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charge carriers such as electrons, holes or 
ions. Scientists have been building these 
interfaces for hundreds of years, since Gal-
vani’s early experiments with frog legs.[1] 
In the past three decades a wide range of 
organic materials have been found to con-
duct charge carriers in a manner similar 
to metals or inorganic semiconductors 
(e.g., silicon). Highly conjugated polymers 
are one such class of materials. Overlap-
ping π-π  molecular orbitals found within 
these polymers combine to facilitate the 
movement of charge carriers, enabling 
the fabrication of electrical devices such 
as electrodes and transistors. Unlike 
their inorganic counterparts, the disor-
dered nature of these polymeric systems, 
mediated by weak van der Waals and 
electrostatic interactions, mean they are 
highly sensitive to material morphology, 
and their local electrostatic and chemical 
environment. By virtue of these electrical 
properties, conjugated polymers have 
attracted attention as a transduction mate-

rial for biosensing both inside and outside of the human body. 
Similarly, their desirable mechanical and chemical properties, 
which can be easily modified using organic chemistry, have led 
researchers to investigate their use as tissue and cell scaffolds. 
Here, we discuss recent developments using conjugated poly-
mers as bioelectronic interfaces both in vivo and in vitro, before 
summarizing the current research challenges.

Conjugated polymers exhibit interesting material and optoelectronic proper-
ties that make them well-suited to the development of biointerfaces. Their 
biologically relevant mechanical characteristics, ability to be chemically 
modified, and mixed electronic and ionic charge transport are captured 
within the diverse field of organic bioelectronics. Conjugated polymers are 
used in a wide range of device architectures, and cell and tissue scaffolds. 
These devices enable biosensing of many biomolecules, such as metabolites, 
nucleic acids, and more. Devices can be used to both stimulate and sense 
the behavior of cells and tissues. Similarly, tissue interfaces permit interac-
tion with complex organs, aiding both fundamental biological understanding 
and providing new opportunities for stimulating regenerative behaviors and 
bioelectronic based therapeutics. Applications of these materials are broad, 
and much continues to be uncovered about their fundamental properties. 
This report covers the current understanding of the fundamentals of conju-
gated polymer biointerfaces and their interactions with biomolecules, cells, 
and tissues in the human body. An overview of current materials and devices 
is presented, along with highlighted major in vivo and in vitro applications. 
Finally, open research questions and opportunities are discussed.
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1. Introduction

1.1. Overview

Bioelectronic interfaces are devices that sense and stimulate 
biological systems (cells, tissue, organs) using materials that 
have charge transport properties, as a result of the movement of 
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Figure  1 illustrates where highly conjugated polymers are 
being used for interfacing different aspects of human physi-
ology. These applications broadly range from in vivo (sensing 
and stimulating specific cells, tissues, and organs) to in vitro 
applications (biosensing of analytes in liquid biopsies and mod-
eling human physiology in cell culture). Comparatively few 
devices have been tested in vivo in humans, reflecting the cur-
rent state of the material and device  development,[2] as well as 
the regulatory framework surrounding medical devices, hence 
we highlight the most relevant examples here.

This report focuses mostly on developments from roughly 
the past five years, with reference to prior seminal works or 
reviews as appropriate. It is written for readers who wish to see 
a broad overview of the ways conjugated polymers are being 
used to interface with the human body, with enough relevant 
theory to allow them to engage with the arguments and results 
presented. Where more specific reviews for a given topic exist, 
we have signposted them in the appropriate locations. We focus 
exclusively on interfaces that use highly conjugated polymers to 
interface an aspect of human physiology, where the polymer’s 

Figure 1. Applications of conjugated polymers as organic bioelectronic interfaces with the human body.
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primary proposed use relies on its electronic properties. For 
example, we do not discuss organic small molecule devices, 
conjugated polymer nanoparticles for imaging or optical 
biosensing,[3–5] biomimicking neuromorphic designs,[6–8] 
hydrogen-bond mediated bioprotonics,[9–11] or polymers for 
nonelectronic/ionic driven drug delivery.[12] We also include a 
brief discussion of the origin of bioelectricity itself, as this is 
fundamental to the motivation and application of many organic 
bioelectronic interfaces.

1.2. Summary of Motivations

Researchers are motivated to use conjugated polymers due to 
the combination of their intrinsic and extrinsic material prop-
erties. Conjugated polymers can be sensitive to both electronic 
and ionic-based charge carriers.[13,14] This makes them inher-
ently well-suited to developing devices that transduce the ion-
based signals of biological organisms into the electronic signals 
used by the majority of modern measurement and stimula-
tion devices. This is an advantage over metals and inorganic 
semiconductors, which are generally impermeable to ions.[15] 
Devices fabricated from conjugated polymers can often be 
controlled with high precision using voltage gradients and/
or electronic current injection. For example, precise changes 
in electrical current can result in the delivery of correspond-
ingly precise quantities of drugs from polymer devices.[16] The 
semiconducting properties of some conjugated polymers make 
them well suited to building devices such as transistors, which 
can act as amplifiers, transducing small voltage changes into 
large changes in current.[17,18]

Conjugated polymers can be chemically altered to tailor 
 material properties, for example, from hydrophobic to 
 hydrophilic.[19] Decades of research has helped develop structure–
property relationships between the polymer molecular structure 
and its optoelectronic properties.[20–23] Insoluble conjugated 
polymer backbones can be modified with hydrophilic sidechains, 
which allow the formation of semiconducting and conducting 
inks, facilitating solution-processing fabrication techniques.[24,25]

Thin films or engineered scaffolds of highly conjugated poly-
mers can be tailored to have similar mechanical moduli to bio-
logical tissue.[26] In vivo, the mechanical mismatch between the 
implanted device and local tissues can result in the formation 
of a foreign-body response, where the body effectively tries to 
isolate and exclude the implanted device through an inflamma-
tory response.[27,28] This can often result in the formation of scar 
tissue around devices which effectively insulate them from the 
biological system.[29] At a cellular level, cells directly sense the 
mechanical nature of their microenvironment through complex 
mechanotransduction machinery.[30] Minor changes in material 
stiffness or surface properties can result in profound changes 
in cellular phenotype.[31] Hence, the ability to tune these prop-
erties is important for cell sensing and cell stimulating appli-
cations. Conjugated polymers, modifiable both intrinsically 
through chemical synthesis and extrinsically through subse-
quent material processing, are well-suited to the development 
of cell and tissue stimulating interfaces.

A wide-range of manufacturing techniques can be used 
to process conjugated polymers into devices, ranging from 

cleanroom-based manufacture, to desktop printing technolo-
gies, and more.[32] The ability to rapidly upscale devices made 
from conjugated polymers using graphic arts technologies such 
as gravure or inkjet printing has long been a key motivation for 
their use.[24,25,33] These manufacturing approaches lend them-
selves well to the production of affordable, electronic, point-of-
care diagnostic tests, that fulfil the requirements set out by the 
diagnostics research community.[34,35]

Conjugated polymers are not only patternable in 2D, but also 
via 3D printing methods.[36] Highly conjugated polymers can 
be patterned onto flexible plastics, glass, paper,[37,38] or incorpo-
rated directly into composite gel systems.[39] They can be drawn 
into fibers, nanofibers, or used to coat existing fibers which 
can subsequently be woven into organic electronic fabrics.[40–42] 
The variety of intrinsically weak bonding interactions present 
between adjacent polymer chains can be harnessed through 
a variety of approaches to form “self-healing” systems,[43,44] 
namely where a previously cut or damaged material can reform 
their initial network.

2. Fundamental Mechanisms

2.1. Bioelectricity in Living Organisms

2.1.1. Bioelectricity Originates from the Separation of Charge 
 Carriers Across Membranes

Bioelectricity refers to the presence of potential gradients 
(voltages) and the movement of charge carriers (the flow of 
current) within living organisms. These endogenous electric 
fields exist at the organelle, cellular, tissue, and organism level 
(Figure  2).[47] They originate from charge carrier gradients, 
established by the diffusion or active transport of charge across 
membranes. This transport is mediated by a range of struc-
tures including ion channels, ion pumps, gap junctions, and 
specialized receptor/transporter molecules.[48] The machinery 
that regulates the movement of charged species is itself regu-
lated by the potential gradient. For example, the opening of 
voltage-gated calcium channels, allows the influx of calcium 
ions, which in turn activate calcium sensing molecules such as 
calcineurin, a protein phosphatase capable of activating tran-
scription factors. The emergent behavior of this nonlinear feed-
back system is complex and still being understood.[49,50] For the 
interested, we recommend a number of reviews for a more in-
depth discussion of the current state of understanding of these 
mechanisms.[48,51,52]

In addition to fundamental bioelectronic gradients, there are 
specialized classes of electrically excitable (also referred to as 
electrogenic) cells, which are capable of rapidly manipulating 
ionic gradients across their membranes to facilitate signal 
transmission. Changes in the adjacent local ionic environment 
result in a significant depolarization of an excitable cell (i.e., the 
interior of the cell loses negative charge). This can trigger a cas-
cade of voltage-gated ion channels to open, resulting in a wave 
of changing membrane potential that propagates rapidly along 
the cell body.

Measuring single cell membrane potentials remains a chal-
lenging task. The gold standard in electrophysiology is the 
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patch clamp technique,[53] which involves introducing an elec-
trolyte-filled micropipette into the cell membrane (Figure 2a). 
While attempts have been made to incorporate conjugated 
polymers into micropipettes for biochemical sensing,[54] 
the majority of organic bioelectronic biointerfaces are cur-
rently only capable of stimulating single cells, with the patch 
clamp approach used to monitor single cell membrane poten-
tials.[55–57] The sensing biointerfaces reported here typically 
measure the superposition of many simultaneously changing 
cell potentials. This includes transepithelial (or transen-
dothelial) potentials (e.g., used to sense the integrity of cell 
layers),[58,59] or organ level potentials (e.g., for monitoring car-
diac or neuronal electrophysiology).[60,61]

2.1.2. Bioelectricity Influences Cell and Tissue Development  
and Regeneration

Bioelectronic gradients play a key role in regulating the devel-
opment of tissues and organs.[51,62] The resting membrane 
potential of cells has been linked to their potency (a measure 
of the ability of a cell to differentiate into different cell types). 
Some stem-like cells show greater polarization of their resting 
membrane potential than highly differentiated cell types.[48] Cell 
membrane potential has also been linked to cell cycle stage, 
with mitotic cells more depolarized than nondividing, quies-
cent cells.[63] Manipulating the bioelectronic environment can 
result in profound changes in cell, tissue, and organ behavior 
post-transcription, that is distinct from the underlying genomic 
or transcriptomic states.[48,64] This is seen to be particularly 
valuable in the fields of regenerative medicine, where there is 
scope for more localized interventions that promote healing 
behaviors.

Bioelectronic gradients are observed in wound sites. Damage 
to cells comprising an epithelial layer allows ions to move 
freely across an otherwise tightly regulated barrier, resulting 
in a local reduction in potential at the wound site relative to 
undamaged regions (Figure 3).[52] Much remains unknown, but 
the resulting potentials and current flows appear to be actively 
regulated. Different cell types can migrate along electric fields 
(referred to as galvanotaxis or electrotaxis), contributing to 
the wound healing process.[51,52,66] Within the field of regen-
erative medicine, there are multiple approaches to electrical 

stimulation. These methods have been used to heal bone frac-
tures (Figure 4),[67,68] induce regenerative healing responses,[69] 
and have been proposed for a range of other applications.[47] 
Ultimately, the complexity and influence of bioelectric sig-
nals is a major motivation for developing better bioelectronic  
interfaces.

2.1.3. Charge Transport in Conjugated Polymers

2.1.4. Charge Transport in Conjugated Polymers Originates  
from Overlapping π-Orbitals

Conjugated polymers consist of an extended π-molecular orbital 
network along the polymer backbone. This is made possible by 
hybridization of S and P orbitals (forming sp hybrids), resulting 
in unhybridized pz orbitals above and below the plane of the 
polymer. These orbitals can then overlap, forming an extended 
π-bonding network of occupied and unoccupied states (bonding 
and antibonding, respectively). Increasing the extent of con-
jugation typically increases the number of available states.[70] 
A π-conjugated system contains many of these molecular 
orbitals, creating a range of allowed energy states for electrons 
(Figure 5).

For a polymer such as polyacetylene (which comprises a back-
bone of alternating carbon–carbon single and double bonds), 

Figure 3. Formation of electric field gradients at wound sites. Example 
shown is for a mammalian epithelium model. a) Normally tight junc-
tions between cells restrict the movement of ions and ion transporting 
channels. b) Disruption of the epithelium results in the formation of elec-
tric field gradient and the movement of ions oriented toward the wound. 
Adapted with permission.[65] Copyright 2009, The Company of Biologists 
Ltd.

Figure 2. Endogenous bioelectric gradients occur on different length scales within living organisms. a) Potentials occur across the nuclear envelope 
(NE). Illustration shows measurement using patch clamp technique, nuclear pore complexes (NPC), endoplasmic reticulum (ER), outer nuclear mem-
brane (ONM), and inner nuclear membrane (INM). Adapted with permission.[45] Copyright 2013, John Wiley & Sons. b) Potentials occur across the 
cell membrane. c) Transepithelial potentials occur across epithelial layers. (b,c) Reproduced with permission.[46] Copyright 2012, Elsevier.
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the high degree of π-conjugation creates a near- continuum of 
permitted electron states. Due to fundamental electronic insta-
bilities (an effect known as Peierls distortion) the continuum 
of electronic states is separated by a region of forbidden energy 
states (a bandgap). The permitted states on either side of this 

bandgap are referred to as the highest- occupied molecular 
orbital (HOMO) or lowest-occupied molecular orbital (LUMO). 
The formation of these permitted states, and the transition of 
electrons between them, are why conjugated polymers have 
interesting optical and electrical properties.[71]

Figure 4. Summary of clinically used electrical stimulation devices for bone healing, based on capacitive coupling, inductive coupling, or direct current 
injection. Reproduced under the terms of CC-BY 4.0 license.[68] Copyright 2020, The Authors, published by Springer Nature.

Figure 5. Increasing polymer repeat units increases the overlap of consecutive molecular orbitals, resulting in a larger number of available electron 
energy states.[72,73] In an ideal conjugated polymer, this results in the formation of two continua of states (in real materials structural and energetic 
disorder disrupts this idealized behavior).[74] Arrows on states indicate population of electrons in spin up (↑) and spin down states (↓) (not shown for 
the HOMO of polyacetylene for the sake of clarity). Key optoelectronic figures of merit, including the electron affinity (EA), ionization energy (IE), and 
bandgap (Egap) are indicated. Note: energy levels are for illustrative purposes only, and do not accurately represent the energetic states of the molecules.
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Electrons reside in the HOMO, but under certain cir-
cumstances can be introduced into the LUMO. Once in the 
LUMO, electrons can move through delocalized regions of the 
polymer or “hop” to another delocalized region on an adja-
cent polymer chain. This behavior facilitates charge transport 
through the material.[75] Depending on the molecular structure 
of the polymer and how it has been processed, it may not be  
the movement of a specific electron per se that acts as the 
charge carrier. Instead, it may be an absence of charge referred 
to as a hole. A hole is not a real particle but can be mathemati-
cally and conceptually treated as a positive charge carrier.[76] 
Hence, the movement of holes through a material will also 
establish a flow of electrical current. Conjugated polymers in 
which electrons are the dominant charge carrier are referred 
to as n-type semiconductors, those with hole dominant trans-
port are referred to as p-type. Some polymers show mixed  
p- and n-type conductivity and are referred to as ambipolar. 
Most reported conjugated polymers are p-type semiconductors, 
in part due to the energy levels for electron (vs hole) transport 
relative to charge traps within the material.[77] Charge traps 
strongly influence material behavior, as there is evidence to 
suggest all semiconducting conjugated polymers are intrinsi-
cally ambipolar, but under normal material processing condi-
tions charge trapping prevents n-type transport.[78]

2.1.5. Conjugated Polymers Require Doping to Become  
Conducting Polymers

In their idealized pristine form, conjugated polymers effec-
tively behave as semiconductors.[70,79] For example, pure 
 poly(3,4-ethylenedioxythiophene) (PEDOT) is a semicon-
ductor.[80,81] Different mechanisms increase the free charge 
carrier density and hence conductivity. Charge carriers can 
be generated optically, as happens in organic photodiodes or 
organic photovoltaic devices.[82] They can be injected into the 
film under the influence of an externally applied electric field, as 
seen in organic field-effect transistors.[17] In most reported bioel-
ectronic interfaces chemical or electrochemical doping methods 
are used.[71,83,84] Doping refers to the addition or removal of 
electrons from a semiconductor to change the free charge car-
rier density. In this context, it is often used interchangeably by 
those with a chemistry background with the terms oxidation 
and reduction. Chemical doping includes approaches such as 
the vapor deposition of highly electron accepting molecules 
onto a polymer film that acts to p-type dope (or oxidize) the 
polymer backbone.[85] Electrochemical doping is found in elec-
trochemical transistors, where an  electrode connected to the 
polymer film is used to inject or remove charge. The displaced 
charges are compensated by the ingress of counterions from 
an electrolyte also in contact with the polymer.[71,80] Conjugated 
polymers that can be highly doped to form stable materials are 
referred to as conducting polymers, with the increase in charge 
carriers giving some polymers metal-like conductivities.[83,86,87]

While doping is understood to be responsible for achieving 
high conductivities, considerable research efforts continue to be 
devoted to understanding the charge transport mechanisms of 
pristine and doped systems.[83,84,88,89] The presence of both ionic 
and electronic currents in conjugated polymer–polyelectrolyte 
systems further complicates interpretation, with many ongoing 

attempts to accurately model this behavior.[89–92] Tybrandt et al. 
recently proposed a two-phase model based on drift-diffusion 
equations.[89] They argue that doping in conjugated polymer–
polyelectrolyte systems should be considered as a combination 
of separate electronic and ionic charge carrier processes, and 
not as a redox process as often described in the literature. Fur-
ther complicating matters, morphological and energetic dis-
order, along with chemical contaminants, can cause the forma-
tion of charge trap states within conjugated polymer films.[93,94] 
Disorder and charge trapping can significantly impact the 
effective material conductivity,[23,73,93,95,96] making it challenging 
to analytically model electronic device behavior and fabricate 
functionally identical devices. Adding a variety of additives has 
been shown to partly overcome some of these limitations in 
both electrochemical,[97] and field-effect devices.[98] However, 
the complexity of competing mechanisms, plus an incomplete 
theoretical understanding, often means that devices based on 
the same underlying polymer show vastly different charge 
transport characteristics depending on their synthesis, pro-
cessing, and operating conditions.[73,95]

2.2. Interactions between Conjugated Polymers and Biological 
Systems

2.2.1. Electrostatic and Electrochemical Interactions of  Biomolecules 
with Conjugated Polymers Permit the Transduction of Binding 
Events

Biomolecules such as metabolites, nucleic acids, and proteins 
can interact with conjugated polymers through electrostatic and 
electrochemical mechanisms. In a device such as an electrolyte-
gated organic field-effect transistor (EGOFET), the biomole-
cule effectively alters the strength of the electric field that is 
responsible for injecting electrical charge into the conjugated 
polymer. Modulating the amount of charge present in the film 
modulates the amount of current that can flow, resulting in a 
transduction of the biomolecule binding event into a change in 
electrical current.[99,100]

While biorecognition elements can be incorporated directly 
into polymer sidechains,[38,101] they are challenging to conjugate 
without overly disrupting the underlying charge transport.[102] 
Instead, they are often conjugated either to an intermediate 
coating or layer,[103,104] or to metal electrodes that form part of 
the device.[99,105,106] Depending on the application, biorecog-
nition elements can include antibodies,[107–109] nucleic acid 
sequences,[110,111] and enzymes.[112–114]

Biosensors can also take advantage of biochemical reac-
tions, as is often seen in organic electrochemical transistors 
(OECTs).[100] In enzyme-based electrochemical approaches, 
a target biomolecule may interact with an enzyme immobi-
lized to the surface of a conjugated polymer (or electrically 
connected electrode). A common example is glucose oxidase 
(an enzyme that catalyzes the oxidation of glucose), which can 
be immobilized directly onto conjugated polymer films.[112] 
Different charge transport mechanisms exist, but in the sim-
plest form hydrogen peroxide is produced by the reaction, 
which is subsequently detected when reduced at a polymer/
electrode surface. More recent approaches aim to improve 
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the detection performance by incorporation a chain of redox 
couples between the glucose oxidase and the electrode to miti-
gate the diffusion of hydrogen peroxide away from the sensor 
surface.[115]

There are many other permutations of device operation and 
much remains to be understood about the underlying device 
physics.[116–118] For an in depth and quantitative discussion of 
these electrostatic and electrochemical mechanisms, see the 
recent reviews from Torsi and colleagues.[100,102]

2.2.2. Conjugated Polymer Coated Surfaces Can Influence Cell 
Interactions

Cell–material interactions depend strongly on material surface 
topography, mechanical properties, surface chemistry, and the 
presence or absence of other biomolecules.[30,119] The process 
of cell adhesion is mediated initially by weakly acting physi- 
and chemisorption processes,[120] and ultimately by trans-
membrane proteins, referred to collectively as cell adhesion 
molecules.[121,122] In vivo, cells may bind either to each other 
or to the extracellular matrix, a complex mixture of molecules 
secreted by cells. Cells can form similar bonds with conjugated 
polymers if the material has sufficient equivalent binding sites. 
However, even in the absence of these sites, the spontaneous 
physisorption of proteins to a material surface from the sup-
porting cell media, or the secretion of extracellular matrix by 
cells can indirectly facilitate cell binding. Hence, relying on the 
surface energy of a given polymer surface as a proxy for cell 
attachment may be misleading.[120] If a cell can bind, the relative 
stiffness of the material impacts the degree of force transmitted 
from outside to inside the cell via its cytoskeleton, influencing 
fundamental cell behaviors such as gene expression, motility, 
and differentiation.[123]

Strategies for promoting cell adhesion to conjugated poly-
mers include incorporating bioactive ligands,[124] such as pep-
tide mimicking sequences,[125–127] or lysines,[128] into sidechains. 
Other approaches include tailoring the polymer backbone or 
sidechains to alter the hydrophobic/hydrophilic nature of the 
polymer surface,[129] patterning extracellular proteins onto 
the polymer surface,[31,130,131] or using physical gas and vapor 
deposition techniques to add electronegative species such as 
fluorine.[132] When working with extracellular matrix proteins, 
layer thickness, and proteolytic degradation may present addi-
tional challenges.[126] For more comprehensive reviews of cell–
polymer adhesion, see the reviews of Hackett et  al.,[133] and 
Chen et al.[120]

Modifying polymer sidechains or the surface of polymeric 
films is likely to alter polymer solubility or vary the degree of 
energetic disorder in the system, which in turn can affect charge 
transport. Tailoring biointerfaces is a juggling act within a wide 
parameter space. In the case of tissue scaffolds, where cells 
are grown in a 3D matrix of the conjugated polymer,[59,134,135] 
the choice of processing (e.g., hydrogel, freeze-dried scaffold, 
etc.) influences the stiffness experienced by the cell which can 
impact cell proliferation and differentiation.[136] All these effects 
are highly cell type dependent, so care must be taken to opti-
mize for each given application.

The intimacy between cell and material can strongly dictate 
electronic sensing parameters such as signal-to-noise ratio.[137] 
Minimizing the gap between cell and material reduces the 
amount of intermediate electrolyte helping to maximize the 
measured signal.[72]

The oxidation state of some conjugated polymers has been 
shown to influence the proliferation and propagation of cells in 
culture,[130,138–140] although some studies suggest this behavior 
is cell type dependent.[141] Changes to the degree of polymer 
doping can also affect the surface chemistry of the polymer 
films. This change in surface energy can promote (or reverse) 
the physisorption of proteins from the cell culture media, 
which in turn affects cell adhesion.[139,142,143] Amorini et  al. 
recently proposed that films of an electropolymerized conju-
gated polymer act as “nanosponges.”[57] Electrically induced 
changes to the oxidation state result in the influx or outflux of 
counterions from the cell media. This affects film swelling and 
the local ionic environment, triggering depolarization of the 
cell membrane. Interestingly, they noted that this effect was cell 
line dependent (Figure 6).

2.2.3. Care Must Be Taken to Minimize Foreign-Body Reactions  
in Conjugated Polymer–Tissue Interfaces

Conjugated polymers have been used both in vitro to promote 
the organization of cells into tissues,[124] and in vivo to inter-
faces tissues in the body.[60,145] Materials are effectively encoded 
with a multitude of stimuli thanks to their intrinsic and 
extrinsic properties.[119] These stimuli can trigger inflammatory 
and foreign body responses within the body as it attempts to 
remove and encapsulate nonnative material (Figure 7).[28] This 
is a major concern in biointerfaces such as neural implants, 
where encapsulation of the electrode can degrade interface 
performance and ultimately require the device to be surgi-
cally removed.[144,146] While the material properties of conju-
gated poly mers are nominally better-suited to mitigating this 
response, careful engineering is still required. For example, a 
conjugated polymer polymerized in rat hippocampi in vivo trig-
gered an inflammatory response, causing a gradual reduction 
of electrode performance.[147,148] Recently, interest has grown 
in incorporating conjugated polymers into hydrogels to over-
come this challenge.[149] Liu et  al. compared the inflammatory 
response of a neural interfacing conjugated polymer hydrogel 
electrode, to that of a sham control and a more rigid plastic cuff 
electrode.[39] They reported a relative reduction in inflammatory 
response, which they attributed to the lower Young’s modulus 
of their material system (Figure 8).

A general challenge facing conjugated polymer–tissue 
interfaces is the convolution of mechanical and electrical 
properties.[59] For example, electrically stimulating a fibrous 
tissue scaffold coated with the conducting polymer mixture 
polypyrrole:DBS results in the influx and egress ions, causing 
a mechanical actuation.[150] The cross-interaction of parameters 
often necessitates a more empirical approach to interpreting 
the interface behavior. While many reports have demonstrated 
conjugated polymers as tissue scaffold materials,[151] much 
remains to be explored about their underlying mechanisms.
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3. Materials

3.1. Overview of Conjugated Polymers used in Organic 
 Bioelectronic Interfaces

Figure  9 and Table  1 summarize prevalent conjugated 
polymer structures used in organic biointerfaces. Often 
these polymers have multiple derivatives, including copol-
ymer and/or sidechain variants.[117,179–181] Polyacetylene is 
provided for reference as the prototype conjugate polymer; 
its low stability in ambient conditions has limited its adop-
tion.[182] Polyacetylene, polypyrrole, polyaniline, and PEDOT 
are typically used in a highly doped state, hence are often 
referred to as conducting polymers in the literature. PEDOT 
is rarely reported in isolation, instead the majority of reports 
use PEDOT with polystyrene sulfonate (PEDOT:PSS), which 
together form an intimately doped conductive colloidal dis-
persion. The polythiophene derivative poly(3-hexylthiophene) 

(P3HT), along with a wide range of conjugated donor–acceptor 
copolymers,[26,117,180] are typically referred to as semiconduc-
tors. However, the distinction is somewhat arbitrary, and many 
of these systems can be highly doped to achieve modest con-
ductivity.[183] For example, P3HT can be both solution-doped 
using chlorauric acid,[184] or vapor-phase doped using strongly 
accepting materials such as 2,3,5,6-Tetrafluoro-7,7,8,8-tetracy-
anoquinodimethane (F4-TCNQ),[185] to yield solid-state films 
with conductivities of around 70  and 50 S cm−1, respectively 
(cf. PEDOT:PSS with maximum conductivities of >6000 S cm−1 
reported).[186]

Few n-type conjugated polymer organic bioelectronic inter-
faces exist. Polymers based on the naphthalene-1,4,5,8-tet-
racarboxylic-diimide-bithiophene monomer unit have been 
 demonstrated (Figure  9h), albeit with relatively low electron 
mobility. Researchers continue to optimize these systems, for 
example, Savva et  al. recently found that blending an NDI-T2 
based polymer with an intentionally poor solvent (acetone) and 

Figure 7. Implanted neural interfaces (along with other biomedical implants) can trigger a foreign body response, causing the recruitment of mac-
rophages and the formation of glial scar cells that effectively encapsulate and insulate the implant. Adapted under the terms of CC-BY 4.0 license.[144] 
Copyright 2017, Lotti, Ranieri, Vadalà, and Di Pino, published by Frontiers.

Figure 6. Proposed model for the movement of ions and cellular response for cells seeded upon PEDOT:PSS in a) reduced and b) oxidized states.  
c) Cell membrane potentials, as measured using a patch-clamp technique, for two different cell types as seeded on PEDOT:PSS under different oxidative 
states. Solid bars represent glioblastoma multiforme (T98G) cells, striped bars represent human dermal fibroblast (hDF) cells. Adapted with permis-
sion.[57] Copyright 2017, American Chemical Society.
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chloroform resulted in a threefold improvement in transcon-
ductance of OECTs and hence an improvement in glucose 
biosensing.[187]

Glycolated thiophene-based polymers have attracted 
 attention for improving the performance of OECTs.[188–190] 

Nielsen et  al. varied the monomeric composition of homopol-
ymer and copolymer backbones based on 2,2′-bithiophene (2T) 
and benzo[1,2-b:4,5-b′]dithiophene (BDT) and observed large 
changes in material conductivities, as measured in an OECT 
configuration (Figure  10).[188] Giovannitti et  al. explored the 

Figure 8. Comparison of the inflammatory response of an implanted PEDOT:PSS based conductive hydrogel (micropatterned electrically conductive 
hydrogel, MECH), as compared to a sham control and a cuff electrode (flexible polyethylene terephthalate with a thin film of gold). Devices were 
wrapped around the sciatic nerve of a mouse model for 6 weeks. a) Optical images of cross-section of sciatic nerve labeled for inflammatory biomarkers 
(ED1). Inset shows zoomed view of nerve bundle interface. b) Normalized inflammatory area for different treatment conditions. **** P < 0.0001, N.S. 
not significant. Adapted with permission.[39] Copyright 2019, Springer Nature.

Figure 9. Overview of commonly used conjugated polymers for bioelectronic interfaces and reference structures. See Table 1 for corresponding polymer 
information. a–f) Structures redrawn from reference [70]; g) from reference [152]; h) from reference [153].
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impact of sidechain modification on similar thiophene deriva-
tives, showing that glycolation and alkylation can be used to 
tune ion ingress into a polymer film, and hence alter OECT 
performance.[189] Glycolated polymers have been successfully 
used to fabricate OECTs to perform electrophysiological meas-
urements on humans.[191]

Another class of derivatives that has attracted recent atten-
tion are crown-ether incorporating polythiophenes.[193,194] 
Wustoni et al. demonstrated ion-sensitive OECTs which, with 
the appropriate calibration, were capable of distinguishing 
between sodium and potassium ion concentrations in a 
human serum sample.[192] They incorporated crown ethers 
directly into the polymer backbone along with sufficient 
EDOT repeat units to minimize steric hindrance (Figure 11). 
Ion-sensitive devices can also be fabricated by incorporating 
ion selective membranes onto the conjugated polymer 
layer.[176,195,196]

3.2. PEDOT:PSS as an Exemplar Conjugated Polymer

3.2.1. The Formation of Polarons and Bipolarons Make 
PEDOT:PSS Conductive

First developed in 1988,[182,197] the polymeric dispersion 
of PEDOT:PSS has become ubiquitous in the organic 
 bioelectronic literature for its favorable properties: relatively 
good ambient stability, solution-processability as a colloidal 
suspension in water, and high conductivities (typically on 
the order of 103 S cm−1).[73,198] While the underlying physics 
of the PEDOT:PSS is an area of intense discussion in the lit-
erature,[14,88,96,118] much is already known that can help inform 
our understanding of the real-world conductivities observed in  
biomaterials.

The p-type doped (oxidized) form of PEDOT is stabilized by 
the presence of sulfonate counterions from the PSS.[80] Doping 

Figure 10. a) Glycolated variants of thiophene-derived homo and copolymers and b) their corresponding performance in an OECT device. The higher 
the transconductance value (gm) for given device dimensions (Wd/L) the better the effective amplification of the OECT. The plot indicates the polymer 
notated g2T-T gives optimal electrical performance, in this configuration exceeding that of PEDOT:PSS. Adapted under the terms of CC-BY 4.0 license.[188] 
Copyright 2016, American Chemical Society.

Table 1. Examples of conjugated polymers used (or proposed) as bioelectronic interface materials.

Figure notation Acronym Full name Application

a) PA Polyacetylene See notea)

b) PPy Polypyrrole Influencing cell culture,[138,154–161] electrode coating,[162] tissue 
 engineering,[131,150,163] biosensing[40]

c) PANI Polyaniline Influencing cell culture,[161,164] electrode coating,[165] tissue enginee
ring,[135,145,166,167] biosensing[165,168]

d) PT Polythiophene See notea)

e) P3ATb) Poly(3-alkylthiophene) Optical biosensing,[169] influencing cell culture,[130] optoelectronic 
 stimulation,[56,170,171] biosensing,[111,172–176] lipid bilayer interfacing.[177]

f) PEDOT Poly(3,4-ethylenedioxythiophene) See notea)

g) PEDOT:PSSc) Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate Ubiquitous—see references cited throughout this report

h) NDI-T2d) Naphthalene-1,4,5,8-tetracarboxylic-diimide-bithiophene 
derivatives (e.g., p(gNDI-gT2))

Lipid bilayer interfacing,[178] biosensing[153]

a)Provided for reference purposes, material is infrequently used directly and/or derivatives are more prevalent; b)A hexyl sidechain is used in the examples provided; 
c)PEDOT:PSS is a dispersion of two different polymers; d)Refers to base repeat unit, a number of variants and/or notations of this polymer exist.
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generated holes interact with the local polymer structure, 
deforming it slightly. This results in the formation of addi-
tional energy states between the existing HOMO and LUMO.[87] 
The combination of the hole and the structural deformation it 
induces can be considered as a new charge carrier, a polaron 
(aka radical cation).[87] In this context, polarons are charge car-
riers that represent the combined movement of charge and 
charge-induced deformation through the polymer system. Two 
polarons can become bound together, referred to as a bipolaron 
(two charge carriers plus the distortions they impact on the 
local polymer environment, considered as one combined qua-
siparticle) (Figure 12).

In PEDOT:PSS, as with some other conjugated polymers,[199] 
the formation of polarons and bipolarons is responsible for 
the observed conductivity of the material.[87] This conductivity 
can vary anywhere between 0.1  and >6000  S  cm−1 depending 
on the processing and additives used,[73,186] (cf. the conduc-
tivity of gold which is ≈105  S  cm−1 at room temperature).[200] 
The relative position of polaron and bipolaron energy states in 
PEDOT:PSS remains an area of discussion. Figure  13 shows 
recent results from Zozoulenko et  al., who used density-
functional theory to estimate the position of the polaron and 
bipolaron states within the bandgap.[88] Electron transitions 
between these states help explain the characteristic absorption 
peaks of PEDOT:PSS, which are typically used during mate-
rial characterization as  evidence of polaron and bipolaron 
formation.

3.2.2. There Are Many Alternative Doping Strategies for PEDOT

PEDOT:PSS is an imperfect material system. The dispersion of 
colloidal PEDOT particles surrounded by PSS can limit the for-
mation of intimate stacking and connections between adjacent 
PEDOT chains, influencing charge transport and necessitating 
the introduction of additives to improve conductivity.[201–203] The 
fixed nature of the PSS counterion means the PEDOT polymer 
cannot achieve a fully neutral state, impacting the on–off ratio 
of devices.[180] The complexity of the material makes it a chal-
lenging model system to probe charge transport behaviors.[80] 
Alternative counterions to PSS have been explored as a method of 
overcoming these limitations.[204] These include small molecular 
dopants,[142,205] other polyelectrolytes,[206] and naturally occurring 
biomaterials such as chondroitin sulphate,[207] and DNA.[208] The 
requirement for stable doping is a key concern for the develop-
ment of any new material system based on PEDOT. Any biointer-
face design, where the intention is to create a conductive material, 
must incorporate an effective doping strategy that is stable under 
physiological conditions. Many small molecule dopants, such 
as F4-TCNQ, are toxic and therefore may not be appropriate to 
incorporate into in vivo devices. For a comprehensive summary of 
dopants tested with PEDOT (although not necessarily in a bioint-
erfacing context), we recommend other recent reviews.[73,209]

Self-doped conjugated polymers are an alternative to intro-
ducing an external counterion. A charged group, such as 
an alkyl sulfonate is added as a sidechain to the conjugated 
polymer backbone in order to form a conjugated polyelectro-
lyte,[210] an approach previously demonstrated as a means 
for electrically controlling cell adhesion.[211] To date, this has 
resulted in films with relatively low conductivities compared 
to PEDOT:PSS, however recently Yano et  al. reported a self-
doped PEDOT variant they call S-PEDOT, with an electrical 
conductivity of over 1000  S  cm−1.[201] They found the conduc-
tivity is highly dependent on the concentration of the S-EDOT 
mono mer during polymerization, which in turn impacts 
crystallite formation in thin films (Figure  14). In general, the 
conjugated polyelectrolyte approach is not limited to PEDOT 
and has also been demonstrated in OECTs fabricated from a 
polyelectrolyte derivative of polythiophene.[212]

3.3. Stretchable, Self-Healing, and Biodegradable Conjugated 
Polymer Systems

Pure conjugated polymer films can be brittle, tearing or 
cracking under strain.[26] Improving the mechanical properties 

Figure 11. Crown ethers can be incorporated into thiophene based 
polymers in order to create ion-sensitive OECTs. Reproduced with 
permission.[192] Copyright 2019, Wiley-VCH.

Figure 12. Illustration of the different states of PEDOT: a) neutral state, b) polaron formation, and c) bipolaron formation. Reproduced with permission.[73] 
Copyright 2020, Elsevier.
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of conjugated polymer systems has focused on developing either 
intrinsically stretchable polymers,[213–215] composites,[43,216–218] or 
conjugated polymer hydrogels.[39,219] Patterning materials with 
designs that compensate for motion are another approach, as 
developed for flexible thin film metal electrodes.[220] The goal 
is to sustain the electrical properties of the conjugated polymer 
while under strain, an essential requirement for organic 
 bioelectronic interfaces in vivo. Bao and colleagues have 
reported a number of developments in these areas.[26,39,213,214,221] 
Xu et  al. confined conjugated polymer chains inside an 

elastomer, allowing the electrical properties of the material to 
be maintained even under strain.[26] They applied this approach 
to multiple conjugated polymer systems and successfully fabri-
cated organic field-effect transistors from each.

An emerging area of research is the development of biode-
gradable conjugated polymers, enabling the concept of tran-
sient bioelectronic interfaces.[221,222] An in-depth discussion of 
developments in both stretchable and degradable conjugated 
polymers is beyond the scope of this report, but for a full dis-
cussion we recommend a number of recent reviews in this 
area.[43,149,215,221,223,224]

4. Device Architectures

4.1. Overview of Devices that Incorporate Conjugated Polymers

Figure 15 and Table 2 illustrate the wide range of device archi-
tectures and applications used as organic biointerfaces. They 
can be broadly categorized as: electrodes, where the conjugated 
polymer serves either directly to transfer charge or electrostati-
cally couple with a system; 3D scaffolds and devices, where 
the polymer is patterned to create an environment for cell cul-
ture, or into nonplanar form factors such as fabrics; transistor 
architectures, where the addition of electrodes adjacent to the 
conjugated polymer film facilitates both charge injection and 
removal, and voltage probing; ion delivery devices, which take 
advantage of the dual ionic-electronic conductivity of many 
conjugated polymers; and photostimulation architectures, a rel-
atively new research area which takes advantage of the optically 
active properties of conjugated polymers. Examples of these 
devices are given in Sections 5 and 6.

4.2. Specific Device Considerations

4.2.1. Transistor Architectures

Transistor architectures such as EGOFETs, OECTs, and OFETs 
typically have the advantage of in situ amplification compared 

Figure 14. a) Self-doping polymer S-PEDOT as reported by Yano et  al. b) The authors found that tuning the concentration of the S-EDOT 
mono mer gave conductivities greater than 1000 S cm−1. Adapted with permission.[201] Copyright 2019, The Authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0  
(CC BY-NC).

Figure 13. Density-functional theory (DFT) based modeling of the 
polaronic and bipolaronic states in PEDOT from Zozoulenko et al. The 
authors argue that prior pre-DFT models have failed to properly inter-
pret the optoelectronic properties. The schematic shows the formation 
of intermediate energy states within the bandgap, that correspond to 
the characteristic patterns of absorption seen in PEDOT derived sys-
tems. Adapted with permission.[88] Copyright 2019, American Chemical 
Society.
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to simpler electrode designs. Motivations include: label-free 
operation (i.e., analytes can bind directly to the device and be 
detected without the need for an additional molecular label); 

the direct transduction of binding events into a quantitative 
electrical readout; and the option to self-calibrate devices imme-
diately prior to testing, providing a relative baseline for each 

Figure 15. Illustrations of device architectures fabricated from conjugated polymers and used as organic bioelectronic interfaces. See Table  2 for 
descriptions and references.

Adv. Mater. Technol. 2020, 5, 2000384



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000384 (14 of 35)

www.advmattechnol.de

individual transistor. Despite the miniaturization of organic 
transistors being many decades behind that of the silicon 
industry,[298] dense arrays of organic transistors can be pat-
terned onto a variety of substrates, suitable for applications 
that require large numbers of sensors such as spatially resolved 
tissue monitoring,[60] or multiplexed biosensing.[299–301]

Voltage gradients and current flows in aqueous environ-
ments run the risk of electrolysis of water.[302,303] This often 
necessitates operating devices at low voltages (<|1 V|). EGOFETs 
benefit from the formation of sub-nanometer electrical double 
layers at the gate–electrolyte and electrolyte–semiconductor 
interfaces, which can generate large capacitances in the range 
of 20–500  µF  cm−2.[304,305] These double layers serve to lower 
device operating voltages as well as increasing the sensitivity of 
the device to changes at either interface.[100] Other approaches, 
such as the use of high-k or thin dielectrics,[306] also help to 

provide sufficient signal amplification at low operating volt-
ages. Organic electrochemical transistors take advantage of the 
penetration of ions to form a volumetric capacitance which can 
yield high device transconductances at relatively low voltages 
compared to field-effect devices.[80]

Potentiometric-based biosensor designs need to consider 
the impact of electrostatic shielding of the analyte by ions in 
the supporting electrolyte. This is characterized by the Debye 
length (a measure of the distance of electrostatic influence of 
a charged species). If the Debye length is excessively large, 
the analyte may become screened from the biorecognition 
element.[278] Workarounds include varying the density of the 
biorecognition element on the conjugated polymer surface 
and tuning the ionic strength of the electrolyte,[307] or taking 
advantage of Donnan equilibria,[278] discussed in greater detail 
below.

Table 2. Table of different device architectures used with conjugated polymers for organic bioelectronic interfacing, see Figure 15 for illustrations.

Figure notation Description Acronym Application area

a) Planar electrode – Microelectrode arrays,[60,225–227] cell interfacing,[126,140,159,160,205,207,211,228–230]  transepithelial 
sensing,[231] neural interfacing,[232–234] biosensing,[165,235] retinal prosthesis,[236] 

iontophoresis[237]

b) In vivo polymerization – Neural interfacing[147,238]

c) Skin electrode/e-tattoo – Electrophysiology measurements[42,239–242]

d) In vitro polymerization – Cell interfacing[238]

e) Coated wire electrode – Electrophysiology stimulation and measurement[243–245]

f) Stretchable/hydrogel electrode – Neural interfacing,[39,216,246] cell culture,[217,219] tissue scaffold[247–250]

g) Electropolymerized, cast and 
 micropatterned films

– Tissue scaffold,[145] cell culture[130,141,163,251]

h) Electrospun fibers – Cell scaffold,[127,131,164,252] optoelectronic cell stimulation,[171] tissue scaffold[166]

i) Freeze-dried/ice-templated scaffold – Cell scaffold,[139,253] tissue scaffold[254,255]

j) Electrically addressable 3D scaffold – Cell scaffold[59]

k) Tubistor – Cell monitoring/cell scaffold[134]

l) Textile/fabric based – Electrophysiology,[256] biosensing[40,196,257]

m) Organic electrochemical transistor with  
out-of-plane gate electrode

OECT Transepithelial sensing,[9,58,258–260] biosensing,[61,106,177,187,261] electrophysiology[61,262–264]

n) Organic electrochemical transistor with  
in-plane gate electrode

OECT Biosensing,[112–114,153,192,265–269] transepithelial sensing,[270,271] neural interfacing[272,273]

o) Electrolyte-gated organic field-effect tran-
sistor with functionalized gate electrode

EGOFET Biosensing[108,175,274–277]

p) Electrolyte-gated organic field-effect 
transistor with functionalized conjugated 

polymer

EGOFET Biosensing,[172,174,176,278,279] cell interfacing[280]

q) Organic field-effect transistor with 
 functionalized conjugated polymer

OFET Biosensing[281,282]

r) Organic field-effect transistor with function-
alized extended/floating gate electrode

OFET Biosensing[105,107,110]

s) Organic electronic ion pump in planar 
configuration

OEIP Tissue interfacing,[283–286] cell interfacing,[287] peptide modeling,[288] capillary-based  
ion delivery[289]

t) Ionic diodes (e.g., addressable refillable  
ion delivery array)

ARIDA Neurotransmitter delivery[290,291]

u) Microfluidic ion pump μFIP Drug delivery in vivo[16,292]

v) Organic electrolytic photocapacitors  
(or organic photovoltaics)

OEPC (or OPV) Optoelectronic cell stimulation,[55,56,170,293,294] optoelectronic tissue  
stimulation,[56,295] retinal prosthesis[296,297]
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4.2.2. Iontronic Devices

Iontronic devices, such as organic electronic ion pumps 
(OEIPs) take advantage of the permeability of many conjugated 
polymers to ions. The movement of ions through conjugated 
polymer  electrodes and ion selective membranes can be con-
trolled using an external electrical stimulus.[308] OEIPs can 
deliver small positively charged molecules with high spatial and 
temporal  resolution. The electrically driven nature of the device 
allows the release rate and dose to be finely controlled, and 
ions are transported independently through the material, mini-
mizing tissue perturbation that can arise from the codelivery 
of excess liquid.[287,309,310] Scaling planar OEIP architectures can 
result in prohibitively high voltage requirements.[16] A number 
of alternative architectures have been proposed to overcome 
this issue, including ionic diodes,[290,291,311] and the integration 
of microfluidics.[16,292]

4.2.3. General Considerations

In any biosensor care must be taken to avoid nonspecific 
interactions, where nontarget molecules bind to the sensing 
surface yielding a false positive signal. Approaches include: 
using serum,[174,312] or hydrophilic polymers,[172] to block non-
specific binding sites; applying glycolated self-assembled 
mono layers;[161,261] or adding antifouling groups to the polymer 
sidechain.[133]

The ability to sterilize devices is also critical for any bio-
medical application. Exposed conjugated polymer surfaces 
should be able to sustain industry accepted sterilization proce-
dures. Relatively little research has been conducted in this area, 
however two studies have examined the impact of autoclave 
and gamma-ray sterilization on PEDOT:PSS and polypyrrole, 
respectively.[313,314]

5. In Vivo Applications

5.1. Skin

Skin contact electrophysiology encompasses electroencepha-
lography (EEG), electrooculography (EOG), electrocardiography 
(ECG), and electromyography (EMG). Electrodes placed on the 

surface of the body record the electrical activity of specific cells, 
tissues or organs for monitoring or diagnostic purposes. Metal-
based electrodes require the application of aqueous conductive 
gel to promote adhesion and lower impedance at the interface 
with the skin.[315] In addition to time-consuming preparation 
and discomfort, the gel dries with time causing signal insta-
bility and hampering long-term recording. Leleux et  al. dem-
onstrated dry PEDOT:PSS electrodes with similar performance 
to gel-assisted gold electrodes (Figure 16a).[242] Combining these 
electrodes with an ionic gel allowed the electrodes to maintain a 
low impedance contact with skin over 3 days compared to 20 h 
for conventional systems.[315]

Incorporating OECTs into skin interfaces provides in situ 
amplification, improving device signal-to-noise ratios.[272] 
OECTs have been used for EEG,[262,316] EOG,[262] and ECG 
recording.[263] However, hair at the interface can interfere 
with skin contacts, often requiring removal before electrodes 
can be applied. Approaches to overcome this include a photo-
curable PEDOT formulation that can be applied onto the 
skin and around existing hair (Figure  16b).[240] A less invasive 
option is “tattoo electronics.”[220,239] Inkjet-printed PEDOT:PSS 
electrodes on commercial decal transfer paper are transferred 
onto the skin as temporary tattoos (Figure  16c). These ultra-
conformable and imperceptible electrodes are able to perform 
EMG recording,[241] and can withstand hair growth through the 
tattoo.[239] ECG signal recording has been demonstrated,[239] 
and this approach has shown promise for long-term EEG moni-
toring devices.[317]

Conjugated polymer interfaces can be used for active drug 
delivery through the epidermal barrier via iontophoresis.[318] 
Zhang et al. used a PEDOT:PSS anode to transfer MnCl2 solu-
tion from a PDMS reservoir into the vitreous humor of a rabbit 
eye. Their device sits under the eyelid in contact with the sclera, 
but requires a counter electrode on the ear and a copper wire 
connection to the external electronics.[237] The integration of bio-
fuel cells into a iontophoretic patch offers a self-powered, wire-
less alternative. The device is well-tolerated in vivo,[319] opening 
the way for long-term, noninvasive, and effective delivery of 
hydrophilic and charged molecules through the skin.

Sweat monitoring is another area of interest, thanks to the 
use of relatively noninvasive patches.[196,257,265] Keene et al. have 
demonstrated how ion-selective OECTs can be used to monitor 
ammonium and calcium ions from the sweat of volunteers 
wearing a forearm patch (Figure 17).[195]

Figure 16. Three different approaches for conjugated polymer-based skin interfaces. a) PEDOT:PSS coated electrodes. Reproduced with permission.[242] 
Copyright 2014, WIley-VCH. b) On skin light-cured PEDOT:PSS electrodes. Adapted under the terms of CC-BY 4.0 license.[240] Copyright 2018, The 
Authors, published by Springer Nature. c) Tattoo-style PEDOT:PSS electrodes, using temporary transfer paper. Adapted with permission.[42] Copyright 
2018, IOP Publishing.
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5.2. Nervous System

Neural interfaces enable communication between the nervous 
system and external electrical equipment. They can provide elec-
trical stimulation to restore or modulate neural activity,[39,283] 
record activity for diagnostic and monitoring purposes,[60,225] 
or act as an input for prosthetic limb control systems.[320] 
High spatial resolution is desirable for both stimulating and 
recording applications. This implies a reduction of the elec-
trode dimensions, which typically translates into increased elec-
trode impedance and thus lower signal-to-noise ratios and safe 
charge injection limits.[321,322] Conjugated polymer  electrodes 
can be engineered to form lower impedance interfaces than 
equivalently sized metal electrodes,[323] thanks in part to their 
high charge storage capacity.[302] Neural interfacing covers a 
vast array of topics, below we highlight selected major results. 
For a general discussion we recommend a number of recent 
reviews.[324–326]

5.2.1. Central Nervous System: Brain and Spinal Cord

Electrocorticography (ECoG), the recording of electrical activity 
directly from the exposed surface of the brain, enables intra-
operative monitoring of brain surgery and is an emerging tool 
for brain–machine interfaces and real-time functional brain 
mapping fields. Khodagholy and colleagues have presented 
numerous reports demonstrating the benefits of a highly con-
formable and flexible ECoG array, based on PEDOT:PSS coated 
electrodes (Figure  18).[60,225,327] The first proof of principle in 
vivo dates back to 2011, when this array was used to record drug 
induced sharp-wave events, mimicking epileptic spikes, from 

the somatosensory cortex of rats.[327] In 2015, an improved ver-
sion of the same array, with neuron-sized-density electrodes, 
was used to record both local field potentials (LFPs) and action 
potentials from the cortex of two patients undergoing brain sur-
gery.[60] More recently, Khodagholy et al. have demonstrated how 
this system can aid fundamental neuroscience, such as inves-
tigations into the consolidation of memories.[225] Others have 
reported similar approaches, including Ganji et al. who used a 
conjugated polymer-based ECoG array to measure evoked cog-
nitive activity in humans with high spatial resolution.[233] ECoG 
arrays are not restricted to simple electrodes; OECTs can be 
incorporated directly into sensing surfaces, providing in situ 
amplification with reduced signal-to-noise ratios. This approach 
has been used to record both induced and spontaneous epilep-
tiform activity in rats.[328] PEDOT:PSS based electrodes have 
also been explored for transcranial electrical stimulation and 
monitoring, where the electrodes are placed onto the skull or 
scalp, rather than directly onto the brain.[234]

While planar neural interfaces allow surface measurements, 
penetrating neural probes are required to measure subcortical 
brain activity. Williamson et  al. reported a neural probe, con-
sisting of three OECTs and a PEDOT:PSS electrode.[283] The 
probe is inserted in the hippocampus with an ultrathin SU-8 
shuttle, delaminating once in situ as a result of water absorp-
tion. While some insertion damage was noted, no significant 
glial scar formation was observed in the month following 
implantation. A recent example by Xie et al. used a similar array 
of OECTs mounted on an insertable shank for in vivo detection 
of dopamine from the brain of a rat model.[273]

Localized, controlled and tunable delivery of molecules to 
the nervous system is highly valuable for both basic research 
and therapeutic treatment. Local delivery of drugs solves issues 

Figure 17. Wearable patch with ion sensing OECT for sweat monitoring. a) Photographs of patch as worn by volunteer. Change in device current (ΔID) 
as a function of time for b) ammonium and c) calcium ion measurements. Device response compared with standard methods for d) ammonium and 
e) calcium ions. Reproduced with permission.[195] Copyright 2019, Wiley-VCH.
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such as limited crossing of the blood brain barrier, poor dosage 
control due to systemic metabolism and side effects due to off-
target action.[16,329] Organic electronic ion pumps have been 
adopted for this purpose. Jonsson et al. delivered γ-aminobutyric 
acid (GABA, a neurotransmitter) into the subarachnoid space 
of the spinal cord. This successfully reduced pain response in 
a rat model, with no observable side effects, even at the higher 
GABA dosage.[329] GABA delivery via a planar OEIP has also 
been used also to suppress epileptiform activity in hippocampal 
living slices.[285] Microfluidic ion pumps (μFIPs) use a micro-
fluidic channel to transport a drug to miniaturized OEIPs 
adjacent to the point of delivery. This permits lower operating 
voltages, faster delivery, and a larger quantity of drug to be 
pumped.[16,292,330] A μFIP integrated with PEDOT:PSS sensing 
electrodes was used to monitor and modulate the epileptiform 
activity in rat hippocampus through GABA administration 
(Figure 19).[330] A similar system in an ECoG probe configura-
tion has been used for the monitoring and treatment of cortical 
epileptic focal seizures.[292]

5.2.2. Peripheral Nervous System

Peripheral nerve interfaces have been explored extensively for 
functional electrical stimulation and for the control of pros-
thetic limbs.[331] More recently they have found application in 
bioelectronic medicine, where the electrical modulation of 
nerve activity is used to treat pathological conditions.[332–334] The 
anatomical structure of the peripheral nervous system is a chal-
lenge for bioelectronic interfaces. Peripheral nerves undergo 
relatively huge mechanical strain as a result of limb motion,[335] 
with underlying nerve fibers sheathed in several fatty layers that 
permit fascicles (bundles of axons) to slide past each other.[336] 
Peripheral nerves can comprise hundreds or thousands of clus-
ters of individual axons, presenting a formidable obstacle to the 
spatiotemporal resolution of nerve impulses.[337] To date, a wide-
range of nonorganic bioelectronic interfaces have attempted to 
tackle this challenge (Figure 20).

Schönle et  al. used a PEDOT:PSS coated commercial flex-
ible cuff electrode to modulate heart rate and blood pressure 

in a rat model, through the stimulation of the aortic depressor 
nerve.[338] Similarly, an array of PEDOT:PSS-coated electrodes 
was used to modulate cardiac activity in rats via stimula-
tion of the vagus nerve.[232] PEDOT:pTS (PEDOT doped with 
p-toluenesulfonic acid) coated electrodes have been used to 
facilitate real time monitoring of neural activity of sheep model 
vagus nerves via electrical impedance tomography, yielding 

Figure 18. NeuroGrid neural interface by Khodagholy et al. The PEDOT:PSS electrode coating was found to decrease the impedance mismatch between 
electrode and tissue. a) Photograph showing interface placed onto an orchid petal. Scale bar is 5 mm. Inset is optical image of electrode array, scale 
bar is 100 μm. b) Photograph of NeuroGrid on surface of rat somatosensory cortex, scale bar is 1 mm. Adapted with permission.[60] Copyright 2015, 
Springer Nature.

Figure 19. A microfluidic ion pump (μFIP) based on PEDOT:PSS was 
inserted into the brain of a mouse epilepsy model and used to suppress 
seizure activity. a) Photograph of device, scale bar is 1 mm; inset shows 
optical image of device tip, scale bar is 100  μm. b) Measured electro-
physiological activity during induced seizure. c) Suppression of seizure 
activity after onset by enabling μFIP. d) Suppression of the onset of the 
seizure by pre-emptive drug delivery via μFIP. Reproduced with permis-
sion.[330] Copyright 2018, The Authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. Distrib-
uted under a Creative Commons Attribution NonCommercial License 4.0 
(CC BY-NC).
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better performance than platinum and iridium oxide based 
electrodes.[339]

As discussed above, hydrogel or ionic liquid based conju-
gated polymer systems are one approach to create peripheral 
nerve interfaces with desirable mechanical properties.[39,213] 
Decataldo et  al. also demonstrated how polyethylene glycol 
could be incorporated into a PEDOT:PSS film during elec-
tropolymerization to tune the flexibility of a conductive inter-
face used for chronic renal nerve recordings in a rat model 
(Figure 21).[216]

5.2.3. Eyes and Ears

Retinal prostheses (artificial eye implants) aim to improve the 
quality of life for people living with visual impairments caused 
by a lack of photoreceptor cells, but who retain underlying 
retinal neurons.[340] Electrical stimulation of these neurons 
can result in limited restoration of visual perception.[341] High 
spatial resolution is crucial to achieve a viable visual acuity 
and conjugated polymers aid the miniaturization and density 
of the electrode arrays used for retinal stimulation.[340] PEDOT-
based coatings have been shown to improve the charge transfer 
properties of platinum electrodes both in suprachoroidal,[342] 
and subretinal,[236] locations in animal models, leading to more 
defined electrically evoked potentials in the visual cortex.

Electrode arrays alone require interconnections and power 
supply, a nontrivial requirement for organs such as the eye. 
These constraints can be overcome by exploiting photovoltaic 

materials, able to generate a current in response to light stim-
ulation.[343] An organic photovoltaic patch was used to restore 
light sensitivity in a rat model of retinitis pigmentosa (a genetic 
disorder that results in the progressive loss of photoreceptors). 
The patch was fabricated via the sequential spin-coating of 
PEDOT:PSS and P3HT on a silk fibroin substrate, which was 
then laser cut and implanted into a subretinal position.[297,344] 
The patch resulted in mild and transient inflammation and 

Figure 20. Existing neural electrode designs, some of which are starting to be adopted for conjugated polymer interfaces. a) Insulating sheet with 
exposed electrodes sites encircling the nerve bundle. b) Flexible platinum ribbon with open helical design to minimize mechanical trauma. c) Strips 
of insulating material with exposed electrode sites, sutured to the epineurium. d) Cuff designed to flatten the nerve making central fascicles more 
accessible, at the expense of nerve functionality. e) Insulated microwire with exposed electrode sites, longitudinally threaded within a fascicle. f) Insu-
lated strip with exposed electrode sites, transversally threaded through several fascicles. g) Arrays of microelectrodes of increasing length, individually 
interfacing different axons. h) Insulating sieve with platinum coated holes, sutured at the end of a cut nerve, to form a conduit for axon regrowth.

Figure 21. Polyethylene glycol (PEG) is incorporated during the electropo-
lymerization of PEDOT:PSS to create a stretchable electrode for neural 
interfacing. a) Illustration of interface. b) Photographs of device, scale 
bar is 500 µm. c) Optical image of golf interconnect, scale bar is 50 µm.  
d) Optical image of PEDOT:PSS/PEG electrode, scale bar is 50  µm. 
Adapted under the terms of CC-BY 4.0 license.[216] Copyright 2019, The 
Authors, published by Springer Nature.

Adv. Mater. Technol. 2020, 5, 2000384



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000384 (19 of 35)

www.advmattechnol.de

both tissue and device were intact and functional six-months 
post implantation. This concept has also been used with an 
organic photovoltaic bulk-heterojunction device architecture, 
using a blend of P3HT with a small conjugated molecule, 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (a common 
organic solar cell material system). Ferlauto et al. fabricated an 
epiretinal array of 2215 photovoltaic pixels, now approaching 
in vivo validation (Figure 22).[296]

Cochlear implants are a well-established treatment pathway 
for sensorineural hearing loss, however, foreign body reactions 
result in complications and implant failure.[345] Conjugated 
polymer electrodes have been investigated as an approach to 
minimize mechanical mismatch and deliver protective growth 
factors. Richardson et  al. found polypyrrole:pTS coated elec-
trodes could be combined with neurotrophin-3 (a protein 
observed to promote neuronal survival) to produce a coch-
lear implant that proactively supported the survival of spiral 
ganglion neurons, helping to restore auditory response in a 
deafened guinea pig model.[162] Similarly, Chikar et al. used an 
 electrode coating combining PEDOT and an arginylglycylas-
partic acid (RGD peptide)–alginate hydrogel to improve the 
electrical performance of a cochlear implant and deliver a dif-
ferent neurotrophin to spiral ganglion neurons for up to two 
weeks postimplantation.[244] Simon et al. demonstrated an ion-
tronic approach, using a planar OEIP architecture to deliver 
glutamate (a neurotransmitter), selectively stimulating nerve 
cells in the cochlear of a guinea pig model.[284]

5.3. Heart and Muscles

Tian et  al. used PEDOT:pTS capped microwire electrodes as 
part of a larger implant into rat muscle, delivered through 
a syringe. The device also combined microfluidic channels 
for drug delivery and could be used for electromyographic 
recording and functional stimulation.[243]

Lee et  al. used an ultraconformable circuit design to fabri-
cate planar ultraconformable arrays (Figure  23). The design 
consisted of an active matrix of OFETs, a technology origi-
nally developed for flat panel displays. Each sensing OECT 
is electrically addressed using an OFET that provides both in 
situ  amplification and facilitates very high electrode densi-
ties while helping to mitigate the challenge of electrically 
addressing large numbers of sensors simultaneously. They 
demonstrated this concept by using an electrode array to 
 perform  electromyographic recording from the moving muscle, 
with negligible mechanical interference.[61]

Cardiac patches and injectable conductive hydrogels can act 
as a conductive bridge across the fibrotic scar formed after a 
myocardial infarction, restoring cell-to-cell electrical communi-
cation and thus effective coordinated beating.[135] Research in 
this area has focused on both polyaniline,[135,145,250] and polypyr-
role systems.[247–249] Mawad et al. reported a cardiac patch con-
sisting of polyaniline polymerized on a chitosan substrate.[135] 
Phytic acid was immobilized into the film as a dopant, via 
ionic interactions with both the polyaniline and chitosan. 

Figure 22. The POLYRETINA concept, as reported by Ferlauto et al. A PDMS scaffold supports an area of photovoltaic sites, comprising an indium tin 
oxide anode, PEDOT:PSS, P3HT:PCBM (a common photovoltaic conjugated polymer-small molecule blend) and an aluminum or titanium cathode. 
a,b) Illustration of device. c) Photograph of fabricated device, highlighted regions indicate different pixel densities in different locations. Scale bar is 
2.5 mm. d,e) Further photographs. f) Scanning electron microscopy image of a single photovoltaic pixel, scale bar: 10 µm. g) 3D model illustrating 
device after epiretinal placement. Adapted under the terms of a CC-BY 4.0 license.[296] Copyright 2018, The Authors, published by Springer Nature.
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Only a mild fibrotic reaction was observed and no mechanical 
interference with the heart contraction or arrhythmia was 
induced, while conductivity was maintained for up to two 
weeks.[135] Successfully securing cardiac patches to a beating 
heart while simultaneously not impairing muscle function is a 
major challenge in this area. Kapnisi et al. tackled this problem 
by taking the same polyaniline–chitosan material system and 
laser  patterning it with an auxetic design.[145] The auxetic patch 
exhibited a  negative Poisson ration, meaning the material 
expands laterally in response to a longitudinal strain force, as 

opposed to the more common contraction behavior (Figure 24). 
They secured the patch using a photoactivated small molecule 
dye (rose bengal) that facilitated sutureless binding to the heart. 
The resulting conductive patch allowed normal heart function, 
presenting a pathway toward conjugated polymer based cardiac 
patches for treating myocardial infarction.

6. In Vitro Applications
6.1. Cell Stimulation

6.1.1. Electrical Stimulation of Excitable Cells

Polypyrrole, polyaniline, and PEDOT:PSS guided nerve growth 
has been studied extensively, with interfaces  permitting 
enhanced control over neurite outgrowth and orienta-
tion.[154,164,346] Zhang et al. electrically stimulated cells cultured 
on polypyrrole, demonstrating that this could reduce the 
effect of specific gene knockouts that otherwise impair neu-
rite growth (Figure  25).[159] In another study, increased popu-
lations of neurons with higher elongation and longer neurites 
were also observed in cross-linked PEDOT:PSS scaffolds after 
an electrical stimulus.[130] Neurite outgrowth was enhanced in 
cells cultured on a polypyrrole substrate containing two dif-
ferent neurotrophins. The combination of electrical stimula-
tion and dual neurotrophin release resulted in greater neurite 
outgrowth than unstimulated or single neurotrophin releasing 
materials.[156] Electrically stimulated mouse retinal progenitor 
cells cultured on polypyrrole were also shown to express sig-
nificantly higher levels of the early photoreceptor marker cone-
rod homeobox, more pronounced neuronal morphologies and 
larger cell bodies than the controls.[158]

Cardiac muscle contraction is triggered by the propaga-
tion of electrical signals through electrically excitable cells. 
Vascular smooth muscle cells stimulated on polypyrrole were 
observed to exhibit increased proliferation and expression of 
muscle phenotype marker proteins.[155] Human pluripotent 
stem cells cultured on polypyrrole-coated poly(lactic-co-glycolic 
acid) fibers demonstrated an increased expression of cardiac 
markers both with and without electrical stimulation,[150] sug-
gesting the polypyrrole itself provided some innate benefit to 
cell culture. Conductive polypyrrole–polycaprolactone films 
were observed to increase the speed of calcium wave propaga-
tion and promote cellular attachment compared to the pure 

Figure 23. Ultraconformable sensing array by Lee et al. Each sensor con-
sists of a sensing OECT, coupled to an OFET that acts both as an ampli-
fier and allows the high-density array to be addressed. The OECT uses 
PEDOT:PSS as the active material; the OFET uses dinaphtho[2,3-b:2′,′-f ]
thieno[3,2-b]thiophene, which is a semiconducting conjugated small mol-
ecule. a) Photograph of sensor array, scale bar is 0.5 cm. b) Top-view of 
sensor array, scale bar is 2 mm. c) Optical images of sensor components 
(top-left scale bar is 0.5 mm, top-right scale bar is 0.2 mm, bottom scale 
bar is 5 µm). d) Circuit diagram of single cell. e) Device cross-section. 
Reproduced with permission.[61] Copyright 2016, Wiley-VCH.

Figure 24. An auxetic cardiac patch fabricated from polyaniline on a chitosan substrate. a–c) The bowtie design means the patch expands in the 
transverse axis when stretched in the longitudinal one, accommodating the beating motion of the heart. d) After two weeks in vivo in a rat model, the 
patch remained well attached. Scale bar is 4 mm. Adapted under terms of CC-BY 4.0 license.[145] Copyright 2018, The Authors, published by Wiley-VCH.
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polycaprolactone film.[163] Similarly, the beating behavior of car-
diomyocyte cultures has been electrically synchronized on elec-
trospun polyaniline/poly(lactic-co-glycolic acid) fibers,[166] and 
modulated on a crystalline PEDOT:PSS substrate.[347]

6.1.2. Electronic Stimulation of Osteogenic Cells

Conjugated polymers have been used in two contexts as bone 
interfaces: as porous, cytocompatible tissue scaffolds suitable 
for hosting osteogenic cells;[254,255] and as interfaces for elec-
trically promoting cell differentiation and growth.[157,230,253,348] 
Guex et  al. used ice-templated PEDOT:PSS scaffolds for cul-
turing a preosteogenic precursor cell line (MCT3-E1).[254] The 

porous, interconnected nature of the material supported 3D cell 
culture and permitted the long term culture and differentiation 
of precursor cells into osteoblasts (bone synthesizing cells). 
The same osteogenic cell line cultured on 2D polypyrrole films 
coated on interdigitated electrodes was investigated by Liu 
et  al.[348] They applied a range of different electrical pulsing 
regimes to cells via the polypyrrole interface and found dif-
ferent stimulation regimes evoked different levels in a range 
of osteoblast biomarkers, as observed in other similar studies 
too.[157] While much remains to be understood, the empirical 
effects of electrical stimulation of bone tissue are widely recog-
nized outside the field of organic bioelectronics,[67] suggesting 
there is significant scope to develop bone organic bioelectronic 
interfaces further.

Figure 25. Zhang et al. cultured primary pre-frontal cortical neurons on a polypyrrole film (doped with dodecyl benzene sulfonic acid, DBSA) and 
subjected them to either electrical stimulation or not. a) Comparison between cells from wild type (WT), and two genetically impaired mouse lines 
(NRG1-KO and DISC1-LI) showed that electrical stimulation on polypyrrole resulted in cells with b) longer neurites and c) a greater number of branches 
per cells than equivalent controls. (a) Scale bars represent 50 µm. b,c) Error bars represent standard error of the mean. Adapted under the terms of 
CC-BY 4.0 license.[159] Copyright 2017, The Authors, published by Springer Nature.
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6.1.3. Photostimulation via Conjugated Polymer Devices

Optical stimulation has potential as a simple, noninvasive 
technique to modulate cellular behavior with high  spatial 
and temporal selectivity. Light can excite charge carriers 
between the HOMO and LUMO energy states of conju-
gated  polymers, an effect used in organic photodetectors and 
organic  photovoltaics.[82] Hence, conjugated polymer layers, 
in close contact with a cell, can convert light into an electrical 
or thermal stimulus. A number of reports have emerged in 
this area,[56,170,171,293,295,297,343,349] including using nonpolymeric 
organic  conjugated small molecules,[55,350] with work ongoing 
to understand the precise mechanisms of photostimulation.

Benfenati et  al. stimulated primary cultured rat neocortical 
astrocytes by, in effect, placing cells into a solar cell architec-
ture.[293] Cells were cultured on top of the conjugated polymer 
layer comprising P3HT and PCBM. Cells cultured on the 
P3HT:PCBM substrates and irradiated with laser light, showed 
membrane depolarization over the course of 50 s of illumina-
tion, compared to cells on a control substrate, where under illu-
mination the membrane potential remained broadly constant. 
The authors hypothesized that the excess charge generated by 
the photovoltaic layer results in the local acidification of the cell 
media at the conjugated polymer interface, triggering calcium 
ion channels to open. Later studies, involving some of the same 
researchers have identified either capacitive effects (where an 
anode is present) or photothermal effects as other likely mecha-
nisms.[170,295] Similar recent studies by Głowacki and colleagues 
have also suggested a capacitive coupling mechanism.[55,294] Mar-
tino et al. investigated human embryonic kidney (HEK-293) cells 
cultured on P3HT thin films, and observed either membrane 
depolarization or hyperpolarization under different illumina-
tion conditions.[170] Feyen et al. employed a similar approach to 
hyperpolarize hippocampal neurons, resulting in the silencing 
of the evoked action potentials in hippocampal slices.[295]

Recently, Lodola et  al. investigated endothelial colony 
forming cells on P3HT, observing increased activation of a cal-
cium-related ion channel (TRPV1) after photoexcitation of the 
polymer film (Figure  26).[349] Control experiments using non-
conjugated photoresist films led the researchers to conclude 
that photothermal effects were not the primary mechanism 
of channel activation. Instead, they postulate that the P3HT 
film acts as a photo catalyst in the formation of reactive oxygen 
species at the film–media interface. As a side note: organic 

semiconductor-based photocatalysts, including conjugated 
polymer films, are being widely explored within the wider opto-
electronic community.[351]

Wu et  al. found that patterned P3HT films, self-assembled 
nanofibers, and electrospun microfibers could be used to influ-
ence neurite extension and length in primary neuronal cultures 
(PC12).[171] Using a calcium sensitive fluorescent dye they iden-
tified a light-triggered influx of calcium into neuronal cells cul-
tured on P3HT. The authors proposed that this approach has 
potential in the development of new optically driven neural 
interfaces and regenerative devices.

6.2. Cell Monitoring

6.2.1. Monitoring Transepithelial Electrical Resistance

Transepithelial/transendothelial electrical resistance can be 
used as a measure of epithelial (or endothelial) layer integrity 
in drug screening assays.[352] A number of organic bioelectronic 
impedance-based electrode,[229] and OECT approaches have 
been reported.[58,258,259,353]

In a recent example, Koutsouras et al. used a cell layer cul-
tured on a permeable filter, suspended in electrolyte above a 
PEDOT:PSS coated electrode (Figure  27).[231] They were able 
to analytically model the impact of cell layer growth on imped-
ance measurements, extracting both resistive and capacitive 
contributions of the cell membrane. The same principle can 
be applied to OECTs with cells cultured directly onto the conju-
gated polymer surface, with a variety of examples from Owens 
and colleagues.[258–260,270,271,353] The total device impedance 
is measured by modulating the OECT gate voltage, which, 
depending on the device impedance, results in a modulation of 
current in the conjugated polymer layer. In this way, Rivnay 
et al. were able to determine both the transepithelial resistance 
and capacitance of a layer of epithelial cells (MDCK II).[259] The 
same group also applied this approach to a range of  nonbarrier 
and intermediate barrier forming tissue cell types, noting 
increasing transepithelial resistance as expected.[270] Combining 
this approach with enzyme-based OECT sensing allowed the 
simultaneous monitoring of the transepithelial resistance and 
the production of metabolites from a layer of MDCK II cells.[353] 
In all cases, device dimensions have a significant impact on the 
sensitivity of devices.[58,231,354]

Figure 26. Optoelectronic stimulation of endothelial colony forming cells (ECFCs) cultured on a P3HT film. a) Absorption behavior of P3HT and 
schematic of experimental setup. b) Illumination protocol for cells. c) Relative proliferation of cells on glass and P3HT substrates in light and dark 
situations. d) Using different drugs to identify the activation of the TRPV1. Reproduced with permission.[349] Copyright 2019, The Authors, some rights 
reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial 
License 4.0 (CC BY-NC).
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6.2.2. Monitoring Cell Attachment and Detachment

Zhang et al. used a dual-gate EGOFET,[355] where an additional 
electrode (a second gate) allows the accumulated charge in the 
conjugated polymer layer to be modulated semi-independently 
of the voltage appearing across the biological interface. This 
approach allowed them to directly measure the attachment and 
detachment of human mesenchymal stem cells to the conju-
gated polymer layer.

Owens and colleagues demonstrated in situ 3D cell cul-
ture and impedance monitoring, using PEDOT:PSS scaffolds 
to support MDCK II epithelial cells.[59] Cell growth within 
the scaffold was confirmed using electrochemical impedance 
spectroscopy; after cell seeding an increase in the imped-
ance of the scaffold at low frequencies was observed. The 
corresponding phase measurements indicated an additional 
capacitive component as a result of the cell growth on the scaf-
fold. This result was confirmed by detaching the cells from 
the scaffold and seeing a subsequent reduction in imped-
ance. Pitsalidis et  al. extended this concept further by incor-
porating a PEDOT:PSS scaffold and OECT electrodes into a 
tube that permits 3D culture with a continuous supply of cell 
media and nutrients (Figure 28).[134] They demonstrated their 
platform through the in situ electrical monitoring of epithe-
lial and fibroblast cells. 3D cell culture approaches are par-
ticularly advantageous for organ-on-a-chip applications, where 

recreating the complexity of tissues or organs in 2D cultures 
is often impossible.[356]

6.3. Detecting Biomolecules

6.3.1. Detection of Analytes in Blood

Palazzo et  al. demonstrated an approach for overcoming the 
limitation of electrostatic shielding of a protein analyte. They 
fabricated an EGOFET capable of detecting C-reactive pro-
tein (CRP) in human blood serum.[278] CRP is an inflamma-
tory biomarker often used to assess cardiovascular disease, 
heart attacks, and strokes. A receptor layer was bioconjugated 
onto a P3HT layer using a phospholipid, streptavidin, biotin, 
and anti-CRP antibody stack (Figure 29). They found that the 
outermost protein in the stack dominated electronic transduc-
tion, despite being further from the semiconducting layer. The 
authors attributed this to the formation of Donnan’s equilibria 
within the protein layer, where the charged protein layer is 
compensated by counterions from the electrolyte, in effect cre-
ating a large capacitance that acts in series with the existing 
gate.[279] This allows binding event detection at a distance many 
times further from the transistor channel than the Debye 
screening length. More recently, researchers from the same 
group have shown that self-assembled monolayers, attached 
to the gate electrode of a P3HT driven EGOFET can also 
 provide  single-molecule  detection.[357] Macchia et  al. first used 
a thiol-based self- assembled monolayer to treat the EGOFET 

Figure 27. Extracting cell membrane resistance (RMEM) and capacitance 
(CMEM) from an electrochemical impedance spectroscopy measurement 
across an epithelial cell layer, using a PEDOT:PSS coated electrode.  
a) Illustration of the experimental setup. b) Equivalent circuit used to 
model the measured impedance. c) Example impedance measurement 
showing the fitted regions. Reproduced with permission.[231] Copyright 
2019, The Authors. Published by Wiley-VCH.

Figure 28. Transistor in a tube “tubistor” concept by Pitsalidis et  al.  
a) Device architecture with inset showing scanning electron microscopy 
image of epithelial cells on the scaffold after ≈2 days of culture. b) Using 
the normalized transconductance of the OECT (gm) as a measure of cell 
activity on the scaffold during culture. Reproduced with permission.[134]  
Copyright 2018, The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. Distributed 
under a Creative Commons Attribution NonCommercial License 4.0  
(CC BY-NC).
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gate electrode, followed by the binding of relevant antibodies 
to the monolayer. Using this approach, the authors report a 
limit of detection of 250 × 10−21 m, or roughly 15 molecules, 
for measurements of human immunoglobulin G (a common 
antibody found in blood used as a biomarker for various con-
ditions) spiked into a bovine blood serum sample (Figure 30). 
They postulate that binding events cause defects in both the 
antibody biorecognition layer and underlying  self-assembled 
monolayer, which are coupled by hydrogen bonding. A small 
defect propagates through the monolayers, triggering a larger 
change in electrode work function than the binding event alone 
and hence increases amplification. They subsequently used the 
same platform to detect CRP in saliva,[274] and the p24 capsid 
protein,[276] a biomarker for the early diagnosis of human 
immunodeficiency virus type-1 (HIV-1).

6.3.2. Detection of Analytes in Saliva, Breath, and Urine

Liquid biopsies of bodily fluids such as saliva, tears and urine, 
and breath biopsies, use relatively noninvasive collection pro-
cedures, which minimize the risk of infection and pain to the 
user compared to drawing blood.[358] Pappa et al. demonstrated 
an OECT array with individual transistors functionalized with 
enzymes targeting three metabolites (Figure  31).[112] Enzymes 
were bioconjugated onto the surface of a PEDOT:PSS gate 

electrode via an intermediate self-assembled monolayer (using 
EDC/NHS chemistry). The array was capable of measuring 
the levels of glucose, lactate, and cholesterol in saliva samples 
provided by different volunteers. The work is also an example 
of multiplexed biosensing, a technique whereby multiple bio-
markers are measured simultaneously to increase diagnostic 
power, while reducing test costs and sample volumes.[301]

Exhaled breath contains a number of biomolecules.[359] Con-
jugated polymers have been widely explored as candidates for 
gas and vapor sensing within the wider organic electronics 
community, for example, in electronic nose applications.[360] 
Bihar et al. reported a disposable OECT breathalyzer, fabricated 
by ink-jet printing PEDOT:PSS onto paper (Figure 32).[266] An 
alcohol catalyzing enzyme was incorporated in a collagen-based 
gel and deposited onto the OECT channel. When the device was 
exposed to ethanol from the breath, a decrease of the transistor 
current was observed, and the device was capable of detecting 
the consumption of a single glass of red wine.

Yang et  al. demonstrated a conjugated polymer-based tex-
tile OECT sensor, capable of detecting metabolites from urine. 
Their approach is based on nylon fibers coated with metal, 
PEDOT:PSS, and encapsulation layers, in essence trans-
lating the planar OECT architecture into a 3D fiber format. By 
weaving the fibers together, they were able to create a fabric 
OECT device, capable of sensing glucose levels in artificial 
urine samples, prepared with physiological relevant levels of 
uric acid. The device was integrated into a diaper design, with a 
smartphone driven wireless interface. Berto et al. demonstrated 
another approach using a fully printed OECT for urea detection, 
targeting mass produced, low cost point-of-care sensing.[267]

6.3.3. Detection of Analytes from Cells

Early diagnosis of cancers significantly improves survival out-
comes.[361] Noninvasive and/or rapid biopsies for cancer are 
directly applicable to early cancer detection, and for ongoing 
surveillance and prognostics (detecting recurrence and pre-
dicting clinical outcomes).[362–364] The human epidermal 
growth factor receptor 2 (HER2) protein is found in breast 
cancer patients and plays an important role in prognosis. 
Fu et  al. used an OECT-based biosensor combined with a 
catalytic nanoprobe label to sense HER2 at concentrations of 
10−14  g  mL−1 in phosphate buffered saline solution.[269] The 
authors then used their device to differentiate between healthy 
and cancerous cells, both by incubating cells directly onto the 
OECT gate, and also by testing the cell lysate. The same tech-
nology was used to detect the presence of specific cell surface 
glycan (mannose) in a human cancer cell line.[268] Braendlein 
et  al. used an enzyme-based OECT to compare lactate pro-
duced from malignant and healthy cells, detecting elevated lac-
tate in cancer cells.[114]

Dopamine imbalance is responsible for various neurological 
disorders such as Parkinson’s disease. Casalini et  al. devel-
oped an EGOFET capable of selectively binding dopamine 
using a cysteamine and boronic acid-based self-assembled 
monolayer.[175] The same research group also demonstrated 
dopamine sensing in the picomolar range using an organic 
artificial synapse fabricated from two PEDOT:PSS electrodes 

Figure 29. a) Illustration of the bioconjugation approach adopted by 
Palazzo et al. b) Proposed model for the formation of a Donnan equilib-
rium (CDON) and its contribution to the overall parallel capacitance of the 
gate (CPAR). Reproduced with permission.[278] Copy right 2015, Wiley-VCH.
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patterned on a PDMS substrate, bridged by an electrolyte 
(Figure 33).[365] One electrode is stimulated with a square wave 
voltage, while the current was recorded at the other electrode. 
The current signal was systematically shifted during stimula-
tion in a manner that could be fitted with an exponential enve-
lope function. The exponential fit parameters were found to be 
dependent upon the concentration of dopamine in the electro-
lyte, allowing a response curve to be calculated. The benefit of 
this approach was the selective identification of dopamine in 
the presence of two interfering agents (uric acid and ascorbic 
acid).

DNA detection has been extensively explored using conju-
gated polymer-based devices.[110,111,366–369] Fast, low-cost assays, 
without the need for sophisticated laboratory facilities and labo-
rious labeling protocols, are desirable. The negatively charged 
phosphate groups on DNA backbones make it well suited to 
detection by potentiometric approaches. Lin et  al. combined 
a PEDOT:PSS based OECT with a DNA aptamer probe func-
tionalized gate (aptamers are short sequences of nucleic acids 
that bind to other specific sequences or other biomolecules).[367] 
They were able to reduce the detection limit of their biosensor 
(for complementary DNA sequences in a buffer solution) from 
1 × 10−9 m to 1 × 10−12 m by pulsing the gate electrode during 
measurements. They propose that electrical pulsing aids the 
hybridization and reorientation of DNA on the surface. Other 
approaches include incorporating hairpin-shaped oligonucleo-
tide sequences to form molecular beacons that hybridize to spe-
cific target sequences.[110] White et al. demonstrated a relatively 
uncommon floating gate organic transistor architecture, with 
an intermediate electrode that was hybridized with nucleic acid 

sequences.[111] This approach has the advantage of physically 
separating the biorecognition elements from the other elec-
trodes and providing a high capacitance architecture in a planar 
format, as opposed to a more complex 3D design.

7. Open Research Questions

Can the long-term electrical stability of conjugated polymers be sus-
tained in vivo? Few long term studies of conjugated polymer 
stability in vivo exist, however one investigation of chronic 
neural implants reported that PEDOT:PSS coated electrodes 
degrade over the course of ≈8 weeks.[245] This effect may be 
less of an issue for in vitro applications, which experience a 
less demanding biological environment.[227,370] Leaching of 
dopants may also present a challenge in terms of safety and 
functionality. The effective charge carrier mobility of conju-
gated polymer systems also varies dramatically depending on 
the energetic and structural disorder of the local polymer envi-
ronment, presenting a challenge to maintaining consistent 
device performance. Developing polymers that inherently mini-
mize torsional disorder along the backbone,[23,371] along with 
the appropriate use of additives,[95,98] to displace the source 
of charge traps is a possible solution. Similarly, while much 
remains to be understood about the complex foreign body 
response to conjugated polymers, many of the characteriza-
tion tools from the tissue engineering field can provide helpful 
insight.[372]

What is the best approach for full integration of conjugated 
polymer bioelectronic interfaces with measurement and stimulation 

Figure 30. EGOFET sensing architecture as reported by Macchia et al. a) Illustration of device architecture showing location of chemical and bio-
logical self-assembled monolayers to the device gate electrode. b) Example of the change in normalized transistor current (ΔI/I0) as a function of 
the concentration of human immunoglobulin G spiked into bovine serum. Adapted under the terms of CC-BY 4.0 license.[357] Copyright 2018 The 
Authors.
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equipment? Interconnects, wiring and external equipment all 
contribute to a complete medical device and can present a bar-
rier to device adoption. In neural interfaces the strain of the 
connecting wire can be as problematic as the interface itself.[336] 
Systems integration,[277] the development of more complex 

iontronic and electronic circuits,[308,333,373] miniaturization and 
the integration of wireless communication systems,[338,374] may 
present some solutions.

Are there better strategies for bioconjugating conjugated poly-
mers? While sidechain modification has been used extensively 
to modify the biological properties of conjugated polymers, it 
is often observed to be easier to bind biorecognition elements 
to metallic electrodes or interlayers rather than to the polymer 
itself. This somewhat defeats the benefit of conjugated poly-
mers, in particular for the case of OFETs, where thin, flexible 
variants of silicon semiconductor devices arguably offer better 
performance as in situ amplifiers.[375–378] Improved conjugation 
strategies would permit more elegant system designs that fully 
take advantage of the polymeric approach.

What techniques are best suited to developing 3D conjugated 
polymer interfaces? Recent results have demonstrated the poten-
tial of moving beyond 2D interfaces, in particular for cell and 
tissue scaffolds, where micro- and nanostructuring have a sig-
nificant impact on biological response.[30,119,379] The increased 
effective surface area created by 3D structuring offers com-
pact, dense signaling surfaces for biosensing applications. 
Given the range of 3D micropatterning technologies, much 
scope remains for applying these to the challenge of conju-
gated polymer interfaces.[36] However, any devices will have 
to balance potentially larger interface capacitances and slower 
ion ingress rates against the speed with which charge can be 
delivered by the interface.[322] Greater charge storage may also 
impact the amount of power required to operate implantable 
interfaces.

Are homogenous soft mechanical properties always desirable? 
Neural and tissue interfaces require the aid of shanks or other 
rigid materials to ensure correct insertion.[380] Different tissues 
within the body show a wide range of mechanical stiffnesses, 
spanning multiple orders of magnitude.[381] Transient mechan-
ical properties, either to aid interface placement, or in response 
to changing physiological environments may be required for 
some applications.

Can organic bioelectronic interfaces provide insight into the wider 
role of bioelectric gradients within living systems? The application 
of conjugated polymer organic bioelectronic interfaces in devel-
opmental biology is relatively unexplored.  Developing new bio-
electric gradient models and scaffolds can potentially support 
studies into the role of bioelectricity and influence fundamental 
development behaviors.[48,49]

What more can we understand about the structure–property 
relationships and charge transport physics of complex, dispersed 
systems such as PEDOT:PSS? The interplay of morphology, 
structure, disorder, and charge transport processes present a 
challenge to developing analytical models of material systems 
such as PEDOT:PSS. While considerable advances have been 
made in this area,[116,382] as noted in a number of reports,[80,179] 
much remains to be explored, in particular with respect to the 
relationship of electronic and ionic transport. Inherent to this 
is further exploration of the role of dopants within conjugated 
polymer systems. Better understanding would inform interface 
design, particularly in terms of material choice, processing con-
ditions, and application environment.

What is the pathway for technology translation? The ultimate 
motivation for many organic bioelectronic interfaces is to 

Figure 31. Multiplexed sensing of metabolites in saliva using PEDOT:PSS 
based OECTs. a) illustration of sensor concept. b) Photograph illustrating 
fluid flow (fluid stained red for visualization). c) Concentrations of glu-
cose, lactate, and cholesterol as measured in saliva samples provided 
by three volunteers. d) Change in metabolite concentration levels before 
and after exercise for two volunteers. Reproduced with permission.[112] 
Copyright 2016, Wiley-VCH.
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improve the health outcomes of patients worldwide. Technology 
translation relies on feasible manufacturing and commerciali-
zation pathways. Clinically, progress has been made toward the 
adoption of PEDOT:PSS based electrodes, through in vivo,[60] 
and sterilization studies,[313] although to date few devices have 
completed the regulatory approval processes.[383] However, most 
of the patient-orientated interfaces reported here have yet to be 
robustly demonstrated in a clinical setting. The challenge of 
technology translation is not unique to the field of organic bio-
electronics, however it remains an important consideration. For 
biosensing applications this means investigating the feasibility 
of different architectures both in terms of manufacturing (e.g., 
compatibility with high throughput manufacturing techniques, 
devices with a suitable shelf-life), and also usability (e.g., ease of 
use, minimal required supporting infrastructure). Critically, the 
design and functionality of a diagnostic test depends strongly 
upon where it is used.[35,384] This necessitates a multidiscipli-
nary research approach, involving clinicians and other end-
users from an early stage.

8. Closing Remarks

Excitement for organic bioelectronics has arisen from the 
ability to use conjugated polymers either directly as cell and 
tissue scaffolds, or by combining them into devices to create 
electrically addressable biointerfaces. Current prominent 
application areas include developing biosensing systems, 
neural interfaces, and tissue scaffolds for controlling and 
stimulating cell behavior. Organic bioelectronic materials 
and devices are relevant to applications such as bioelectronic 
medicine (with the promise of drug-free electrical stimu-
lation-based therapies) and regenerative medicine (where 
using electronic and ionic transporting materials have the 
potential to help the body heal itself ). In biosensing, organic 
bioelectronic devices have been shown as well-suited for low-
impedance, high-performance electrophysiological sensing, 
and capable of detecting a wide range of biomarkers in a 
variety of device architectures. The inherent benefit of inter-
faces that can natively communicate with both electronic 
equipment and biological processes is a primary motivation 
for researchers. The major challenge facing the field is rec-
onciling complex charge transport phenomena with equally 
complex biological responses. The growing interdisciplinarity 
between researchers developing materials, and those applying 
them in bioengineering contexts is key to reaching this goal.
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