured with different cell types and
impedance spectra of OECTs in the presence and absence of either MDCK or NPC43 cells. (c) Microscopy image of MDCK and mCherry-tagged
NPC43 cell coculture on a 16-OECT array. Normalized transconductance curves of 2 representative channels covered by either MDCK or mCherry-
tagged NPC43 cells and heat map of the cell distribution on the multichannel area, based on the transconductance value of each channel at 100 Hz. As
the intensity of the color increases, the chance that the channel is covered by carcinoma cells is increasing, as reflected by the increase in the
corresponding transconductance value at 100 Hz, which is indicative of the presence of a leaky cell. The blue box illustrates a damaged OECT.
Reproduced with permission from ref 537. Copyright 2019 Elsevier.
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ment, is without a doubt one of the main reasons this technology
has experienced such tremendous growth. This is clearly seen in
the applications described in this section, which showcase how
bioelectronic tools can be used to investigate the toxicity of
certain compounds.275,533 However, most studies are limited in

the sense that they employ commonly used compounds (e.g.,
EGTA, H2O2) to mimic phenomena such as inflammation or
disruption of barrier tissue to show proof-of-concept. Recent
studies though have been focused on taking this a step further.
For example, Tria et al.543 utilized OECTs coupled with

Figure 38. (a) Bode plots of the (i) impedance (Z) and (ii) phase angle (φ) of electrodeposited PEDOT:PSS in the absence (blue) and presence (red)
of a confluent layer of MDCK cells. (b) (i) Bode plot of the complete PAS spectra of cells growing on the device, color-coded for time (h). Inset
illustrates a close-up of phase angleφ values in the 103−105 Hz frequency range. (ii) Confocal microscopy images of cells growing on the PAS sensor at
given time points (green, actin filaments; blue, cell nuclei; scale bar 50 μm). (c) Combined optical and PAS sensing of the disruption of the epithelial
barrier by ionomycin. Bode plot of selective, partial spectra of PAS upon exposure of cells to ionomycin after the baseline recording (30 min), color
coded for time. (ii) Normalized φ peak values over time, illustrating the kinetics of epithelial barrier disruption, and (iii) phase contrast microscopy
images illustrating the morphology of the barrier at given time points (scale bar = 200 μm). Reproduced with permission from ref 250. Copyright 2015
Royal Society of Chemistry under Creative Commons Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0), https://creativecommons.org/
licenses/by-nc/3.0/.

Figure 39. (a) Schematic illustration of OECT devices with different channel areas as sensors of epithelial cell layer integrity, grown on the OECT
channel (Caco-2 cells, illustrated as tightly packed cells, or NPC43 cells, illustrated as leaky cells) (top left) were deposited on OECTs in different
channel areas. In both cases, arrows indicate the flow of high- and low-frequency currents. (b) Microscope images of (i) Caco-2 and (ii) NPC43 cells
growing on large and small channel OECTs. (c) Graphs showing the magnitude difference of transconductance over frequency for small OECT and
large OECT, when cultured with Caco-2 or NPC43 cells. Reproduced with permission from ref 283. Copyright 2018 Elsevier.
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Transwell filter membranes to dynamically monitor the barrier
integrity and to detect infection of polarized intestinal layers by
enteric pathogens (i.e., Salmonella typhimurium) under physio-
logical conditions. In addition, the authors demonstrate stable
operation of the devices and their ability to detect early and
subtle changes in the epithelial barrier resistance with high
sensitivity in complex substrates, such as full-fat milk, giving
prominence to the powerful potential of OECTs as high-
throughput and reliable tools for diagnostics and food and safety
applications.543 Taking this one step further, Huerta et al.
implemented an all planar OECT configuration cultured with
the low transepithial resistance (TER) human kidney proximal
tubule model, for bandwidth measurements of the barrier tissue
integrity in response to a variety of nephrotoxic agents. The cell
damage induced by cisplatin and other toxic compounds tested
in cell cultures was successfully detected with the OECTs and
corroborated via immunofluorescence assays, while not detected
with the commercially available system CellZscope. This study
paves the way for future integration into microfabricated lab-on-
chip platforms. In the follow up study, kidney cells (MDCK-II)
were cultured in a microfluidic integrated OECT array toward
on-chip monitoring of biological activity under physiologically
relevant conditions, along with the efficient integration of
multiple assays, including metabolite sensing and a wound-
healing assay.281

More recently, Ferro et al.544 developed an OECT that makes
use of a conformable gate electrode that can operate in air−
liquid (ALI) culture environments, simply by placing the
electrode on top of the apical cell border without the need for
electrolyte−media addition. This configuration allows certain
cell types (e.g., lung, skin) to grow and function in a more
physiologically relevant environment, while their status and
properties can be continuously monitored. The dose-dependent
toxicity of e-cigarette aerosols was tested on the integrity of the
tracheal epithelial barrier in terms of barrier resistance, offering

new insight into the mechanism of bronchial epithelial barrier
disruption by inhaled smoke over time and a powerful tool for
further toxicology studies.544 In another study, OECTs were
used to investigate the toxicity of silver nanoparticles (i.e., toxic
citrate-coated AgNPs or nontoxic EG6OH-coated AgNPs) on
mouse embryonic fibroblasts (i.e., NIH-3T3) and human
colorectal adenocarcinoma cells (i.e., Caco-2). Real-time
monitoring of the variation in response time of the current
modulation upon application of a square voltage pulse at the
gate, cross-validated with immunofluorescence microscopy,
showed that OECTs can efficiently and accurately monitor the
health status of cells upon such treatments to distinguish toxic
from nontoxic nanoparticle effects and to provide detailed
information on the kinetics of toxic compounds.545

Finally, it is worth noting the efforts to broaden the material
assortment and to use more types of devices for in vitro
biomedical studies. An interesting example is the case of OECTs
based on polydiketopyrrolopyrroles (PDPPs), published earlier
this year. The materials exhibited excellent performance and
stability in common cell culture media, and preliminary findings
suggest that this class of materials is nontoxic and suitable for
interfacing with cell cultures.546 Attempting to improve the
performance of transistors as cell sensors, Zhang et al.,302

developed a poly(N-alkyl diketopyrrolopyrrole-dithienylthieno-
[3,2-b]thiophene) (DPP-DTT)-based solid−liquid dual-gate
organic transistor (Figure 40a). By exploiting the solid−liquid
dual-gating, the authors demonstrate that the threshold voltage
of the transistor channel can be tuned to exceed the voltage
window of state-of-the-art devices to values higher than 0.4 V,
thanks to the additional gate that controls the liquid-gated
conduction. In fact, these devices outperformed single-gated
devices as sensors for the detachment of human mesenchymal
stem cells (hMSCs) upon trypsinization.

3.2.3. Nonmammalian Cells. The application of organic
electronic devices in vitro also extends beyond mammalian

Figure 40. (a) Schematic of the dual gate cell-sensing platform. (b) Current responses over time of the DG-OFET (top) and SG-OFET (bottom) with
and without hMSCs upon trypsin treatment. (c, d) Optical images showing hMSCs cultured on the OFETs before and after trypsin treatment,
respectively. Adapted with permission from ref 302. Copyright 2017 American Chemical Society.
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systems, although the latter remain the main focus of this review.
It is worth noting that applications of OECTs have now
expanded to such diverse organisms as plants, fungi, and even
diatoms.547−549 Bacteria have also been extensively interfaced
with organic electronic devices and materials as detailed below.
The molecular mechanisms underpinning bacterial infection
have been the subject of study over the past two decades.
Understanding the full complexity of bacterial infections and
subsequently developing robust models that can serve as a tool
to test antimicrobials remains challenging. The exploration of
the antimicrobial properties of materials and surfaces is also of
great importance for biomedical, food and textile industry
applications. A recent study highlights the potential of CP
coatings for personal protective equipment (PPE) and medical
equipment to ward off secondary bacterial infections in hospital
settings, given their current prevalence among COVID-19
patients.550 CPs have been increasingly adopted for in vitro
applications with bacterial cells given their innate or electro-
chemically induced antimicrobial properties as well as their
ability to act as electron relays for bacterial extracellular electron
transfer. The latter is of great importance not only for
understanding and studying bacterial systems but also for
developing energy generation/storage devices known as micro-
bial fuel cells. As such, CPs have found widespread applications
in antimicrobial surfaces,551 antibiotic research,552,553 biosens-
ing,554,555 and biofuel cells.550

3.2.3.1. How Bacterial Cells Are Interfaced with CPs.
Bacterial cells have been coupled with CP films using different
methods including direct absorption on the CP surface,556

entrapment of bacteria in the CP matrix during polymer-
ization,557 realization of bacterial-imprinted CPs,558 and finally
entrapment of bacterial cells as anionic dopants due to the
negative charge of bacteria cell walls.559,560 The method used
depends on the intended application. For example for the
development of robust and long-lasting biosensors, the entrap-
ment and doping approaches provide a more stable alter-
native.559,560 In a broad study, when compared to other
materials (Au, ITO, glassy carbon), CPs were found to be
more suitable matrices for entrapping bacteria in terms of their
density, viability, and distribution.559 For fundamental studies,
however, for example, applications including biofilm formation
studies or testing of antibacterial properties of a given surface,
bacterial adsorption has been more widely used.555,561,562

Further, the redox active properties of CPs render them
particularly suitable for electrical “communication” with
bacterial films to modulate or sense bacterial metabolism.561

3.2.3.2. Antimicrobial Properties of CPs. Early studies by
Seshadri et al. revealed the excellent antimicrobial activity of
PANI-based CPs toward both Gram-negative and Gram-
positive bacteria.563 Later Shi et al. showed that PANI blended
with PVA restricted the growth of Escherichia coli and
Staphylococcus aureus in both dark and light conditions,
highlighting its potential to be used as a self-cleaning surface
for dark environments where photocatalytic antibacterial agents
are ineffective.564 Another study with functionalized PANI films
extended the antimicrobial spectrum of PANI, exhibiting
efficient microbial resistance for wild-type E. coli, Pseudomonas
aeruginosa, and S. aureus, as well as several antibiotic resistant
pathogens.565 Since then, various PANI blends or composites
including ones with chitosan, zirconium (IV) sulfosalicylate, Ag,
and Au have been explored. PPy has been also found to exhibit
intrinsic antimicrobial activity, which was attributed to the
presence of positive charges along the backbone chain during its

synthesis via oxidative polymerization.566 A common strategy to
further enhance the antimicrobial activity of PPy (and other
polymers) involves the incorporation of antimicrobial agents in
the form of metal nanoparticles (i.e., Ag567,568 and Pd569),
polymers (i.e., chitosan570), or nanostructures (i.e., CNTs).571

The incorporation of nanoparticles increases the number of
active sites in the polymer matrix, which in turn enforces the
electrostatic interactions with the bacteria cell wall.572 In the
case of CNTs, the underlying antimicrobial function arises from
the oxidative damage to the lipid membrane, though the effect
depends on the type of CNTs or their functionalization type.573

The influence of morphology and additives on the antibacterial
behavior of PPy was demonstrated in a systematic study by Da
Silva et al.556 Specifically, the authors tested various PPy-based
systems: conventional PPy, branched PPy, branched PPy/Ag
nanocomposite, highly soluble PPy, and PPy/Ag colloid. The
highly soluble PPy exhibited the best bactericidal efficiency
against E. coli,Klebsiella pneumoniae, and S. aureus. While the rest
of the systems showed a bacteria-dependent effect, the PPy/Ag
colloid and the branched PPy/Ag were found to encounter
effectively the bacteria with acceptable characteristic-time
kill.556 The antimicrobial efficacy of PEDOT based systems
has been also explored.562,574,575 In a recent study, Alemań’s
team investigated the response of n-doped PEDOT films against
E. coli and S. aureus bacteria.562 The incorporation of an n-
dopant (pyridinium-based polyelectrolyte) was found to
promote the bacteriostatic behavior of PEDOT without
inducing toxicity to eukaryotic cells (NRK and Vero cells). A
recent work demonstrated the use of nanocomposites based on
functionalized PEDOT and AgNPs as a coating for stainless steel
surfaces.576 Specifically, PEDOT functionalized with zwitter-
ionic phosphorylcholine was found to inhibit the bacterial (E.
coli and Streptococcus mutans) adhesion, while the presence of
AgNPs further prevented their colonization.

3.2.3.3. Controlling Bacterial Growth. The availability of
suitable electron acceptors is critical to bacterial growth and,
therefore, the establishment of a biofilm. A comprehensive study
on the effect of the redox state of CPs on bacterial growth and
biofilm formation was recently conducted by Richter-Dahlfors
and co-workers.561 By electrical oxidation or reduction of a
PEDOT composite, the availability of electron acceptors could
be controlled providing an electron sink that promotes bacterial
metabolism and hence biofilm growth. In contrast, reduced
PEDOT was found to exhibit antifouling activity (reducing
bacterial growth). Those two opposing mechanisms observed in
this study suggest that the electrochemical state of CP surfaces
can be fine-tuned to either prevent bacterial growth (i.e., in the
healthcare sector, in food processing, in papermanufacturing) or
favor the growth of bacteria (i.e., for fundamental studies of
bacterial metabolism or the development of antibacterial
therapies).

3.2.3.4. Sensing Bacterial Metabolism. CP films (PEDOT
and PPy) have been used for fundamental studies on the
metabolic activity of bacterial cells, in particular for the
electrochemical evaluation of the respiratory activity of
anaerobic and aerobic bacterial cells.560 Typically, metabolic
activity of bacterial cells is assessed through their growth and
respiration patterns via cell-counting or staining or gas
chromatography all being indirect and time-consuming
methods.577,578 The ability to easily quantify bacterial
metabolism (i.e., with CPs) is thus of importance for a variety
of applications including testing of antibiotics, as there is a link
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between the metabolic state of bacterial and the antibiotic
efficacy.579

3.2.3.5. Biofuel Cells. It is well-known that under anaerobic
conditions, certain bacteria produce protons and electrons
instead of carbon dioxide and water. This attribute of bacterial
cells has been heavily exploited for applications in energy
production and storage. The first microbial fuel cell was realized
in the beginning of the 20th century when scientists connected
bacterial cells with electrodes to generate electricity. While the
potential of this is high, the main drawback is the low power
density as the generated electrodes are not efficiently trans-
mitted to the electrode. Hence, CPs, having the ability to act as
electron relays, have shown that they can greatly enhance the
efficiency of this process.580 Li et al. investigated four kinds of
CPs including PANI and three derivatives as coatings of
conventional electrodes, acting as aerobic abiotic cathodes and
biocathodes in microbial fuel cells. They found that all four
polymers significantly improved the power densities for both
abiotic cathodes (increased by 300%) and biocathodes
(increased by 180%).581 CPs’ good oxygen catalytic reduction
ability and favorable biofilm matrix render them especially
promising materials for next generation biofuel cells.
3.3. 3D Cell Cultures

To recapitulate biological systems in vitro, it is important to
generate 3D models that better reflect the in vivo situation.
Organs, tissues, and support networks such as the extracellular
matrix (ECM) have complex architectures, being naturally
organized in 3D structures rather than in 2D structures.
Although the use of 2D cell culture systems has facilitated the
discovery and progress of various fields in biomedical
research,582,583 they lack the environmental context and in vivo
architecture, and combined with the absence of biophysical cues
and of a heterogeneous population of cells, they only represent a

simplistic imitation of the in vivo situation.22,582,584 As a result,
this may lead to significant differences in the response to
potential drugs and treatments and to misleading conclusions
about the safety and efficacy of such compounds.585,586 In this
regard, quasi-3D (or 2.5D) models emerged as a transitional
stage to model cell biology. Cells in 2.5Dmodels are cultured on
top of substrates, in some cases coated with ECM proteins to
enhance cell adhesion and differentiation.544 Substrates with
diverse patterns and topographies can help in representing
natural cell organizations to obtain physiologically relevant
information about cell behaviors.
Over the last decades, the field is progressively transitioning

into truly 3D models that more accurately mimic the in vivo
complexity.583,587−589 Benefiting from the synergy of multiple
disciplines, including cell biology, materials science and
engineering, and the significant advances in tissue engineering,
novel 3D cell culture technologies, which can be tailored to meet
the requirements of a specific application, have been brought to
the fore.
Cell culture models interfacing with bioelectronics include

tissue-engineered structures such as hydrogels, porous scaffolds,
and fibermeshes, as well as more complex 3D cell models such as
spheroids and organoids. Three-dimensional bioelectronic
models, in addition to providing a 3D structure for cell support,
are also used to electrically monitor cell growth and tissue
formation. However, sample handling and imaging, as well as
high-throughput, remain a challenge in 3D structures, requiring
more sophisticated technological tools for tackling the third
dimension. Downstream analysis of sample effluents (e.g.,
metabolomics, genomics) is another important aspect and is
often performed with end-point assays requiring labeling or the
use of invasive probes.590

Figure 41. Schematic illustrates the main 3D conducting polymer architectures used in bioelectronic interfaces with 3D cellular systems in vitro.
Created with Biorender.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00539
Chem. Rev. XXXX, XXX, XXX−XXX

AQ

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig41&ref=pdf
https://biorender.com/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig41&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.3.1. Tissue Engineering Approaches. Three-dimen-
sional structures can be used to recreate the same biology−
polymer interfaces that were described in sections 3.1 and 3.2,
having excellent electrical and mechanical properties, high
porosity and surface area, and biological mimicry. As for their 2D
counterparts, they can be adopted to deliver electrical or
optoelectronic stimuli to cells or used as bioelectronic interfaces
to monitor cellular processes and tissue development in vitro.
They also allow the inclusion of physiologically relevant
polymers in the form of blends, dopants, and composites to
design 3D CP-based structures that feature enhanced
biocompatibility. Moreover, the incorporation of growth factors,
minerals, and chemical molecules can positively affect cell
growth and proliferation.
As defined by Mecerreyes and co-workers,591 for CP-based

cell models to be considered 3D, they have to comply with three
limits of tridimensionality: (a) the length, width, and thickness
of the structure have to be higher than the size of the cell under
study (micrometer scale), (b) they should have a pore size that
allows cell infiltration, homogeneous distribution, and percola-
tion, and (c) they should be conducting throughout their
volume. Overall, 3D conducting structures based on their
morphological and structural aspects can be categorized as
hydrogels, porous scaffolds, and fiber meshes. So far, most of the
work in 3DCP-based structures lacks electrical output data from
the interface between the CPs and the biological system,
resulting in stand-alone passive cell culture systems where
cellular events are monitored by biochemical assays and
microscopy (e.g., confocal microscopy). An illustrative summary
is shown in Figure 41, and a detailed discussion of each hydrogel,
porous scaffold, and fiber mesh fabrication process follows,
emphasizing in vitro bioelectronic interfacing.
3.3.1.1. Hydrogels. Hydrogels are polymeric networks with

high water content and a degree of flexibility that, together with
their soft nature, represent ideal scaffolding materials for 3D cell

culture applications. Incorporation of CPs into hydrogels
interfaced with tissues allows their use as electrodes, for
electrical stimulation or monitoring592,593 or to achieve
controlled release of drugs.594−596 CPs can be incorporated as
a blend,597 cross-linked with the main polymeric backbones,598

self-assembled without the addition of cross-linkers,599 or the
main component of the hydrogel.600 The strengths and
weaknesses of the generation of conducting hydrogels have
been reviewed recently.601 Most components used in hydrogels
are biopolymers, such as cellulose,602−604 gelatin,605 chito-
san,478,606−608 or alginate,248 that provide additional biocompat-
ibility and polymers, such as PEG609 and acrylates,610 that
facilitate hydrogel processing. Special attention is paid to the
way the use of insulating polymers can affect the conducting
properties of the hydrogel.611 Moreover, carbon-based materials
such as CNTs and multiwalled CNTs (MWCNTs) can be
added to enhance the electrical properties and introduce
nanotopography in hydrogels.604

CP hydrogels can be processed by molding,598 micro-
patterning,609 and 3D printing,612,613 among other fabrication
techniques, in order to trigger specific cell behavior and
functionality. Commonly, CP mixtures are dispersed inside
cavity-based structures, such as wells or molds, to be
polymerized and create molded hydrogel structures.599 As an
example, molded cellulose hydrogels obtained from pristine
tunic sea squirts (marine invertebrate animals) were in situ
polymerized to create PPy tunic hydrogels that exhibited
suitable conductivity and mechanical properties. Additionally,
micropatterned hydrogels composed of a patterned PEG-
hydrogel polymerized with PEDOT were developed to
electrically stimulate the differentiation of myoblast cells.609

Myoblasts were seeded onto microgrooved hydrogels showing
good cell adhesion and proliferation and elongated morphology
in line with hydrogel alignment. Hydrogels based on the
combination of oxidized PPy:PSS and an oxidized alginate-

Figure 42. (a) Schematic showing the synthesis route for the development of alginate−gelatin−polypyrrole:PSS (ADA-GEL-PPy:PSS) hydrogels. (b)
Conductivity data for wet (AC) and dry ADA-GEL and ADA-GEL:PPy (with various concentrations of PPy, 0.1, 0.2, and 0.4 M) (c) Multiphoton
fluorescence microscopy (nuclei (DAPI), blue; F-actin (rhodamine phalloidin), red; scale bar 100 μm) and (d) SEM image of ATDC-5 cells cultured
on 3D AG-PPy:PSS hydrogels. Adapted with permission from ref 613. Copyright 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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gelatin (ADA-GEL) hydrogel with a high gelatin content were
developed for cartilage regeneration.613 The ADA-GEL-Py:PSS
hydrogels were 3D printed and functionalized with FeCl3 to
form the conductive PPy:PSS inside the ADA-GEL. (Figure
42a). ADA-GEL and ADA-GEL-PPy:PSS formed with oxidized
0.1, 0.2, and 0.4 M Py were characterized both wet and dry by
EIS (Figure 42b). ADA-GEL-PPy:PSS hydrogel cytocompati-
bility was investigated by seeding mouse teratocarcinoma
ATDC-5 cells and evaluated via multiphoton fluorescence
microscopy (Figure 42c) and SEM (Figure 42d). Both data sets
revealed that cells proliferate in the z-direction of the 3D-printed
hydrogel due to the strut-by-strut structure of the hydrogel.
Regardless of the advancesmade in the CP hydrogel field, very

few examples of CP hydrogels interfacing with bioelectronic
devices for in vitro applications can be found in literature. A
strategy to enhance the interface between devices and cells is to
create electrodes based on CPs coated with a thick biopolymeric
hydrogel to reduce the mechanical mismatch at the electrode−
tissue interface and improve the electrochemical properties. In
this context, Ghezzi and co-workers developed an MEA device
based on PEDOT:PSS and coated it with an alginate hydrogel
for the electrophysiological recording of neural stem cell
differentiation of iPSCs.248 The hydrogel was electropolymer-
ized on top of various MEAs (Figure 43a) and then

characterized by EIS (Figure 43b), showing a decrease of the
overall impedance magnitude with the addition of PEDOT:PSS,
alginate, and conductive alginate. For the in vitro validation,
MEAs were coated with neurospheres made of alginate
hydrogels and neural stem cells from iPSCs. (Figure 43c).
Electrophysiology recordings showed that the conductive
alginate microelectrodes demonstrated lower impedance
magnitude, higher charge storage capacity, and a more resistive
behavior translating to an improved SNR ratio during neuronal
recordings.
3.3.1.2. Porous Scaffolds. Porous scaffolds are 3D polymeric

interconnected pore networks that host cells to create 3D cell

cultures. The sufficient porosity and water intake facilitates
percolation and infiltration of the cells, rendering such
constructs ideal for the spatial 3D organization of cell cultures.
Three-dimensional CP porous scaffolds have been mainly used
as passive tissue substrates for hosting cell growth and
differentiation by biochemical means.52 In the last years, their
use as active interfaces has enabled electrical monitoring of cell
growth and proliferation41 and cell differentiation, through
electrical stimulation.614 Alongside interfacing cardiac and brain
tissues,615,616 3D CP porous scaffolds have been used to
interface various cell systems derived from bone,51,52

kidney,41,53,617 brain,618,619 and gut.40 CP based porous scaffolds
can be fabricated directly via the freeze-drying technique (also
known as lyophilization or ice-templating),39−41,51−53,617,620 or
indirectly by coating polymeric porous templates by vapor phase
polymerization (VPP),621 solvent casting,618 and electro-
chemical polymerization.591,622,623 The most common fabrica-
tion method is the direct in situ freeze-drying process, which
comprises three steps. First, the desired CP mixture is immersed
into dedicated molds, which determine the resulting shape and
structure of the scaffold. Second, the mixtures are frozen at a
specific cooling rate. Third, the scaffolds are dried at a controlled
pressure to sublime the generated water ice crystals and to
obtain a dry scaffold.51 Scaffold composition, cooling rates, and
freezing temperature can influence the porosity and the pore
size, as well as the final mechanical properties of the scaffold.
Sajesh and co-workers first demonstrated conducting scaffolds
alginate-functionalized PPy incorporated into a chitosan
matrix.624 In this work PPy was obtained by chemical oxidative
polymerization of a pyrrole solution containing alginate in the
presence of FeCl3. The formed blend was then lyophilized, and
the resulting scaffold was cross-linked with glutaraldehyde. Later
Wan et al. demonstrated the fabrication of electrically
conducting mesoporous PEDOT:PSS scaffolds capable of
supporting 3D cell cultures.50 Interestingly, performing
electrical stimulation of the scaffolds enabled the adsorption of
ECM proteins, which aid the adhesion of pro-angiogenic
secretion of 3T3-L1 cells in the scaffolds. Similarly, the Stevens
group demonstrated the use of PEDOT:PSS porous scaffolds for
the culture of MC3T3-E1 osteogenic precursor cells.51 (Figure
44a) The resulting cultures were found to enhance the
deposition of mineralized ECM and differentiate into mature
osteoblasts, rendering PEDOT:PSS scaffolds promising candi-
dates for bone regeneration applications. It is well-known that
mechanical properties and cytocompatibility and are very
important for the successful proliferation, growth, and differ-
entiation of cell cultures. Thus, many studies on CP-based
scaffolds focused on the incorporation of biopolymers such as
collagen,41,52 gelatin,625,626 alginate,626,627 chitosan,628 silk
fibroin,629 and cellular-based gels, such as cardiogel.455 Indeed,
recent studies by our group demonstrated the use of
PEDOT:PSS scaffolds containing collagen for enhancing the
mechanical properties and promoting differentiation of neural
crest stem (NCS) cells.41,52 Specifically, scaffolds containing
various concentrations of collagen were characterized by
electrochemical and mechanical means, which revealed that an
increment in the collagen concentration impacts the electro-
chemical properties of the scaffold, shifting the overall
impedance magnitude to higher values (Figure 44b(i)), whereas
the scaffold stiffness decreases (Figure 44b(ii)). Neural crest
stem cells were tested for their ability to differentiate into bone
cells when colonizing the PEDOT:PSS and collagen scaffolds.
Cells were seeded onto the different scaffolds and cultured in

Figure 43. (a) Grid-MEA (g-MEA) fabricated with 400 μm diameter
electrodes. (b) Bode EIS plots measured at each fabrication step:
platinum (black); PEDOT:PSS (blue); alginate (green); conductive
alginate (red). Colored lines represent average while gray lines
represent SD. (c) Picture of the setup with p-MEA (top device), NS
(middle hydrogel), and s-MEA (bottom device). Adapted with
permission from ref 248. Copyright 2018 the Authors, licensed under
Creative Commons Attribution 4.0 International (CC BY 4.0) License,
https://creativecommons.org/licenses/by/4.0/.
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osteoinductive media (Figure 44b(iii)), with scaffolds with less
collagen concentration displaying higher levels of alizarin red
staining, an indicator of deposited mineralized matrix (Figure
44b(iv)).52

Biocompatibility in 3D CP-based scaffolds can be also
achieved by synthesizing dispersions made of a conducting
monomer and a polyelectrolyte by chemical oxidative polymer-
ization. In this regard, different dispersions based on EDOT and
various biopolymers such as hyaluronic acid, chitosan, and
xantham gum have been developed. Specifically, PEDOT:xan-
than gum dispersions were synthesized resulting in scaffolds that
were used for hosting MDCK II cells and for monitoring
electrically their growth.617 (Figure 45a). SEM imaging of the
PEDOT/xanthan gum scaffold shows the high interconnectivity
of the porous network (Figure 45b). In terms of electrical
monitoring, in the presence of MDCK-II cells after 7 days of
culture (Figure 45c) an increase in the impedance magnitude is
observed. Confocal imaging (Figure 45d) on MDCK-II eGFP
revealed good cell attachment and proliferation within the
porous structure.
The addition of biopolymers to CP scaffolds could result in

compromised electrical properties compared to the pristine CP
scaffold. Along these lines, incorporation of additives that
enhance conductivity, such as CNTs,39,400,618 has proven a good
strategy to boost the electrochemical properties of the scaffold.
In a recent study, different ratios of PEDOT:PSS/MWCNT
scaffolds were prepared by the freeze-drying technique and
characterized by EIS. The presence of theMWCNTs at 2:3 ratio
exhibited the most notable improvement in the conductivity of
the scaffolds (Figure 46a(i)). Poly(L-lysine) (PLL)−fluorescein
isothiocyanate (FITC) was used to functionalize the scaffolds by
means of electrostatic interactions between the positively
charged PLL and the negatively charged oxidized MWCNTs.
The green staining in the confocal image (Figure 46a(ii))
indicates the presence of MWCNT hot spots as confirmed by
the SEM image (Figure 46a(iii)).39

Prato and co-workers followed a different strategy to enhance
the electrical properties of the scaffolds. In their case, sucrose
and CNT templates were electrochemically polymerized using
EDOT monomer. Sucrose was removed by submerging the
scaffold in water overnight (Figure 46a(i)). The PEDOT/CNT
scaffolds were used as templates for differentiation of SH-SY5Y
cells (neuroblastoma cells) to a more neuron-like phenotype
characterized by neuronal biomarkers. Specifically, β-tubulin
class III and MAP II are neuronal biomarkers that are expressed

Figure 44. (a) (i) SEM images of PEDOT:PSS scaffolds culture with MC3T3-E1 at different time points (1, 7, and 28 days). (ii) SEM image (false-
colored) of backscattered and secondary electrons showing calcified particles (in red) and organic material (in green) and (iii) EDX spectrum of the
MC3T3-E1 cell cultured PEDOT:PSS scaffolds. (iv) Confocal microscopy images showing the cultured scaffold with mineralized bone nodules (in
green) and nuclei (in blue-DAPI). Adapted with permission from ref 51. Copyright 2017 Elsevier. Licensed under Creative Commons Attribution 4.0
International (CC BY 4.0) License, https://creativecommons.org/licenses/by/4.0/. (b) (i) EIS Bode plot measured for PEDOT:PSS (P:P, blue line),
PEDOT:PSS/collagen-0.3% (COLL1, yellow line), and PEDOT:PSS/collagen-1.1% (COLL3, green line). (ii) Young modulus measurements for the
various scaffolds. (iii) Brightfield images of the NCSC cultured scaffolds for the different collagen concentrations and (iv) quantitative evaluation of
alizarin red dye recovered from the cultured scaffolds after 21 days showing the osteogenic differentiation of NCSCs. Adapted with permission from ref
52. Copyright 2020 Materials Research Society. Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0) License, https://
creativecommons.org/licenses/by/4.0/.

Figure 45. (a) Scaffold-based electrode configuration. (b) SEM image
of PEDOT/xanthan gum scaffold (0.5:0.5). (c) Complex impedance
data of uncultured and cultured scaffold after 7 days. (d) Confocal
microscopy image of the scaffold 14 days after cell seeding. MDCK II
eGFP cell growth on PEDOT/xanthan gum (0.5:0.5) after 14 days
culture. Adapted with permission from ref 617. Copyright 2018
American Chemical Society. Licensed under Creative Commons
Attribution 4.0 International (CC BY 4.0) License, https://
creativecommons.org/licenses/by/4.0/.
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after differentiation of SH-SY5Y cells. Immunofluorescence
staining confirmed the hypothesis that cells seeded onto
PEDOT/CNT expressed more β-tubulin class III (Figure
46b(ii)) and MAP II compared to the PEDOT scaffolds after 7
days.400

Electroactive scaffolds can be also fabricated by in situ
polymerization of an already prepared scaffold by VPP. This
technique allows the coating of the scaffolds in a controllable
manner by vaporization of a conductingmonomer. The scaffolds
are previously soaked into an oxidant solution, placed inside a
closed chamber or contained with the monomer solution, and
finally, the polymerized scaffold is rinsed with a friendly solvent
to remove any unreacted oxidant and monomer.630 Simons and
co-workers coated polycaprolactone (PCL) scaffolds with
PEDOT:Tos using VPP. The scaffolds were seeded with fetal
mesenchymal stem cells, and after 14 days no differences
between the coated and uncoated scaffolds were observed,
suggesting that the coating did not affect cytocompatibility.621

VPP has also been used to coat thermoplastic polyurethane
scaffolds with PEDOT. The resulting scaffolds exhibited
improved mechanical properties compared to their pristine
version and good electrical properties. MC3T3-E1 cells were
cultured inside the scaffold showing their suitability for muscle
and nerve electrical stimulation.631 Other approaches include
the use of 3D substrates made of nonconducting polymers as
sacrificial templates for the CP coating.618,632−634

Although some of the aforementioned in vitro bioelectronic
models offer in-line electrical monitoring, they do not accurately
replicate the in vivo situation where organs are perfused. Three-
dimensional CP cell culture platforms can be modeled to
accurately represent the perfusion of nutrients of specific organs
and tissues. In this context, our group has developed a transistor-
in-a-tube (aka tubistor), a platform that adopts a tubular shape

and supports cell growth while providing the capability of
continuous perfusion and simultaneous electrical monitoring
using EIS and transistor-based measurements. The first version
of this device (Figure 47a(i)) consisted of a tubular construct
where a PEDOT:PSS scaffold was in situ generated by
lyophilization. Cells (MDCK-II or fibroblasts) were grown
inside the scaffolds, and the evolution of the cell growth stages
was monitored. Figure 47a(ii) shows the change of the
normalized gm over time. The ability of the device for both in-
line electrical measurements and perfusion in 3D cell cultures
opened up a new area of integrated bioelectronics toward more
physiologically relevant in vitro systems.53 Following this work, a
more sophisticated version of the previously described tubistor
was developed to accurately model the human gut. The so-called
“L-tubistor” adopted a hollow lumen structure mimicking the
native lumen of the intestine (see Figure 47b(i)). To recreate
the gut tissue, fibroblasts, HT29-MTX, and Caco-2 cells
(intestinal epithelial cells (IECs), colon adenocarcinoma)
were seeded sequentially into the lumen of the scaffold. SEM
and confocal images showed the fibroblasts infiltrating the pores
of the scaffold, while IECs covering the outer surface of the
scaffold expressed a polarized structure, indicative of tissue
functionality (Figure 47b(ii, iii). EIS measurements were taken
at different time points over 26 days, exhibiting a continuous
increase of the impedance magnitude in the mid-to-high
frequency range (101−105 Hz), reflecting tissue formation.
(Figure 47b(iii, iv)).

3.3.1.3. Fiber Meshes. Fiber meshes bear inherent porosity
that facilitates cell attachment and growth. As in any other 3D
structure, they can be inherently conducting or they can consist
of nonconducting materials and be subsequently coated with a
CP coating. The methods used for the development of fibrous
meshes can be found in Figure 41. Coating of fiber meshes can

Figure 46. (a) (i) EIS measurements of the PEDOT:PSS and PEDOT:PSS/MWCNT scaffolds (inset shows the Nyquist plots). (ii) Confocal
microscopy images of the PLL-FITC functionalized PEDOT:PSS/MWCNT (2:3) scaffolds. (iii) SEM image of PEDOT:PSS/MWCNT (2:3). CNT
domains are indicated with white arrows. (iv) Bright-field and far-red merged highlighting the F-actin filaments of TIF cytoskeleton (orange). Adapted
with permission from ref 39. Copyright 2019 the Authors. Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0) License,
https://creativecommons.org/licenses/by/4.0/. (b) (i) Schematic illustration showing the fabrication technique for the PEDOT/CNT scaffolds. (ii)
β-Tubulin class III and F-actin staining of the SH-SY5Y cells cultured on the PEDOT and PEDOT/CNT scaffolds for 3 and 7 days. (iii) Graph
showing the amount of β-III-Tub measured from the signal-to-noise ratio of immunofluorescence images of the cultured cells. Adapted with
permission from ref 400. Copyright 2020 American Chemical Society.
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be achieved by chemical polymerization635 and VPP,636 with the
former method being the most common. Bacterial cellulose fiber
meshes previously treated with poly(phenylene sulfide) (PPS)
have been polymerized with EDOT monomers637 while
collagen was polymerized with polypyrrole.638 In a recent
study, Yin and co-workers produced nanofibrous structures of
PLA with well distributed PANI nanostructures. PANI
structures were realized by dissolving aniline into a PLA/THF
solution in the presence of ammonium persulfate (APS). The
obtained mixture was transferred to a Teflon mold and frozen at
−80 °C to complete phase separation. Nanofibrousmeshes were
obtained after freeze-drying (Figure 48a(i)). Magnified SEM
pictures of the nanofibrous structures showed the interconnec-
tivity of the porous structure as well as an ECM-like structure
that could be used to promote cell growth (Figure 48a(ii)).
Bone marrow mesenchymal stem cells were seeded on the 3D
structures and evaluated by a live−dead (green-red) assay,
which confirmed the biocompatibility of the developed
structures (Figure 48a(iii)).639

Fiber meshes based on CPs can be also realized by
electrospinning170,640−642 and inflight 3D printing.643 The
electrospinning technique consists of the application of an
electrostatic field to a polymer solution until a charged liquid ink
is formed and printed toward a collector or a surface. During the
printing process, the solvent is dried resulting in fiber meshes
composed of strains of diameter in the nanoscale. Fiber meshes
made from CPs such as PEDOT,413,644,645 PANI,460,606,646−650

and PPy,170 among others, have been successfully realized via

electrospinning. Some of them have been mixed with
biopolymers to increase their biocompatibility and improve
mechanical properties.645,651,652 Mixtures of PANI with
polycaprolactone have been extensively used in electrospinning
for vasculature,653 neural,641,654,655 and osteogenic differ-
entiation.640,656 Stevens and co-workers developed electrospun
block copolymers of aniline tetramer and PCL named AT-PCL.
Three different concentrations (25%, 50%, and 75%) of the AT-
PCL fiber meshes were developed and the most suitable one was
found to be 25% because of its internal structure and
biocompatibility. SEM images taken from the 25% AT-PCL
fiber mesh confirmed its fibrillary structure with diameters of
400 nm (Figure 48b(i)). The in vitro application of these fiber
meshes was evaluated by seeding MC3T3-E1 osteogenic
precursor cells. Differentiated cells on phytic acid and pristine
membranes were stained for osteocalcin, actin, and nuclei
indicating cell differentiation and functionality of the engineered
tissue (Figure 48b(ii)).640 Based on the samematerials, Castelo-
Ferreira and co-workers developed PCL and PANI fiber meshes
by electrospinning. The resulting 3D structures had a diameter
around 373 nm (Figure 48c(i)). In Figure 48c(ii) a schematic
with an illustration of the possible pseudodoping mechanism is
displayed. The structures were seeded with neural cells (REN-
VM) indicating that the PCL−PANI fibers were biocompatible.
Finally, the structures were integrated into an electrical
stimulation apparatus for cell differentiation. Confocal images
from Figure 48c(iii) of the seeded structures revealed the
successful differentiation of REN-VM cells by electrical

Figure 47. (a) (i) Illustration showing tubistor device used for hosting andmonitoring 3D cell cultures under flow conditions. SEM image withMDCK
II cells grown for 2 days within PEDOT:PSS scaffold hosted in the tubistor device. (ii) Diagram showing the evolution of normalized transconductance
values at different time points during the cell culture duration. Adapted with permission from ref 53. Copyright 2018 AAAS. Licensed under Creative
Commons Attribution 4.0 International (CC BY 4.0) License, https://creativecommons.org/licenses/by/4.0/. (b) (i) Schematic of the luminal-
tubistor (L-tubistor) device used for the development of a 3D bioelectronic human intestine platform. (ii) SEM image showing cultured PEDOT:PSS
scaffold with the triculture model (TIF/HT29-MTX/Caco-2). Confocal images showing the corresponding transverse, longitudinal, and orthogonal
sections of the cultured L-tubistor. (iii) Schematic illustrating the cellular organization in the scaffold. Orthogonal views (ortho-views, right) of the
samples obtained by z-stacked confocal images showing the polarization characteristics of the intestinal tissue. (iv) Bode impedance and phase plots
showing the initial response (4 days TIF culture, before IEC) of the 3D electrode and after 22 days of IEC culture. Adapted with permission from ref 40.
Copyright 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0)
License, https://creativecommons.org/licenses/by/4.0/.
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stimulus.641 Templates of PCL have been used to coat PPy
nanotubes by in situ polymerization to create a core−sheath
structure. Figure 48d(i, ii) shows SEM pictures of PCL
nanofibers and PPy nanotubes, respectively. The structures
were seeded with neurite cells and were assessed by SEM
revealing cells aligned onto the PCL−PPy nanofiber structure
(Figure 48d(iii, iv).170

Fiber meshes can be created also by inflight fiber printing. The
technique consists of one single step that creates fiber arrays,
either suspended or on a surface. Small diameter fibers (1−3 μm
thick) can be created by optimizing the fiber sizing. Huang and

co-workers developed PEDOT:PSS fibers based on this
technique. Mouse fibroblasts were seeded onto 90° aligned
fiber meshes, and confocal pictures corroborated the presence of
aligned cells on the fiber mesh, while the histogram showed the
orientation of the cell onto the 3D structure (Figure 49a). The
aligned fiber meshes were also fabricated on top of a working
electrode surface to function as an impedimetric sensor to detect
dynamically cell coverage, while simultaneous live-cell imaging
was possible given the transparency of the fiber array (Figure
49b). As shown in Figure 49c the impedance magnitude
increased in the high-frequency range (103−105 Hz), most

Figure 48. (a) (i) Fabrication process and (ii) SEM images (at different magnification) of the PLA/PANI nanofibrous conducting scaffolds. (iii)
Confocal microscopy (live/dead assay) and SEM images showing the morphology of bone marrow-derived mesenchymal stem cells (BMSCs) on
scaffold PLA/PANI10 after 1 day of culture. Adapted with permission from ref 639. Copyright 2018 Elsevier. (b) (i) SEM images of conducting
electrospun aniline tetramer-co-poly(caprolactone) (here AT-PCL to PCL ratio is 25% w/w) fibrous scaffolds. Confocal images of cultured MC3T3-
E1 electrospun AT-PCL (21 days) scaffolds under osteogenic conditions: (ii) phytic acid-doped and (iii) pristine scaffolds. Adapted with permission
from ref 640. Copyright 2017 Materials Research Society. Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0) License,
https://creativecommons.org/licenses/by/4.0/. (c) (i) SEM images of PCL−PANI electrospun nanofibers produced using a solution of TFE/HFP
and a doping agent (camphorsulfonic acid (CSA)) (ii) Mechanism of the pseudodoping effect of PANI/CSA with one of the proposed solvent
mixtures used in this work. (iii) Immunofluorescence images showing the proliferation (4 days) and differentiation (4 days) with and without electrical
stimulation (bar size = 200 μm). Adapted with permission from ref 641. Copyright 2021 Elsevier. (d) (i, ii) SEM images of PCL nanofibers and PPy
nanotubes. The resulting conducting PPy nanotubes were developed by soaking the PCL−PPy core−sheath nanofibers in DCM. SEM images of dorsal
root ganglia (DRG) neurite seeded on random (iii) and aligned (iv) core−sheath PCL−PPy nanofiber scaffolds. Adapted with permission from ref
170. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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noticeably in the first stages of the cell attachment and fiber-cell
alignment. The impedance vs time data at 10 kHz (Figure 49d)
show that the evolution of the signal can be correlated to the
cellular dynamic data captured by live-imaging in Figure 49e.643

3.3.1.4. Toward Organotypic Models with Integrated
Bioelectronics. As discussed earlier, in vitro tissue models of
higher fidelity are in great demand. The discovery of iPSCs and
organoids represents one of the major breakthroughs in the field

Figure 49. (a) Fluorescence image of 3T3 cells (red, nucleus; green, F-actin) grown on 3D fiber arrays fabricated using inflight fiber printing (iFP)
technique. Histogram highlights the cellular orientation. (b) Schematic showing the structure of the impedimetric sensor based on iFP. (c) In situ EIS
measurements at different time points and (d) the corresponding evolution of impedance values at 10 kHz. (e) Microscope images showing the cell−
fiber interaction for different time points (0, 100, 200, and 300 min). Adapted with permission from ref 643. Copyright 2020 the Authors. Published by
AAAS. Licensed under a Creative Commons Attribution License 4.0 (CC BY).

Figure 50. (a) (i) Schematic illustration of an OECT device, combined with a capillary tube−micropipette tip system for the isolation and monitoring
of 3D cyst cultures. (ii) Electrical measurements of the toxic effects of cytochalasin B in MDCK I cysts using the OECT device and (iii) brightfield
images and confocal images of the MDCK I spheroids inside the capillary tube before and after the treatment with cytochalasin B. Reproduced with
permission from ref 659. Copyright 2015 The Authors, published by AIP under a Creative Commons Attribution 3.0 Unported license (CC BY 3.0),
https://creativecommons.org/licenses/by/3.0/. (b) (i) Schematic and photograph of the fully assembled spheroid microtrap impedance sensing
platform, illustrating the device architecture and working principle for spheroid loading and unloading within the microtrap, and the wiring diagram of
the OECT for the cell impedance-based sensing. (ii) Typical frequency dependent response (transconductance) (left) and impedance magnitude
spectra (right) of the OECT in the absence and in the presence of different types of spheroids. (iii) Images ofMDCK II eGFP (left) and TIF pLifeAct/
MDCK II eGFP co-cultured spheroids (middle) loaded into the circular-shaped nozzle of the microtrap and the respective mean values of the
resistance (Rsph) (right). Reproduced with permission from ref 660. Copyright 2018 Royal Society of Chemistry.
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of biomedical research that holds a great promise toward
realizing the goal of organotypic models. While this term was
originally used to describe cultures of organs or tissues isolated
from living organisms,657 the advances of 3D cell-based tools,
along with the robustness of the aforementioned cell sources,
facilitated the development of 3D organ-like or organotypic
culture models that better capture native tissue functional and
structural aspects in vitro.658 Here, we highlight key examples of
such organotypic models integrated with organic bioelectronics,
showcasing the great potential of this technology for various
applications for in vitro biological science.
One of the early studies of organotypic bioelectronics was

performed by our group, involving the establishment of a
protocol for the isolation of cyst-like 3D cultures that were then
integrated with an OECT for real-time monitoring of the cell
status in these 3D structures. More specifically, the OECT was
combined with an in-house fabricated capillary tube−micro-
pipette tip system (Figure 50a(i)) that could successfully isolate
MDCK-I-derived cysts, precultured within Matrigel, and, by
electrically measuring their resistance, assess in real-time the
integrity and quality of these cysts. Importantly, this work also
demonstrated the possibility to quantitatively predict the toxic
effects of drugs on the 3D cell formats by exposing the cysts to
cytochalasin B, a compound well-known for its actin
cytoskeleton inhibiting activity. These effects were characterized
bymeans of electrical resistancemeasurements, which reflect the
changes in the ion flux through the cysts as a result of the
cytochalasin B activity (Figure 50a(ii)). While such effects are
commonly evaluated with optical characterization assays
(Figure 50a(iii)), this study showcases the added benefits of
using OECTs in drug screening and toxicology applications, as
they represent a versatile and sensitive tool for both monitoring
the quality of 3D cell formats and generating more predictive
data on drug responses and side effects.659 This potential of
OECTs was further exemplified in a more recent study, in which
we developed a novel spheroid microtrap impedance sensing
platform (Figure 50b(i)), combining principles from organic
bioelectronics, microfluidics, and 3D biology. The performance

of the device was validated by testing its ability to measure the
resistance of spheroids derived from either barrier-forming cells
or non-barrier-forming cells and their cocultures. Similar to the
previous study, here it was also found that the permeability of
ions in each spheroid type can be co-related with the differences
in the resistance. As expected, spheroids derived from barrier-
forming cells (i.e., MDCK-I epithelial cells) induced a dramatic
decrease in the cut-off frequency and impedance magnitude,
compared to spheroids derived from non-barrier-forming cells
(i.e., fibroblasts) (Figure 50a(ii)). This is also reflected in the
resistance profile of each type of spheroid (Figure 50a(iii)),
indicating that this sensing platform can discriminate between
different types of spheroids according to their ion permeability
profiles (which depend on the nature of the cells from which
they are formed). In addition, the impedance sensor was tested
for its ability to monitor the effects of toxic compounds on the
cell membrane integrity, showing great promise as a tool for
toxicology measurements.660 Finally, we also investigated the
potential to integrate neurospheres with patterned PEDOT:PSS
MEAs and present an improved method to control the location
of neurospheres on the device and to establish better cell−
electrode coupling for enhancing electrophysiology record-
ings.223

Over the last couple of decades, the field of 3D cell biology has
witnessed major breakthroughs, which have significantly
advanced our ability to recreate more physiologically relevant
in vitro models in the lab, highly valuable for all sorts of
biomedical applications. Advances in stem cell research and, in
particular, iPSCs paved the way for the discovery of organoids or
in other words “organs in a dish” or organotypic cultures.661−663

Although the term has often used to describe spheroid cultures
or generally in vitro models of tissues that resemble organs,
nowadays, a 3D cell structure, to be defined as an organoid,
should fulfill specific criteria: to contain multiple cell types and
to exhibit some aspects of the native organ self-organization
patterns and specialized functionality, thus retaining the identity
of its in vivo counterpart.661 As such, organoids represent a more
accurate imitation of the real organ25 and thus a versatile tool for

Figure 51. (a) Fabrication process of a 3D self-rolled biosensor array for the encapsulation of cardiac spheroids, (b) 3D confocal microscopy image of
the 3D cardiac spheroid and (c) corresponding electrical monitoring of cardiac spheroids. Reproduced with permission from ref 665. Copyright 2019
The Authors and AAAS under Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC), https://creativecommons.org/licenses/
by-nc/4.0/.
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a scrutiny of applications, ranging from fundamental cell biology
to tissue engineering and personalized medicine.16,663,664

Despite the great progress of the technologies used in organoid
research, there is still a gap in properly monitoring and
characterization of such complex, multicellular systems. Taking
advantage of the ability of organic electronics for highly
sensitive, noninvasive, and real-time monitoring of complex
tissues, Kalmykov et al.665 recently presented the “organ-on-e-
chip”, a novel tool for electrophysiological measurements of
cardiac spheroids, opening the way for implementation of this
technology in organoid research. The organ-on-e-chip is a
PEDOT:PSS-based 3D self-rolled biosensor array, interfaced
with human stem cell-derived cardiac spheroids (Figure 51a,b),
that can be operated either as a microelectrode platform for EIS
monitoring or as a FET for continuous multiplex electro-
physiological recordings of the 3D tissue with superior
spatiotemporal resolution (Figure 51c). In fact, the device was
shown to be able to closely follow the propagation of electrical
information through the 3D multicellular structure with high
spatiotemporal resolution that outperforms commonly used
assays (e.g., calcium transient imaging). Tools with such high
biosensing capabilities are in high demand since they can help to
elucidate the complex interactions between cells in 3D formats,
both in homeostatic and in pathological conditions, as well as to
assist drug development studies.665

3.4. Stimulation Applications

The role of bioelectricity in living systems has been highlighted
by numerous researchers throughout time. The first to bring this
aspect to the attention of the wider community was Luigi
Galvani with his work done in the late 18th century on frog
muscles.666 Bioelectricity and its importance during embryo-
genesis and tissue regeneration have been supported and
demonstrated by different authors.667,668 The work done by
Michael Levin’s team has investigated the influence of
membrane potential on stem cell differentiation and how, by
altering it, it is possible to modulate or hinder a stem cell’s
differentiation potential.669,670 Therefore, the possibility to
affect cell behavior by addressing cell membrane polarity has
been leveraged to develop strategies for tissue engineering
approaches. Several studies have shown the efficacy of different
stimulation approaches in inducing cell migration and
proliferation as well as directing stem cell differentiation.671−674

Since CPs have entered the field of biomedical research,
electrical stimulation protocols have been explored in
combination with conducting substrates. The reasons for the
combined use of physical stimulation and electrically active
materials are multiple. The electroactive substrates allow the use
of milder stimulation conditions, they can deliver the
stimulation with no need for the electrodes to be in direct
contact with the cells or the culture medium, and they can
deliver charged molecules functioning as drug delivery devices.
Recent reviews have highlighted the potential of the combined
use of electrical stimulation protocols and conducting materials
and stem cells relevant for tissue engineering applications in
both in vitro and in vivo studies.675−677 In this section, we report
some key studies showcasing the use of conducting polymers in
tissue engineering approaches, for stem cell-directed differ-
entiation, as well as neuronal and cardiac cell modulation,
through a variety of bioelectronic devices and methodologies.
3.4.1. Stimulation of Electrogenic Cells. Electrogenic

cells, in addition to producing electrical signals, will often also
respond to electrical stimulation. This concept is perhaps most

famously evidenced in cochlear implants and pacemakers, where
electrical pulses are used to dictate neural firing and
cardiomyocyte contraction, respectively. Similarly, organic
electronic devices and materials can be constructed for in vitro
use to elicit similar behaviors in electrogenic cells. However,
stimulation has a variety of meanings, even in the context of
electrogenic cells, spanning from induced neural firing to altered
phenotypes and cell behaviors. Here, we will discuss these
applications in the context of in vitro electrogenic cell cultures,
specifically focusing on neurons and cardiomyocytes.
One of the most commonly applied in vitro methods of

electrical stimulation for electrogenic cells is application to
adhered cells through an electroactive substrate. An early study
in this field, performed by Schmidt et al., involved the culture of
PC-12 cells on a PPy-based substrate.152 During culture, the
researchers applied a constant voltage of 100 mV between the
substrate and a gold counter electrode for 2 h, finding longer
neurites in PC-12 cells under electrical stimulation.152 Since
then, a host of studies examining PC-12 neurite outgrowth
under constant applied voltage or current have been performed,
showing consistently longer neurites from PC-12 cells under
electr ical st imulat ion for PEDOT-based,678 PPy-
based,161,679−684 and PANI-based685 substrates. Some of these
studies have also examined the resulting PC-12 cultures for
neuronal markers, finding that these markers are upregulated
under constant voltage electrical stimulation.686−688 These data
indicate that electrical stimulation can induce differentiation of
PC-12 cells into neuronal cells. Other in vitro studies on primary
cells have also shown promising results. Heo et al. found that
application of an electrical stimulus to a dorsal root ganglia
(DRG) cell line embedded in gelatin methacryloyl (GelMA)
through a surrounding PEDOT:PSS-based grid showed
enhanced expression of a variety of neuronal markers versus
no stimulation and stimulation without the PEDOT:PSS
grid.689 Rajnicek et al. also showed that primary spinal neurons
cultured on PEDOT-based substrates will extend neurites
toward the cathode under an electric field applied through the
medium surrounding the substrate.690

Other studies have examined different stimulus regimens,
specifically monophasic pulses and biphasic pulses. Similar to
constant voltage, monophasic stimulation generally shows
improved neurite outgrowth in PC-12 cells,691,692 with some
studies also showing increased expression of neuronal
markers.693 Other studies have also applied this monophasic
regimen to SH-SY5Y cells,694 in particular showing a response
measured through calcium imaging that decreased upon
subsequent pulses.636 One study applied both constant current
and monophasic pulse stimuli to PC-12 cells on PPy substrates,
finding that the number of cells showing neurites and the
number of neurites on these cells were highest for monophasic
pulses, then constant current, followed by no stimulation.
However, the neurite length was similar for both monophasic
and constant current stimulation, both of which were enhanced
versus no stimulation.695 Biphasic pulse regimens also show
improved neurite outgrowth for PC-12 cells182,202,696 and
enhanced neuronal marker expression for PC-12697 and SH-
SY5Y cells.698 Interestingly, Zhu et al., in addition to showing
longer neurite outgrowth from PC-12 cells, also found that
biphasic electrical stimulation increased the excretion of nerve
growth factor (NGF) from Schwann cells versus no
stimulation.154 Other studies examining biphasic stimuli to
primary cultures found lengthening of cells from retinal ganglia
on PPy films,699 increased neurite outgrowth from cortical
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neurons on PPy substrates,700 and increased neurite length in
DRG explants.701 Nguyen et al. examined the outgrowth of
axons from DRG explants under constant voltage and biphasic
stimuli in a nerve conduit setup, finding that these explants grew
longer axons under biphasic stimulation versus constant voltage
and no stimulation.702 Generally, electrical stimulation through
an electroactive substrate appears to enhance neuron-like
properties in cells, regardless of stimulation regimen, but more
temporal control over the applied stimulus seems to promote
better neuron-like phenotypes. However, more research will
need to be performed on these types of stimulation regimes to
confirm these phenomena.
Organic devices can also be designed to initiate firing in

neuronal cells. This application is of particular interest given the
possibility of neural stimulation in vivo.484 The most prominent
of devices within the area of neural stimulation is the stimulating
electrode. These electrodes must be designed to provide a
sufficient electric field to stimulate cells without damaging
them.703 Given the extrinsic nature of these experiments, some
studies have utilized single electrodes for stimulation,704 but
these devices are still usually constructed in an array
architecture.120,487,705−710 Stimulation through electrodes still
results in neurite outgrowth,706 even when applied in 3D.710

However, neuronal cells can also be induced to show ionic
changes when electrically stimulated.704,707 MEAs can also be
constructed to both stimulate and then record the result of the
electrical stimulus,120,705,708,709 as reported in the work from
Aqrawe et al. (Figure 52).487 An early study in this area utilized
an array of ITO electrodes with PEDOT:PSS coatings. This
study found that rat cortical neurons show spiking behavior
when electrically stimulated with a biphasic pulse.705 Nikiforidis
et al. fabricated a PEDOT-based MEA for culturing cortical
neurons (Figure 52a).120 In this study, simultaneous traces of
neural firing were recorded with calcium imaging after a biphasic
pulsed stimulus was applied through the MEA (Figure 52b−e).
These data are quite complex, given that a single electrode can
record spikes from multiple surrounding neurons, thus high-
lighting the difficulty of these types of experiments. However,
the successful evocation of spiking behavior from these cultured
neurons is evident (Figure 52d,e).120

Various other devices have been utilized for electrically
stimulating neurons. Benfenati et al. showed spiking behavior,
recorded using a patch-clamp setup, that was associated with a
monotonically increasing pulse of the gate−source voltage from
a P13-based transistor setup. They were also able to record
electrophysiologically derived signals with their device.56 Other
devices have focused on the electrical initiation of drug delivery
to neurons. Isaksson et al. originally reported the production of a
PEDOT:PSS-based ion pump for neuronal cells.315 Tybrandt et
al. utilized a similar device to deliver acetylcholine to SH-SY5Y
cells (Figure 53a).310 This OEIP functions by applying a bias
between two PEDOT:PSS electrodes, where the positive
terminal becomes oxidized and the negative terminal reduced,
thus generating an electric field and pushing cations through a
channel from the source electrode to the target electrode, as
described in section 2.2.3 (Figure 53a,b). This device was used
to move acetylcholine, a positively charged neurotransmitter.
The waste electrode assisted in prefilling the channels to
improve delivery accuracy. Upon application of a voltage
between the source and target electrodes, calcium imaging
revealed a response in SH-SY5Y cells near the channel opening.
As subsequent voltage pulses were applied, this response
increased and eventually reached cells farther from the channel

opening (Figure 53c).310 Further iteration on these types of
devices has since resulted in a device that can both sense and
apply neurotransmitters like acetylcholine.711 Other drug-
releasing devices include a PPy-based substrate with cultured
SH-SY5Y cells712 and the previously mentioned cardiac patches
from Feiner et al., in which drugs are released from PPy
electrodes to stimulate cardiac cells.504,505

Another major area of work within this field is the
photostimulation of neurons. One relatively straightforward
application of organic electronics in photostimulation is the
usage of OLEDs for optogenetic modulation of cells.
Optogenetics is the induction of light-sensitive molecules in
cells to allow for modulation of the cell’s activity.713 As such,
OLEDs have been used to optogenetically control different
neuronal populations.714−716 Another promising area of work
for neuronal modulation is the use of organic optoelectronic
materials. Different studies have shown the propensity to initiate

Figure 52. Recording and stimulation of mouse cortical neurons on
P(EDOT-ran-EDOTOH):CLO4/EG MEA. (a) Image of MEA device
with insets showing neuron cultures on device after 11 days. Scale bars
are 1 cm, 500 μm, and 100 μm, from left to right. Fluorescent images
showing neurons (b) with no applied stimulus and (c) with stimulus
(10 biphasic current pulses) applied. Fluorescence is derived from Ca2+

imaging. Arrows correspond to fluorescence traces in panel d, and white
circle indicates recording electrode for panel d. Fluorescence traces
from Ca2+ imaging (top) and corresponding voltage recordings
(bottom) of neurons with stimulation off and on. (e) Collapsed
waveforms of traces with simulation off (top) and on (bottom).
Adapted with permission from ref 120. Copyright 2020 Wiley-VCH
GmbH.
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neural firing through optoelectronic photostimula-
tion134,318,322,328,717−719 or even silencing.720 These devices
have also been shown to induce neurite outgrowth in PC-12
cells, as reported beforehand.721,722 The operating mechanism
of these devices for neural stimulation can vary somewhat
between initiated photocurrents, photothermal effects, and
photocapacitive effects depending on the device and the desired
application. Jakesǒva ́ et al. demonstrated a photocapacitive
device for modulation of membrane potential in a large oocyte
cell expressing voltage-gated ion channels (Figure 54).329 This
study shows the fabrication of a p−n junction, constructed from
the p-type semiconductor, metal-free phthalocyanine (H2Pc),
and the n-type semiconductor, N,N′-dimenthylperylene-
3,4:9,10-tetracarboxylic diimide (PTCDI). This device acts as

a photocapacitor under light pulses, for capacitive coupling with
an adjacent cell (Figure 54a). The transient voltage in the
oocytes was found to match closely with modeled data,
indicating that the membrane potential of the oocyte can be
modulated with the photocapacitor (Figure 54b). Stimulation
experiments of the oocyte show that without voltage-gated
potassium channels (Shaker Kv channel) change in membrane
potential and subsequent photostimulation do not alter the
outward current from the cell (Figure 54c). However, with the
presence of these channels, the outward current can be increased
over the clamped current using a pulsed photostimulation
(Figure 54d). These data show that the oocyte’s voltage-gated
channels can be precisely modulated through photostimula-
tion.329

Numerous studies have also examined the application of
electrical stimulation to cardiac cells, typically through electro-
active substrates. Some of these studies have applied mono-
phasic pulsed stimuli to cardiac cell cultures.723−725 Application
of this type of electrical stimulus to cardiomyocytes appears to
affect the frequency of firing behavior. In an early study in this
area, Nishizawa et al. found that an applied current pulse results
in spiking that can be observed through calcium imaging.726

Hsiao et al. also found that cardiomyocyte firing frequency can
be altered and firing rate can be synchronized through
application of an electrical stimulus.727 Kim et al. also showed
that cardiomyocyte beating frequency can be modulated
through application of biphasic pulses through a PEDOT:PSS
substrate (Figure 55).493 This study utilized a 2ms pulse at 0.8 V
followed by 2 ms pulse at −0.8 V with a subsequent rest period
out to 0.5s (Figure 55a). This regimen elicited an increase in the
beating frequency of primary rat cardiomyocytes, as measured
by calcium imaging (Figure 55b).493 Other stimulus application
modalities should also be examined; for example, Thourson et al.
also applied biphasic pulses to cardiac cells through
PEDOT:PSS microwires.728

Some organic culture systems have focused on electro-
mechanical stimulation, primarily through piezoelectric materi-
als. Poly(vinylidene fluoride) (PVDF) is a piezoelectric polymer
and has been used to stimulate neurite outgrowth in PC-12 cells
through application of ultrasound.729 It has also been used with
DRG730 and spinal cord-derived neurons.731 Organic piezo-
electrics have also been applied to cardiac cells,732,733 including
for the production of biogenerators derived from the
combination of the spontaneous contraction of cardiac cells
and the piezoelectric nature of PVDF.734 The relevance of
organic piezoelectric materials to electrogenic cells has not been
fully explored, especially with the theoretically ability of
piezoelectrics to convert cardiomyocyte contraction to a
measurable potential. Other reviews have examined this
question in detail.735

3.4.2. Stem Cells. Stem cell research has laid the foundation
for personalized cell-based therapies of major diseases, while
their ability to differentiate into other types of cells revealed
great potential for regenerative medicine. In parallel, advance-
ments in tissue engineering technology, particularly the use of
polymeric biomaterials,736 made possible the in vitro remodeling
of stem cells grown into 3D tissue.737 Externally applied
electrical stimulation has been shown to affect important cell
functions involved in regeneration by modulating the local
membrane potential (Vmem). The inherent soft mechanical
properties, and mixed conduction properties of CPs enabled the
realization of highly biomimetic, electroactive interfaces to study

Figure 53. Ion pump for application of acetylcholine to SH-SY5Y
neuronal-like cells. (a) Schematic showing design of ion pump device.
Source (S), target (T), and waste (W) regions are connected to
ionically drive acetylcholine from the source to the target, thus
providing drug-induced stimulus for cells. Inset shows fluidic connector
channels between regions. (b) Cross-section showing device function.
Application of a voltage drives a positively charged molecule, that is,
acetylcholine, through the interconnecting channel. (c) Time trace
showing applied source−target voltage and resultant Ca2+ fluorescence
ratio in cells in target channel as acetylcholine reaches cells <50 μm and
>150 μm from channel opening. Adapted with permission from ref 310.
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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the effects of ES on stem cell proliferation and differentiation in
vitro.

3.4.2.1. Neural Stem Cells. Adult human NSCs are able to
differentiate to all neural lineages in the brain, and therefore,
NSC-based treatments are promising to treat brain injuries and
neurological disorders. They are also excellent candidates for in
vitro modeling of neural development and fundamental cell
function studies. A recent book chapter from Tomaskovic-
Crook et al.,738 evidenced the great impact of electrical
stimulation on NSC cell fate and function in vitro.648 Despite
the general understanding of the effect of ES on the cell
membrane potential,739 the exact cellular mechanisms that
governed NSC differentiation upon ES are yet not well
understood.
CP-based interfaces have been used to study the effects of ES

on the NSC proliferation and differentiation in vitro. In an
interesting work by Tomaskovic-Crook et al., NSCs were
derived from human midbrain and encapsulated within a
conducting polysaccharide-based biogel attached to PE-
DOT:PSS 3D pillar MEAs.225 These individually addressable
pillars were used to stimulate NSCs in situ during differentiation
and promoted cell adhesion, migration, and neurite outgrowth.
Furthermore, Stewart et al. described the effects of electrical
stimulation on the differentiation of multipotent human NSCs,
cultured on top of thin films of polypyrrole (PPy) doped with
dodecylbenzenesulfonate (DBS). Electrically stimulated hNSC
cultures show an abundance of Tuj1-expressing neurons, and
they exhibited a greater number of neurites and increased
neurite branching and length compared to unstimulated hNSC
cultures on PPy:DBS thin films.740 Ritzau-Reid et al. developed a
conducting scaffold based on EDOT−poly(caprolactone), a
block copolymer, via melt electrospinning writing and seeded it
with iPSC-derived NSCs (Figure 56a). Immunofluorescence
measurements proved that the proposed copolymer was
cytocompatible with excellent mechanical properties suitable

Figure 54. Photocapacitive device for modulating electrogenic cells. (a) Schematic of device layout. Input light induces capacitive coupling between
device and cell through pn junction. Cell is simultaneously monitored using patch-clamp setup. (b) Plot showing transient potential (VT) as a function
of time for a model of the cell over the course of light pulse-based photostimulation compared to measured data. Model indicates that membrane
potential (VM) changes due to capacitive coupling of the device and the cell. (c, d) Plots showing outward current from a cell through voltage-clamp
measurements without and with voltage-gated ion channels (Shaker KV channel), respectively, under photostimulation. Adapted with permission from
ref 329. Copyright 2019 Jakesǒva ́ et al. Published by AAAS and licensed under Creative Commons Attribution 4.0 International License, https://
creativecommons.org/licenses/by/4.0/.

Figure 55. Electrical stimulus applied for modulation of beating
frequencies of neonatal rat cardiomyocytes. (a) Schematic of layout for
application of biphasic pulsed stimulus. (b) Ca2+ fluorescent recordings
of 6 different cells before and after application of stimulus. Adapted with
permission from ref 493. Copyright 2018 Kim et al. Published by
Springer Nature and licensed under Creative Commons Attribution 4.0
International License, https://creativecommons.org/licenses/by/4.0/.
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for stem cell culture. Upon ES, the neurite length (Figure 56b)
and branching (Figure 56c) of neural stem cells was enhanced in
the materials under electrical stimulation, demonstrating the
potential of these scaffolds for neural tissue engineering.741

Similar results were also shown using an electrically conductive
PPy:hydroxyapatite (HA) hydrogel scaffold to accelerate the
differentiation of NSCs with electrical stimulation.99

Another study from Sordini et al. evaluated the effect of
electrical stimulation on ReNcell-VM, a neural progenitor cell

line with the ability to readily differentiate into neurons and glial
cells, cultured on PEDOT:PSS.162 Both immonufluorescence
and polymerase chain reaction show that NSC differentiation
into neurons is enhanced with pulsed DC electrical stimulation
(Figure 57). The study also investigated the compatibility of
PEDOT:PSS cross-linked with both GOPS and DVS as well the
influence of different electrical stimulation conditions (AC, DC,
and pulsed DC electrical fields).
Interestingly, Heo et al. demonstrated the potential of

adipose-derived stem cells (ADSCs) to differentiate into neural
precursor cells with the assistance of ES using CPs.742 They used
an array of microwells integrated with a conducting hydrogel
made of poly(ethylene glycol) (PEG) diacrylate and
PEDOT:PSS with good mechanical and electrical properties.
ES was applied with the assistance of two electrodes placed on
both ends of each of the well plates and 1 V was applied
continuously for 10 days. Neuronal gene expression greatly
increased when cells were treated with ES. In addition, ADSC
aggregates with ES were more interconnected with a higher
number of neurites than untreated groups. The examples we
reported in this section clearly show the potential of the
combined use of CPs and electrical stimulation in directing
targeted processes for both basic research and targeted
regenerative approaches.

3.4.2.2. Toward Bone Forming Cells. In the late 1950s, the
piezoelectricity of bone was demonstrated.743 Electric fields are
indeed generated within the bone in response to mechanical
stimulation, and electrical stimulation generates mechanical
deformation within the bone. The generated negative charges
can open voltage-gated calcium channels on osteocytes, in turn
triggering cascades of signaling pathways leading to osteoblast
activation, proliferation, and differentiation, extracellular matrix
deposition, and subsequent bone formation. Inspired by bone
piezoelectricity, the use of CPs for bone tissue engineering has
been investigated to develop both in vitro 3D models and
targeted regenerative approaches.52,744 Other than neural stem

Figure 56. (a) Fluorescence images of stimulated (left panel) and
unstimulated (right panel) NSCs cultured on oligo(EDOT)−PCL
films (βIII-tubulin, green; nestin, red; DAPI, blue). Scale bar 100 μm.
(b) Mean neurite length and (c) neurite branching of NSCs with or
without electrical stimulation. Adapted with permission from ref 741.
Copyright 2020 The Authors. Published by John Wiley and Sons,
licensed under the terms of the Creative Commons CC BY license,
https://creativecommons.org/licenses/.

Figure 57. Fluorescence measurements of ReNcells-VM cultured on PEDOT:PSS cross-linked with GOPS under different electrical stimulation
conditions. Stained for TUJ1 (red), GFAP (green), and DAPI (blue). Control cultures on standard tissue culture plates (“Control”) and on
PEDOT:PSS cross-linked with GOPS without electrical stimulation (“PEDOT”) were used. The ratio between TUJ1% and GFAP% was calculated
using 8 different images in each condition (*p-value < 0.05 and scale bar 50 μm). Reproduced with permission from ref 162. Copyright 2021 The
Authors. Licensed under the terms of the Creative Commons Attribution License, https://creativecommons.org/licenses/by/4.0/.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00539
Chem. Rev. XXXX, XXX, XXX−XXX

BD

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig56&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig56&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig56&ref=pdf
https://creativecommons.org/licenses/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig56&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig57&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig57&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig57&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig57&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cells, electrically stimulating stem cells with the use of CPs has
been demonstrated to positively impact bone tissue engineering.
In this field, several studies have focused on the use of various
electrical stimulation approaches and their combined effects
with CPs.150,745 Many studies adopted precursors cells
evaluating the efficacy of the ES protocol at an advanced stage
of the differentiation process. Ge and collaborators developed
cholic acid doped PPy nanowires and explored their efficacy in
promoting osteogenic differentiation of the osteoblastic cell line
MC3T3-E1when combined with electrical stimulation.746 Films
of electrically conducting polypyrrole combined with heparin
(PPy/Hep) were proven to enhance the expression of
osteoblast-specific markers when osteoblast-like Saos-2 cells
were stimulated with multiple ES rounds (200 mV/mm ES was
applied for three 6 h periods over 6 days).747

However, in this section, we want to focus on the interplay
between ES and CPs in directing stem cell differentiation. Neoh
and collaborators reported the combined use of PPY and
electrical stimulation to achieve increased mineralization when
applied to adipose-derived mesenchymal stem cells (ADMSCs).
In their study, the authors adopted a scaffold obtained by coating
a PCL-based porous substrate, prepared by salt leaching, in
combination with a phase separation technique, with PPy by
oxidative polymerization. The authors obtained positive effects
in terms of both cell penetration and differentiation when the
PPy-coated PCL scaffold was combined with electrical
stimulation via direct current stimulation (total current: 200
μA).748 The same authors investigated the effect of ES when
applied to human adipose-derived MSC (AD-MSC)/human
umbilical vein endothelial cell (HUVEC) coculture on a
conductive polypyrrole (PPy)/chitosan (CS) scaffold (Figure
58).749 When ES (200 μA DC for 4 h per day) was applied to
AD-MSC/HUVEC coculture, the amount of deposited calcium
increased by 86% compared to that of the coculture without ES

and by 346% compared to that of AD-MSC monoculture when
no ES was applied.
In a different approach, Wei and colleagues explored the effect

of the change in conformation actuated by electrochemically
switching the patterned substrate on the differentiation of
mesenchymal stem cell (MSC) (Figure 59).750 Figure 59a,
illustrates the strategy behind this work. Briefly, a PPY array was
fabricated, and it was electrochemically switched between highly
adhesive hydrophobic nanotubes and poorly adhesive hydro-
philic nanotips, and in so doing cell surface adhesion was altered.
This change resulted, at the cellular level, in the dynamic
attachment and detachment of MSCs and was then translated
into mechanotransduction activation and consequently into
enhanced differentiation (Figure 59b). The fluorescence
intensities of BMP2 and BSP (two markers of osteogenic
differentiation) were modulated by the number of nanotube/
nanotip cycles. For a number of cycles up to three, the reported
increase in fluorescence intensities of BMP2 and BSP suggested
increasedMSC osteogenic differentiation. Similarly, Cheng et al.
demonstrated that ES enhances osteodifferentiation of human
dental pulp-derived stem cells.751 The PPy films were deposited
on tissue culture polystyrene dishes, and electrical stimulation
was applied immediately after cell seeding for 4 h with an electric
field of 0.33 V/cm.
Cui et al. adopted a newly developed conducting scaffold as a

drug delivery device. They established a PLGA/HA/PLA-AP/
phBMP-4 composite scaffold (an electroactive scaffold based on
triblock copolymer of poly(L-lactic acid)-block-aniline pentam-
er-block-poly(L-lactic acid) (PLA-AP) with poly(lactic-co-
glycolic acid)/hydroxyapatite (PLGA/HA) and the plasmid
carrying the gene coding for the human bone morphogenetic
protein-4 (hBMP-4)).752 The PLGA/HA/PLA-AP/phBMP-4
composite scaffold allowed the controlled “delivery” of the
hBMP-4 gene upon electrical stimulation and therefore control
of the cell behavior.

Figure 58. (a) SEM image of the scaffold based on cross-linked chitosan and PPy. (b) Setup for the electrical stimulation. (c) Effect of the electrical
stimulation protocol on Calcium deposition at three different times of cell culture. The * and # marks highlight significant difference (P < 0.05)
between the designated groups, and a synergistic effect between coculture and ES (P value of interaction <0.05), respectively. Reproduced with
permission from ref 749. Copyright 2017 John Wiley and Sons.
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4. MONITORING BIOMARKERS IN CELL CULTURES
Chemical sensing of cellular activity has been the subject of
study for decades.753 Sensors that can accurately detect
biomarkers related to the physiological or pathophysiological
state of a cell are in great demand, not only for advancing current

in vitro assays but also for early stage diagnostics, drug screening,
and even environmental monitoring.754,755 Given their accuracy
and noninvasive nature, electrochemical detection methods
have been the method of choice for cell-based investigation, also
enabling real-time analysis of living cells in vitro.756 With the
advent of microfabrication and microfluidic technologies and
the application of nanotechnology, new types of miniaturized
electrochemical biosensors have emerged, driven by the need for
high throughput and multiparameter detection.757 Although
there are not many studies on organic bioelectronics for
biomarker monitoring in cell cultures, their increased adoption
in other complex biological fluids highlights their potential.29

From a technological and application point of view, organic
electronic materials show almost unmet versatility as they can be
easily modified by entrapping enzymes, receptor-like proteins,
antibodies, and nucleic acids advancing their sensitivity and
selectivity.
This section will cover the state-of-the-art CP-based sensors

for measuring cell biomarkers (i) present on the surface of cells
or (ii) excreted by the cells under different stimuli conditions or
as part of their metabolic activity. Such sensors can be directly
embedded in cell cultures or used for downstreammonitoring of
secreted biomarkers in media with or without cells.

4.1. Biomarkers Relevant to Cell Activity

Changes in cellular physiology can affect the expression and
secretion profiles of various biomolecules. For example,
abnormal cell activity can alter the expression of cell surface
biomarkers. Physiological or nonphysiological processes can be
reflected not only in changes in cell surface proteins but also in
cellular metabolism. These changes can induce local alterations
in pH as well as in the concentration of metabolites or
biochemicals, such as dissolved oxygen, glucose, lactate,
dopamine, glutamate, or acetylcholine.24,758 Hence, detecting
cellular metabolites under different stimuli or environmental
conditions can give useful insights on the state of cells. For
example, acute stress of biological tissues is accompanied by the
secretion of inflammatory biomarkers or by alterations in cell
metabolism. Monitoring such biochemical changes, especially
locally, is somewhat challenging using conventional biological
end point assays. Optical methods are still the state of the art in
evaluating cellular activity and metabolism;759 however they
require sample processing and preclude, to some extent,

Figure 59. Electrical stimulation of mesenchymal stem cells via
electrochemical switching of PPy nanotubes. (a) Schematic of the
experiment and functioning of the material. (b) Immunostaining of
MSCs cultured on nanotubes for 7 days after experiencing an increasing
number of cycles of electrochemical switching from nanotube to
nanotip. The top row refers to the osteogenic protein BMP2 and the
bottom row to BSP. Scale bars 20 μm. Adapted with permission from ref
750. Copyright 2017 American Chemical Society.

Figure 60.What can wemeasure from cells with bioelectronic sensors? The scheme gives an overview of the wide range of biomarkers released by cells
or present on their surface that can be detected via the sensors developed so far and referenced in this section. Created with BioRender.com.
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parallelization and real time monitoring.754 Electrical sensors on
the other hand, having been successfully used to record electrical
cellular activity, can be also implemented to sense biomarkers
relevant to cell physiology.754,760,761 Electrochemical biosensors
typically consist of a sensor element that specifically interacts
with a biological analyte of interest, producing an electrical
signal that is proportional to the analyte concentration.762

Benefiting from advances in conventional electronic devices,
output signals can be directly processed using electronic circuits,
rendering these biosensors very promising for developing
integrated cell-culture sensors. Furthermore, the possibility for
miniaturization and their ability to provide localized detection of
analytes in complex cell cultures makes them highly attractive.
Electrode arrays, having been successfully used for electro-

physiology recordings,761 can be also used to monitor
electrochemical reactions (i.e., neurotransmitter release) or
enzymatic reactions such as glucose consumption.763 Tran-
sistors represent another interesting class of electronic devices
that can be used for biosensing, as they bear the advantage of
transducing the biorecognition events directly into electric
signals. Moreover, such a signal can be amplified by the
transistor effect as detailed in section 2.3.2.764

4.2. Organic Electronics for Cell-Based Biosensing

Organic electronic materials have been used as ideal substrates
for chemical modification and biorecognition element immobi-
lization (see Figure 60) because of their flexibility and tunability
to be able to work with high performance in biological

Figure 61. Schematic diagram of the three main aspects of a cell culture organic electronic biosensor, the type of the device, the biofunctionalization
method of the sensor, and finally the type of communication (interfacing) between the cell culture and the sensor. Created with BioRender.com.

Figure 62. Catalytically enhanced OECTs for monitoring glucose consumption and lactate production fromMDCK II cell cultures. (a) Schematic of
the biofunctionalization approach based on the entrapment of the enzyme on a UV cross-linked hydrogel, (b) schematic of the MDCK II cell culture
setup comprising a typical Transwell insert and glucose (black) and lactate (red) levels over time, as monitored with the OECT based on samples
collected from (c) the apical and (d) the basal side of the Transwell insert. Adapted with permission from ref 773. Copyright 2016 Wiley Periodicals,
Inc.
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milieux.29,64,765,766 Changes in the doping state of CPs in
particular can be triggered by chemical, electrical, or biological
events hence showing these materials’ great potential for
applications in biosensing. In such approaches, the selectivity
and sensitivity of the biosensors can be achieved by establishing
an exclusive and intimate interface between the conjugated
polymeric transducer and the biorecognition element (e.g.,
antibodies, enzymes, aptamers, see Figure 61).766,767 The
transduction mechanism can rely on changes in the polymer
redox state induced by the biorecognition event.768 Mixed
conduction in CPs is a key property that has enabled several new
modes of operation and devices.123,124,264 CPs can mediate the
charge transfer between the electrode and the redox active
center of the enzyme, showing promise for the design of
amperometric biosensors. In affinity sensors, CPs can be applied
as immobilization matrices (e.g., direct or indirect binding of the
biorecognition element), signal transduction systems due to
their high conductivity (e.g., channel material in OECTs), and
even analyte recognizing structures based on, for example,
molecular imprinting. Electrochemically deposited CPs with
entrapped biorecognition proteins (e.g., receptors, antibodies,
antigens) have been applied for the design of various types of
affinity sensors.769−771

4.3. State of The Art of Cell-Based Biosensors

4.3.1. Sensing Secreted Metabolites from Cells.
Cellular metabolite sensing is based on enzymes, which
specifically catalyze the metabolic reactions. For example,
glucose is typically detected using glucose oxidase (GOx), a
redox enzyme catalyzing glucose oxidation. This reaction is
coupled with the reduction of H2O2, which is a side product of
the enzymatic reaction using O2, the natural cosubstrate of the
enzyme.772 OECTs with enhanced H2O2 electrocatalytic
activity have been realized by electropolymerizing platinum
(Pt) nanoparticles (NPs) on the gate electrode and used to
monitor both glucose consumption and lactate production in
cell cultures (MDCK-II) over time (Figure 62).773 Owing to the
high surface area of the NPs and the high specificity of the used
oxidase enzymes, the authors achieved sensitive detection of the
two metabolites from cells grown in conventional Transwell
inserts. This approach, however, suffers various drawbacks, one
being the dependence on O2 availability (to generate H2O2) and
another the potentially compromised specificity especially when
multiple metabolites are to be sensed from a single device (all
relying on H2O2 detection). One way to overcome this is to
detect directly the electron(s) produced from the enzyme. Using
an electron relay, the communication between the enzyme and
the electrode (conducting polymer) can be improved in terms of
electron transfer.774 This approach has been implemented in
OECT sensors, by introducing the common electron transfer
mediator ferrocene on the gate of the transistor alongside the
desired oxidase.775,776 Glucose consumption was measured
downstream from amicrofluidic cell culture device that was used
for multiparametric sensing of cellular activity. The OECT-
based detection of the glucose produced by the cells was used as
a parameter to assess MDCK-II cells’ improved differentiation
under mechanical stimulation.776

As alreadymentioned, sensor sensitivity in highly complex cell
media is a challenge as there are many electroactive molecules
that can contribute to the recorded amperometric signal. To
overcome this, we recently developed an OECT circuit based on
the well-established Wheatstone bridge configuration, where
two sensors, one sensitive to the analyte and another with no

specificity (Figure 63), endow an inherent background
subtraction.777 Using this approach, we were able to detect

lactate from as low as a few tens of cells derived from samples of
human volunteers. These biosensors were also able to
discriminate between cancer and healthy cells based on the
levels of lactate detected, paving the way for a point-of-care
device to be used in cancer diagnostics.
Many neurotransmitters are inherently electro-oxidizable at

specific potentials. For example, epinephrine or dopamine can
be easily electro-oxidized at relatively low potentials, but
numerous other biomolecules (the classic one being ascorbic
acid) can be also oxidized at the same low potentials, which
prevents this approach from being selective. In order to ensure
specificity to dopamine, carboxylated polypyrrole nanotubes
(CPNTs) functionalized with an aptamer were deposited on
interdigitated electrodes. The resulting liquid-ion gated field-
effect transistors showed remarkable sensitivity and selectivity to
dopamine with a minimum detection level of 100 pM, which
could be tuned by controlling the diameter of the CPNTs and
hence their capacities for aptamer conjugation (Figure 64a).778

Micropatterned PEDOT:tosylate microelectrodes were devel-
oped for the detection of potassium-induced neurotransmitter
release from neuron-like cells. The CP electrodes exhibited high
capacitance per unit area compared to conventional micro-
electrodes and the capacity to oxidize a wide range of
neurotransmitters. Finally, their ability to measure the release
of dopamine directly from a group of PC12 cells was

Figure 63. (a) Schematic depiction of the biofunctionalization
approach using lactate oxidase. Ferrocene is attached to a polymeric
supporting matrix, chitosan. The chitosan ferrocene/lactate oxidase
complex is immobilized on the sensing OECT using epoxy, and
titration curve of the lactate sensor after successive addition of media is
collected from cells cultured at different concentrations. (b)
Comparative responses (from the chronoamperometric measure-
ments) of lactate production from peripheral blood mononuclear
cells versus unstimulated and stimulated primary non-Hodgkin’s
lymphoma cells (left to right). Adapted with permission from ref 777.
Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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demonstrated in response to a series of stimulations with high K+

buffer.779 The (nonspecific) oxidation of catecholamines
secreted by chromaffin cells during exocytosis has been
successfully demonstrated using PEDOT:PSS MEAs exhibiting
high signal-to-noise ratio at a single cell-level (Figure 64b).780

Finally, ions can be sensed using ion-selective devices based
on inorganic or organic materials. Ion-selective OECTs have
been developed, for example, via the incorporation of ion-
permeable membranes, reaching significantly higher sensitivity
than using conventional potentiometric sensors.781

4.3.2. Sensing Cell Surface Biomarkers.As pointed out in
section 3.1, the plasma membrane is highly glycosylated.
Glycans play crucial roles in a wide variety of biological
processes regulating cellular function during development,
differentiation, and survival. Abnormal glycan expression levels
have been related to several diseases such as cancer. To date,
various methods have been used for glycan analysis including
mass spectrometry, nuclear magnetic resonance, and high-

performance liquid chromatography,782 and more recently
OECT technology has emerged as a simple method for sensing
glycan expression on cell surfaces with high sensitivity.783,784

Chen et al. reported the first OECT-based biosensor for the
detection of glycan expression directly on living cancer cells
(Figure 65a(i))785 through the detection of the glycan
biomarker mannose, the altered expression of which has been
linked to cancer growth.786 The detection was based on the
immobilization on the OECT gate of concanavalin A, a lectin
that specifically recognizes mannose on human breast cancer
cells (MCF-7).When the cells were captured on theOECT gate,
the H2O2 generated was catalyzed by horseradish peroxidase
HRP (conjugated to Au nanoparticles and coimmobilized on the
gate electrode). The resulting OECT response was therefore
proportional to the concentration of the captured cells. This
OECT-based biosensor showed a LODdown to 10 cells/μL and
can also be used to selectively monitor the change of mannose
expression on the cell surface upon treatment with an N-glycan

Figure 64. (a) Schematic showing dopamine release mediated by the exocytosis process in PC12 cells via rapid Ca2+ reflux accelerated by K+ ions and
illustration of the liquid-ion gated aptasensor-functionalized FET using aptamer-conjugated conducting polymer nanotubes (CPNTs) and (ii)
chronoamperometric response of the sensor to dopamine for various buffer concentrations. Adapted with permission from ref 778. Copyright 2020
Springer Nature under Creative Commons Attribution 4.0 license, http://creativecommons.org/licenses/by/4.0/. (b) (i) Photograph of the device
setup showing a micropipette that was used to mechanically stimulate the exocytotic process by gently pressing on the chromaffin cell and (ii)
electrophysiological recordings of the cell activity showing two distinct amperometric responses that correspond to the neurotransmitter release.
Adapted with permission from ref 780. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 65. Different approaches to detect glycans as cell surface biomarkers. (a) OECT-based biosensor functionalization for (b) sialic acid sensing.
The biorecognition element APBA was modified on MWCNTs to specifically capture sialic acid. Adapted with permission from ref 785. Copyright
2018 American Chemical Society.
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inhibitor (Figure 65a(ii)). The aforementioned sensing strategy
was further employed to detect mannose and galactose on HeLa
cells.787 In a follow-up work, a similar detection mechanism was
used to detect sialic acid levels in serum samples by adopting 3-
aminobenzeneboronic acid (APBA) as the biorecognition
element.788 The gate electrode was modified with carboxylated
multiwalled carbon nanotubes to covalently bind APBA, which
specifically recognizes sialic acid and therefore affects the gating
of the transistor. The transistor showed a sialic acid
concentration detection range of 0.1 to 7 mM, which fits well
with the practical levels of sialic acid in samples from cancer
patients and normal control. This biosensor also showed
impressive selectivity with low responses toward other glycans:
glucose, mannose, lactose, fructose, sucrose, maltose, galactose,
and ribose. The work reported so far demonstrated the
capabilities of OECT-based biosensors in sensing cell surface
biomarkers and how different types of nanomaterials (i.e., Au
nanoparticles, multiwall carbon nanotubes) have been explored
to increase the detection sensitivity (Figure 65b).785 Overall,
bioelectronic sensors are a promising approach for the selective
and sensitive detection of glycans as biomarkers, and they hold
great promise for clinical application. However, current work is
mostly focused on the evaluation of glycan concentration, rather
than exploring the promising clinical application of bioelec-
tronics.
Protein biomarkers are the most frequently studied cellular

biomarkers, and their detection has been used for differential
diagnosis, determination of prognosis, prediction of responses to
treatments, and monitoring of disease progression. To detect
protein biomarkers at low concentrations in physiological

environments (e.g., complex media), OECT-based biosensors
appear, due to their inherent amplification property, as
promising methods to meet this challenge.
Fu et al. reported the first OECT-based biosensor that can

sensitively detect the cancer protein biomarker human
epidermal growth factor receptor 2 (HER2) (Figure 66a).789

The devices are operated by detecting electrochemical activity
on the gate electrode, which bears catalytic nanoprobes
consisting of Au nanoparticles conjugated with HRP and the
HER2 detection antibody.790 Upon binding, the electro-
chemical reaction of the HRP affects the gating efficiency,
inducing an OECT response that is proportional to the
concentration of HER2. The device was able to detect HER2
expressed on the surface of MCF-7 cells. Overall, the developed
protein OECT sensors showed a LOD down to 10−14 g/mL,
which is several orders of magnitude lower than the detection
limits of other electrochemical approaches (e.g., cyclic
voltammetry). As shown in Figure 66a(ii), the OECTs can
successfully differentiate breast cancer cells (MCF-7) from
normal cells (NIH/3T3) at various cell concentrations. This
work paves the way for developing highly sensitive and low-cost
biosensors for in-line sensing of protein biomarkers on the
surface of living cells.
Using an aptamer as biorecognition element, a graphene/

PEDOT:PSS modified paper-based electrode was used to detect
carcinoembryonic antigens (CEAs) using EIS.790 The low-cost
paper-based aptasensor responds to CEA in the linear range of
0.77−14 ng/mL, with a LODof 0.45 ng/mL and 1.06 ng/mL for
CEAs in PBS and human serum, respectively (Figure 66b),
showing good correlation with the values reported in a standard

Figure 66. Different strategies to detect protein biomarkers. (a) (i) OECTs with 3 differently functionalized gates. Gates were modified with HRP,
HER2 protein, or whole cancer cells. (ii)ΔVG

eff of the devices for the detection of HER2 biomarker in different cell lysates or whole cells. Adapted with
permission from ref 789. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) (i) Graphene/PEDOT:PSS modified paper
electrode functionalized with an aptamer against carcinoembryonic antigens (CEA) and (ii) impedance of the electrode at different concentrations of
CEA in human serum samples. Adapted with permission from ref 108. Copyright 2020 MDPI, Basel, Switzerland, under the terms and conditions of
the Creative Commons Attribution 4.0 license, http://creativecommons.org/licenses/by/4.0/.
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immunoassay detection method. Apoptosis is the cellular
mechanism that contributes to the removal of damaged or
dangerous cells.791 Caspase-3 is a protease, and it is an important
biomarker of cell apoptosis that participates in the pathogenesis
of cancer and neurodegenerative diseases.792 OECT-based
biosensors have been developed for the detection of caspase-3
in cancer cells.793 Peptides modified on gold nanoparticles on
the gate electrode acted as “baits” for caspase-3, which upon
binding selectively cleaved them. Upon cleavage, hence peptide
removal, the OECT transfer curves shifted to higher voltages.
The LOD for such a device goes down to 0.1 pM, being able to
detect apoptosis in HeLa cells at a concentration of 10 apoptotic
cells per 10 μL (Figure 66c). Control experiments using caspase-
9 and BSA showed no distinct shift in the transfer curves,
highlighting the selectivity of the developed approach.

4.4. Characteristics and Challenges of Cell-Based
Biosensors

The use of biosensors as analytical tools for sensing of
biomolecules either secreted by cells or present on their surfaces
is not straightforward. There are still many challenges to be
addressed in order to successfully integrate parallelizable
electronic systems with cell-culture environments.
4.4.1. Cell culture: Biosensor Positioning. Biological

assays are most often based on cell populations instead of a
single cell; hence they correspond to averaged cellular responses.
Forcing the cells close to or atop the sensing electrodes is a
common strategy to limit the distance the released products
have to travel before being detected. Adherent cells can be
localized on predefined areas of a culture surface using chemical
or physical patterning methods, while nonadherent cells can be
localized using techniques such as negative dielectrophoresis or
etched microwells.794 Addressing the challenge of single-cell
resolution for biomarker detection, recent work by Mariani et al.
reports the use of carbon nanoelectrodes to realize needle-type
OECTs for single-cell analysis. The device was employed as an
electrochemical sensor for the proof-of-concept detection of
dopamine exhibiting a linear response in the low picomolar
range, from 0.002 to 7 μMDAwith a detection limit of 1× 10−12

M.
Recent work by Strakosas et al.795 illustrated the use of a

biofunctionalization strategy for continuous detection of
utilization of glucose, as measure of cell metabolism directly
from cell cultures. The production of H2O2 (as a byproduct of
the GOx enzyme functionalized on PEDOT:PSS basedOECTs)
results in toxicity to the cells due to the presence of glucose in
the cell culture media. A “biostack” functionalization approach
was used to layer GOx with PLL and a peroxide scavenging
enzyme (e.g., catalase) to prevent toxic levels of H2O2 from
accumulating.
4.4.2. Eliminating the Interference. Eliminating the

interference due to nonspecific binding in complex samples,
such as cell culture medium, is a key aspect when designing
biosensors especially when moving toward multiplex-
ing.29,796,797 Zwitterionic polymers, synthetic polypeptides,
and PEG-based polymers are reported as low fouling materials,
owing to their strong binding to the interfacial hydration
layer.798−800 Goda and Miyahara developed a series of
zwitterionic EDOTs as monomers for the electrodeposition of
antifouling CPs801 with poly(EDOT-co-EDOTPC) surface
showing 4 times lower nonspecific adsorption compared to
pristine PEDOT in 100% human serum solutions. Hyaluronic
acid (HA), bearing repeated disaccharide containing carboxyl

groups, hydroxy groups, and amide groups, has been also
reported as an antifouling material. Copolymerized PEDOT/
HA composites (coupled with a specific antibody) have been
used to selectively detect the cancer biomarker carcinoem-
bryonic antigen with high sensitivity.802

Overcoming complex and time-consuming synthetic pro-
cesses, recently a PEDOT:PSS-based OECT biosensing plat-
form integrated with microfluidics was developed for simulta-
neous screening of glucose, lactate, and cholesterol in biofluids.
The interference issues were resolved by operating the device at
a bias far below the oxidation potential of the electroactive
species present in the biological milieu.803 A recent study
adopted resonance Raman spectroscopy to probe subtle
molecular structural changes of PEDOT:PSS associated with
its doping level, alongside electrochemical measurements. The
sensitivity of this structural probe in detecting glucose was
unaffected when the electrolyte was changed to cell culture
media, underlying the specificity of this approach.804

4.4.3. Improving Device Performance. Common bio-
sensing approaches are based on direct amperometric chemical
reactions happening within the OECT electrolyte with direct
charge transfer between the analyte and the CP, which results in
subunity transduction of gate to drain current. Hence,
amperometric OECTs do not truly display current gains. By
separating the chemical transduction and amplification
processes on two different electrochemical cells, the Salleo
group managed to fully leverage the large transconductance of
OECT thus enabling truly high-gain chemical OECT trans-
ducers.805 They demonstrated the inherent advantage of
potentiometric OECT sensors over conventional amperometric
OECTs by utilizing enzymatic reactions of GOx to detect
glucose, achieving a good dynamic range and low OECT OFF
currents of 30 nA.

5. ON-CHIP OR FLUIDIC-INTEGRATED IN VITRO
MODELS

An abiding challenge of in vitromodels is to successfully replicate
the precise microenvironment found in the human body. For
example, cells grown in static conditions lack the right physical
cues and gradients of nutrients and oxygen. The incorporation of
microfluidic technologies allows investigation of cellular micro-
environments ensuring a laminar fluid flow that mimics the in
vivo situation with high accuracy, low reagent consumption, and
low waste generation.11,806 Dynamic fluid flow has also been
reported to create subtle shear stress that directs cell
proliferation and differentiation, formation of functional
structures, and release of chemical factors. Microfluidics are
typically made of polydimethylsiloxane (PDMS),807 poly-
(methyl methacrylate) (PMMA),808,809 polycarbonate
(PC),810 and cyclic olefin polymer (COP).811−813 Benefits
and limitations of their use have been reviewed elsewhere.814,815

Microfluidic-based cell cultures and OoCs have made strides
in the past decade as in vitro models, with the prospect of
reducing or replacing animal models being closer than
ever.816,817 Although the majority of organ models combine
perfectly microfluidic technologies and tissue engineering,5 new
approaches have recently emerged recognizing the additional
value of incorporating biosensing elements818,819 that will allow
in situ monitoring of cellular processes16,810 and metabolites820

and drug delivery821 and detection.822 The expansion of the
OoC field has raised the necessity for the coupling of these organ
models with reliable in-line electrochemical sensors capable of
providing label-free, real-time multiparametric information on
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cellular processes.40,53 Models of bone-,823 heart-,824 vascula-
ture-,602 brain-,825−827 and kidney-on-a-chip660 have been
developed to mimic specific tissues while electrically monitoring
and sensing cellular processes. This synergy between OoC and
bioelectronics could have a huge impact on advancing in vitro
assays.
Different bioelectronic configurations have been adapted to

couple microfluidic devices, mostly electrodes and OECTs. The
OECT configuration has been extensively used by our group for
spheroid impedance sensing, analyte detection,776,828 and cell
monitoring281 inside microfluidic devices, and we were the first
to demonstrate coupling between OECTs and microfluidics to
achieve multiparametric monitoring of kidney tissue formation.
This platform consisted of an OECT made on a glass substrate
coupled to a PMMAmicrofluidic device. The gate electrode and
the PEDOT:PSS channel were positioned in the chamber seen
in Figure 67. MDCK-II cells were exposed to flow shear stress
using a syringe pump. The illustration shows a cross-sectional
view of the device, in which the different components are
represented: from bottom to top, the glass/PaC substrate with
the OECT channel and gate, the epithelium, and the media
perfusing through the microfluidic chamber. MDCK-II cells
expressing red fluorescent protein (RFP)-tagged actin were

seeded into the OECT channel, and confocal images were taken
when fully confluent cells were grown inside the chamber
(Figure 67b). Electrical measurements were taken at different
time points to evaluate the evolution of the cell layer resistance
(Rcl) and cell layer capacitance (Ccl) while the cells were exposed
to fluid shear stress. An increment in the Rcl and Ccl values in the
first 5 h at 0.3 dyn cm−2 was attributed to the reassembly of
intercellular tight and adherent junctions due to the flow shear
stress-induced mechanotransduction (Figure 67c).281 This
platform clearly highlights the potential to integrate organic
bioelectronic components as embedded sensors inmicrofluidics,
without compromising the optical monitoring capabilities.
Nevertheless, limitations may arise due to the single fluidic
channel architecture and the lateral gate electrode positioning,
which may affect efficiency during cell culture. Future
developments could benefit from including multilayer micro-
fluidics for mimicking basal and apical compartments for
applications in complex cell-based assays such as organ-on-
chip models.
The adaptability of microfluidics enables different design-to-

purpose configurations such as trapping elements,660 mem-
branes,820,829 topographies,830 or even an ion pump for drug
delivery in vivo.821 A trapping PDMS-microfluidic device

Figure 67. (a) Microfluidic chip with integrated OECT. Illustration showing the OECT device along with the cell monolayer lining the surface. Top
and cross-sectional views showing the architecture of the bioelectronic microfluidic device. (b) Immunofluorescence image of MDCK II cell layer
formed inside the channel of the OECT in the microfluidic chip. (c) Graphs showing the data (Rcl, Ccl) generated via in-line monitoring over 15 h
under flow conditions. Rcl and Ccl calculated using the depicted equivalent circuit. Adapted with permission from ref 281. Copyright 2017 Nature
Licensed under Creative Commons Attribution 4.0 International (CC BY 4.0) License, https://creativecommons.org/licenses/by/4.0/.
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coupled to a PEDOT:PSS-based transistor was fabricated for the
electrical resistance measurement of different spheroid
compositions and sizes. The microfluidic device and OECT
were fabricated by lithography to ensure proper resolution. The
microfluidic device comprised a single straight channel that
terminated with a nozzle where the spheroid was positioned.
Following the nozzle, a round chamber held the gate electrode.
The channel of the OECT was positioned in the straight
microfluidic channel. Measuring spheroids from different cell
lines (TIFs, MDCK-II, and a combination of TIF plus MDCK-
II) showed differences in the spheroid resistance values.660

Devices capable of sensing metabolite conditions are very
important in POC (point-of-care) technologies as they can
provide useful insights for the prevention of diseases. In this
sense, a finger-powered microfluidic device coupled to multi-
plexed OECTs was developed for the POC sensing of three
critical biomarkers: lactate, glucose, and cholesterol in saliva.
The device comprised a three OECT configuration plus a
control OECT integrated into a PDMS-based microfluidic
device. The fluid flow microfluidic device was activated by
pressing an activation button with the finger on the top of the
microfluidic device. Limitations of the system were the electrical
crosstalk between OECTs and the differences in the current-
response times for different OECTs due to the spatial resolution.
Despite these limitations, the biosensor possessed excellent
analytical performance with detection ranges that covered
physiological ranges in saliva.776 Regarding bioelement sensing,
nanofibers can be integrated as sensor elements, as done by
Chen and co-workers.828 They integrated a PEO/PEDOT:PSS
nanofiber into an ITO electrode inside a PDMS-based
microfluidic device for the capture and release of circulating
tumor cells (CTCs). The platform could capture targeted

EpCAM-positive cells (transmembrane glycoprotein with
oncogenic potential) but also efficiently purify CTCs from an
EpCAM-negative cell solution through the application of a
cyclic potential electrical stimulation.
Moreover, stretchable microfluidics made use of the inherent

ability of PDMS to contract under shear stress to generate a
mechanical motion that will translate to mechanical shear stress
for the cells. In nature, endothelial cells (vascular cells) are
continuously exposed to dynamic blood flow that creates shear
stress and vasodilation. These mechanotransduction phenom-
ena induce morphological and behavioral changes to the
endothelial tissue. In this context, Huang and co-workers
integrated a stretchable electrochemical sensor inside a
microfluidic device to simulate vascular parameters and monitor
the biochemical signal produce in the process. The micro-
patterned sensor is constructed with PEDOT/SWCNTs that
satisfy mechanical compression and electrochemical perform-
ance against deformation at real-time. To recapitulate the
stretched endothelial, a PDMS membrane was built between
two microfluidic PDMS layers and the stretch-induced signaling
molecules released from the deformed endothelial cells were
monitored (Figure 68a). The PEDOT/SWCNTs electrodes
were patterned onto the PDMS and placed inside the
microfluidic device for real-time electrical monitoring. Human
umbilical vein endothelial cells (HUVECs) were seeded on the
electrode to form the vascular endothelium. Vacuum was
applied to induce elastic deformation of the PEDOT/SWCNTs
membrane that stresses adherent cells (Figure 68b). Figure 68c
illustrates the concept of the paper showing the SEM image of
the integrated membrane (I), and the confocal images of the
HUVEC cells cultured in the membrane before (II) and after
circumferential stretching (III).831

Figure 68. (a) Flexible electrochemical sensor-integrated vascular chip. (b) Schematic diagrams of the cell (HUVEC) seeding and operation process
(vacuum induced circumferential stretch) of the fabricated device. (c) Sectional views of the area of interest: (I) SEMof the electrode (PEDOT coated
SWCNT) and fluorescence microscopy images of HUVECs (II) without and (III) with circumferential stretch. Adapted with permission from ref 831.
Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00539
Chem. Rev. XXXX, XXX, XXX−XXX

BM

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig68&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00539?fig=fig68&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6. PERSPECTIVES
The applications of bioelectronics including point-of-care
diagnostics and electroceuticals have skyrocketed over the past
decades and continue to evolve at a high pace. Materials
technology has played an organic role during the evolution of
bioelectronics, with organic electronics offering a breadth of new
possibilities at various levels. Despite their vast potential, organic
bioelectronics have still not reached the level of commercial or
clinical translation, with the exception of few scarce examples
(e.g., Multi Channel Systems, GmbH; MEAs incorporating
PEDOT:PSS).
In vivo and on body interfacing applications are far more

established compared to in vitro, given the great need for
implantable biomedical devices and prosthetics on the one hand
and the increased consumer adoption and combination with IoT
in the case of wearable sensors on the other hand. Despite being
especially promising for the dual purpose of monitoring and
stimulating biological systems outside of a living organism in a
controlled fashion, in vitro bioelectronics is still less explored and
considerably less adopted. This is in part due to the commonly
observed “reluctance to change” in the pharmaceutical industry
posing unrealistic requirements in order to invest in and adopt
early stage technologies leading to a vicious cycle that
significantly delays their standardization and real-world
implementation. There is therefore a clear need to bridge the
gap between R&D and translation.
6.1. Technological Challenges To Be Overcome

To realize and standardize biointegrated chips or platforms that
can probe biological systems from the molecule to individual
cells to whole organism levels, there are technological
bottlenecks that need to be addressed. Automation, compati-
bility with large-scale fabrication, and high throughput
capabilities are all necessary to drive this technology forward.
Other important challenges lie in the integration and the
biological fate of the organic interfaces. In terms of integration,
the incorporation of circuitry with sensors, actuators, and
acquisition systems, including the development of versatile
readout instrumentation and electrical connections, while
minimizing manufacturing complexity, is vital. In terms of
interfaces, a thorough understanding of the biotic−abiotic
coupling is crucial and will result in more stable and long-lasting
platforms. In addition, the ability to predict the coupling
dynamics would allow iterative improvement of both the
electronics and the biological systems. Last but not least, another
abiding challenge that impedes standardization of this
technology is the interpretation of the electrical readout to
meaningful biological information, embracing machine and
deep learning, where possible, as these mass producible
bioelectronic assays become a significant component of
measurement science capability.
6.2. Opportunities

Organic electronics, in the same way as carbon-based materials,
have intrinsic similarities to the structure of biomacromolecules
providing an ECM like environment. This makes them more
biocompatible and mechanically compliant with tissues
compared to their inorganic counterparts, overcoming limi-
tations such as mechanical stiffness, reduced conformation, and
adaptability. In line with the scaling down of in vitromodels, the
ongoing miniaturization of organic semiconductor devices
opens new opportunities in interfacing and probing cells in
vitro, delivering biomolecules inside cells, or electrically
stimulating cells. Nanoscale organic bioelectronic devices can

thus play a fundamental role in studying protein function and its
reaction pathways inside the cells or on cell membranes. This
opens new opportunities for drug testing and for assessing
therapy efficacy at the molecular level as well as for personalized
medicine. This is illustrated in section 3 for example, with the
prospect of using human cells for cell membrane level studies.
At the tissue interfacing level, significant progress has been

made in the area of 2D electrogenic cell cultures, particularly
with respect to the recordings of cell-derived signals. Further
efforts in refining these devices and maximizing SNR will aid in
the improvement and development of more complex systems in
the future. Particular focus should be paid to operating these
recording systems in more complex cellular environments. A
majority of studies record cellular signals from only a single cell
type. However, to fully recreate bodily systems and functions,
these measurements need to be able to single out individual
signals from a host of cellular phenotypes. Regardless, further
development of these devices can allow for a greater under-
standing of electrogenic cells, pushing toward an ability to truly
recapitulate some of these interesting and complex biological
systems. The same challenges lie in the case of nonelectrogenic
cells, with the additional challenge of the standardization of the
measurements and the establishment of the right figures of
merits, which is not straightforward as in the case of
electrophysiological recordings.
A considerable effort has been also made in promoting

neuronal growth using electrical stimulation, but further
experiments need to be performed to understand more the
underlying biological mechanisms of the cell’s behavior. Great
strides have also been made in creating in vitro systems for
eliciting changes in spiking behavior from neuronal and cardiac
cells. Next steps should involve the transduction of an applied
stimulus through networks of multiple cells.
The unique possibility of CPs to adopt 3D porous ECM

mimicking architectures (scaffolds) has proven to be fruitful in
successfully interfacing and supporting complex (3D) cell
cultures while providing in line monitoring capabilities.
Adaptation of those features in standardized assays (i.e.,
transwell setups) will offer a direct (and faster) route for
commercialization benefiting from existing instrumentation,
equipment, and protocols.
Organs-on-chips represent a new technology set to

revolutionize the field of cell-based in vitro assays. Despite the
great advances in this field, there are still no examples in the
literature that recapitulate the complexity of organ-like models
able to be monitored in a noninvasive manner and in real-time.
We believe that now is time to push forward accurate, reliable,
and authentic in vitro models that truly represent the in vivo
situation while incorporating in-line electrical sensing of tissue.
The market demands miniaturization and parallelization, and
the need for multiplexing is the main drive to implement
electrical sensors as the most straightforward approach for high-
level sensor integration in such in vitro systems. However, there
still remains challenges notably when it comes to directly
interfacing cell cultures with biosensors in terms of biofouling,
sensitivity, and specificity as well as sensor stability and long-
term operation. Three-dimensional CP based scaffolds have the
potential to be integrated with microfluidics to meet the
scalability, accuracy, and reliability requirements. We expect that
the following years will witness such advancements aiding the
development of multifunctional biomimetic OoC platforms that
could eventually replace animal models in drug discovery and
disease research.
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