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of biomedical use, the prerequisite of 
mixed conductors is extended to biocom-
patibility and long-term stability in vivo. 
Recently, remarkable advances have been 
made in materials research, and consid-
erable efforts have been invested to sat-
isfy these demands.[32–35] Despite a good 
number of review articles on organic bio-
electronics and OECTs, only a few reviews 
have focused on the correlation between 
the molecular structures of mixed con-
ductors and the performance/stability of 
resultant OECTs as biosensors. In this 
article, we review the relationship among 
intramolecular/intermolecular structures, 
properties, and stability, and provide the 
suggested ideal structures for high-per-
formance stable OECT-based biosensors. 
The first part covers mixed conduction by 
comparing OECTs and electrolyte-gated 

transistors. Subsequently, we discuss the structure of the most 
well-known mixed conductor, poly(3,4-ethylenedioxythiophene) 
doped with poly(styrene sulfonate) (PEDOT:PSS) and the chem-
ical aspects of other ion-permeable conjugated polymers. Next, 
we address the recent biomedical applications of OECTs to 
determine the prerequisites for their high device performance 
and stability in terms of biochemical sensing and bioelectric 
signal recording in vivo. The last part depicts the structural 
design criteria investigated in recent publications and, finally, 
the suggested perspective on the promising chemical structures 
and the outlook are provided.

2. Organic Electrochemical Transistors

Generally, an OECT employs an electrolyte solution/gel for 
channel current modulation using gate biases. Seemingly, it 
operates similar to an electrolyte-gated organic field-effect tran-
sistor (EGOFET). However, the actual working principle is dif-
ferent; therefore, understanding their differences provides a 
clear concept of OECTs. In this section, the differences between 
these two devices are addressed, and the relevant material char-
acteristics that can aid OECT operation are suggested. Finally, 
the advantages of OECT over EGOFET are discussed in light of 
the aforementioned features.

In EGOFET, a bias applied to the polarizable gate electrode 
induces the migration of ions in the electrolyte, and the ions 
form an electrical double layer at both the gate–electrolyte 
and electrolyte–channel interfaces (Scheme  1, left) because 
the active layer is ion-impermeable.[36–39] Due to the electrical 

Organic electrochemical transistors that employ polymeric mixed conductors 
as their active channels are one of the most prominent biosensor platforms 
because of their signal amplification capability, low fabrication cost, mechan-
ical flexibility, and various properties tunable through molecular design. For 
application to biomedical devices, polymeric mixed conductors should fulfill 
several requirements, such as excellent conductivities of both holes/electrons 
and ions, long-term operation stability, and decent biocompatibility. However, 
trade-offs may exist, for instance, one between ionic conduction and overall 
device stability. In this report, the fundamental understanding of polymeric 
mixed conductors, the recent advance in enhancing their ionic and electrical 
conductivity, and their practical applications as biosensors based on organic 
electrochemical transistors are reviewed. Finally, key strategies are suggested 
for developing novel polymeric mixed conductors that may exceed the trade-
off between device performance and stability.

1. Introduction

The ion permeability in polymeric mixed conductors offers 
unique advantages as a channel material in active electronic 
devices such as organic electrochemical transistors (OECTs). 
The effective modulation of the channel current using gate bias 
and the activity-dependent responses in neuromorphic/synaptic 
devices are facilitated by ion permeability into the polymeric 
network.[1–6] Additionally, the capabilities of redox chemistry-
mediated biomolecular sensing,[7–14] ion pumping character-
istics,[15,16] in vivo device operation,[17–21] and large volumetric 
capacitance proved the potential of OECT as a promising bio-
medical device platform.[1,22]

As an OECT channel, mixed conductors should exhibit 
efficient transport of ions and electrons/holes as well as the 
transduction of ionic current into electronic current. These 
properties are determined by the polymer chain length,[23–25] 
crystallinity,[26–29] and molecular alignment.[25,30,31] In the case 
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double layer, the capacitance (1–40 µF cm−2) is higher than 
that in usual dielectrics, which reduces the operation voltage 
to a value lower than 2  V, as demonstrated by the previous 
reports.[40–44] If the active layer is a p-type material, holes accu-
mulate at the electrolyte-active layer interface and the channel 
conductivity is enhanced significantly when a gate bias is 
applied. In contrast, the polymeric materials used for OECT 
typically contain hydrophilic moieties such as ionic function-
ality or glycol side chains;[3,45–51] the swelling of the active layer 
in the OECT increases, and ions easily penetrate into the OECT 
channel. When a bias is applied to the gate, ions in the elec-
trolyte migrate and infiltrate the active layer and charge poly-
meric chains individually (Scheme 1, right). This process mod-
ulates the channel conductance of the OECT more effectively 
because the entire volume of the channel can act as a capaci-
tive interface; the capacitance can be volumetrically defined and 
is much higher than that of the EGOFET based on the areal 
capacitance.[1,2,22] This also contributes to high transconduct-
ance values in OECTs. In a typical EGOFET, the areal capaci-
tance of electrical double layer is 1–10 µF cm−2,[52,53] while in 
an OECT with an ≈130  nm thick PEDOT:PSS channel, the 
(equivalent) areal capacitance is 500 µF cm−2.[22] We suppose 
that better transconductance of OECT than other transistors 
could be attributed to this characteristic. However, to charge the 
3D capacitor, a large current-carrying ability is required for gate 
electrodes such as that exhibited by redox gate electrodes or elec-
trodes with large surface areas,[54] and the slow mobility of ions 
in the active layer (≈10−3 cm2 V−1 s−1) limits the time constant to 
a value of ≈1 ms.[26,55] Moreover, the operation based on electro-
lytes maintains the channel swelling in water and the transient 
movement of ions in the electrolyte. These may be related to 
stability issues.[28] Many studies have suggested the improve-
ment of OECT response time by changing the ion concentra-
tion of electrolyte,[56,57] channel dimensions,[22,58] or modifying 

device configurations,[59–61] but these methods usually involve 
the trade-off between device performance and stability.

3. Designing Mixed Electronic–Ionic Conductors

3.1. Chemical Aspects of PEDOT:PSS

Although various polymeric materials have been developed and 
used widely, a comprehensive standard for designing polymeric 
mixed conductors has not yet been established. After reviewing 
the electron/hole and ion conduction of PEDOT:PSS, which is 
one of the most conductive mixed conductors, a generic design 
standard is suggested in this section.

PEDOT:PSS is the most popular mixed electronic–ionic 
conductor for OECT studies because it is highly conductive 
(>1000 S cm−1),[62–69] commercially available, and easy for solution 
processing. PEDOT:PSS is typically synthesized in the aqueous 
phase through the oxidative polymerization of ethylenedioxy-
thiophene in the presence of PSS, and the resultant PEDOT:PSS 
particles in water are composed of a PEDOT-rich core and PSS-
rich shells (Scheme 2a).[70–74] These two moieties have different 
charge-transport characteristics due to their dominant compo-
nents. PEDOT is a π-conjugated polymer which conducts holes 
through the backbone with overlapped p-orbitals (Scheme  2b, 
left), whereas PSS is a type of polyelectrolyte with sulfonate as 
the electrolyte repeating unit, which conducts ions (Scheme 2b, 
right). Accordingly, the electrical conductivity of PEDOT:PSS is 
closely related to the structural and chemical properties of the 
PEDOT-dominant region, and its ion-relevant characteristics are 
mainly affected by the PSS-rich region.

The electrical/ionic conductivity of a conjugated polymer is 
governed by the corresponding charge carrier concentration and 
mobility.[75,76] The electrical conductivity of PEDOT:PSS can be 

Scheme 1.  Device configuration and ion behavior in electrolyte-gated organic field-effect transistors and organic electrochemical transistor.
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increased by rearranging the polymer microstructure and/or 
by removing the electronically insulating portion. Enhancing 
the crystallinity in PEDOT by changing its conformation from 
a tangled structure to a linear one facilitates the interchain inter-
action and increases the charge carrier mobility.[65,69,77–79] Addi-
tionally, the post-treatment of PEDOT:PSS film with a strong 
acid (e.g., sulfuric acid) leads to the removal of excess PSS that 
is not involved in the doping of PEDOT, increasing the number 
of conductive moieties in the consequent PEDOT:PSS film.[80–83] 
To enhance ion conductivity, a high ion concentration should 
be achieved by employing highly dissociative salt that does not 
exhibit ion-pair formation or include other species that impede 
ion motion. In other words, the solvation energy of the ions 
within the polymer must be more negative than the lattice energy 
of the salt. Ion mobility is directly related to the movement of 
ions, which is achieved by ion hopping from a current solvation 
site to a nearby open site;[84–86] hence, the probability of hopping 
is increased by the local fluctuation of polymer chains.[87,88] This 
means that loosely bound polymer chains with low crystallinity 
are considered to have the enhanced ion mobility. Indeed, one 
of the recent studies on conducting polymers reported that the 
ion mobility in a mixed conductor is inversely proportional to its 
crystallinity (Scheme  2c). Therefore, the electrical conductivity 
can be improved by increasing the proportion of highly crystal-
lized conductive regions; the ion conductivity can be enhanced 
by introducing functional groups containing proper counterions 
in combination with high dissociation characteristics. From 
this perspective, one of the most successful channel materials 
using electrolyte salts or polyelectrolytes is PEDOT:PSS in terms 
of electrical conductivity, processability, mechanical properties, 
and chemical and environmental stability.[89–92] The details are 
mentioned in Section  3.1. OECTs employing PEDOT:PSS as 

the channel exhibit a transconductance of ≈1.2 mS, on and off 
time constants of 0.5 and 0.02 s, respectively (for a channel w 
of 200 µm), and on–off current ratios exceeding 105. Addition-
ally, the devices can be fabricated on flexible substrates using 
screen-printing methods and operated under ambient and 
aqueous electrolyte conditions.[93–96] The optimization of the 
device response time has also been conducted consistently, and 
a time constant of ≈100 µs was achieved in one of the recent 
reports (for a channel w of 15 µm, l of 6 µm, and d of 80 nm).[53] 
However, one of the critical limitations of PEDOT:PSS is the 
acidity of PSS, causing the corrosion of materials near the active 
channel.[97–100] The effect of doping PEDOT with polyelectrolytes 
which are less acidic than PSS (e.g., (trifluoromethylsulfonyl)
imide (TFSI)) was investigated while the distance between the 
polymer backbone and TFSI, molecular weight of polyanions, 
and different counterions were varied.[46] The polyelectrolyte 
polymerized using methacrylate exhibited the poorest device 
performance (transconductance of 1.65 mS, response time of 
178 µs, and conductivity of 8 S cm−1), and the molecular weight 
and counterion effects were negligible. Nonetheless, it was 
observed that there exists a correlation among swelling behavior, 
transconductance, and ion conductivity.

3.2. Other Water-Permeable Conjugated Polymers

Considering that a conjugated polymer with ion permeability 
is a prerequisite for OECT channels, some water-permeable 
conjugate polymers contain hydrophilic moieties such as glycol 
or side chains with counterions as a common feature in their 
structures. The structural and chemical differences among 
polymers with diverse functional groups can affect the electrical 

Scheme 2.  a) Chemical structure of PEDOT:PSS and a schematic image of the PEDOT:PSS particle microstructure. b) Schematic images of the PEDOT-
rich core region and PSS-rich region in the PEDOT:PSS particle. c) Schematic representation of the PEDOT:PSS film microstructure with c) low (upper) 
and high (low) crystallinity. Adopted under the terms of the Creative Commons Attribution 4.0 International License.[26] Copyright 2016, The Authors, 
published by Springer Nature.
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and mechanical properties of mixed conductors and the opera-
tion mechanism in the corresponding OECTs. Therefore, in 
this section, representative mixed conductors with different 
functional groups are discussed.

3.2.1. p-Type Materials

Figure  1 shows representative p-type mixed conductive poly-
mers. Polypyrrole (PPy) is the first material employed as the 
channel in OECT, but the device response was relatively slow 

(≈10 s for a channel width, w, and length, l, of 1.4 µm) and not 
durable because spontaneous crosslinking occurs in doped 
polymers.[101] Additionally, its vulnerability to irreversible oxi-
dation renders devices inoperable; therefore, PPy has seldom 
been considered for more sophisticated applications. Poly
aniline (PANI) can be reduced and oxidized reversibly in air or 
aqueous electrolyte conditions, and the corresponding OECT 
exhibits decent device performance and stability, as exemplified 
by its response time (≈50 ms for a channel w and l of 1.7 µm 
and depth d of 5  µm), transconductance (0.4 mS at +0.15  V), 
and drain current retention of up to 80% after 10 h, which 

Figure 1.  Chemical structures of the various p-type conjugated polymers used for OECT channel materials.
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exceed those of the PPy-based OECT.[102] In this study, a PANI-
based OECT was used for pH sensing by employing the redox 
state change of PANI from a highly conductive emeraldine 
salt to a poorly conducting emeraldine base form. However, 
the emeraldine state, which exhibits the highest conductivity 
among redox states, including leucoemeraldine and pernigrani-
line, can be obtained under acidic conditions (<pH 5) or in 
the presence of high-molecular-weight polyelectrolytes such as 
poly(vinyl sulfonate) and poly(styrene sulfonate).[103] Addition-
ally, the low processability, brittleness, and inflammability of 
PPy are limiting factors for bioelectronics.

In parallel, the electrochemical charging of the active channel 
has been examined using polymer semiconductors such as 
poly(3-hexylthiophene) (P3HT),[36,40,43,44] poly (3,3′″-di-didode-
cylquaterthiophene (PQT-12),[36] poly(9,9-dioctylfluorene-alt-
bithiophene) (F8T2),[36] and poly[2,5-bis(3-tetradecylthiophen-
2-yl)thieno[3,2-b]thiophene] (PBTTT-C14) in combination with 
various types of electrolyte salts or polyelectrolytes,[104,105] such 
as trifluoromethanesulfonic acid, lithium perchlorate, lithium 
bis(trifluoromethanesulfonyl)imide, and polyethylene oxide. 
Note that the abovementioned channel materials and electrolytes 
satisfy the condition of ion permeation into the OECT channel.

Recently, with the emerging biosensor application, the accumu-
lation-mode OECT has become an interesting topic because it is 
off at the zero gate bias, leading to low power consumption. Con-
sidering that the majority of known ion-impermeable polymer 
semiconductors cannot be applied to accumulation-mode OECTs, 
conjugated polymer electrolytes are good candidates for accu-
mulation-mode OECTs. One strategy involves attaching hydro-
philic ionic side chains that can absorb water molecules to the 
conjugated polymer; hence, the ion permeability is significantly 
increased as shown in poly(6-(thiophene-3-yl)hexane-1-sulfonate) 
tetrabutylammonium (PTHS).[3] The corresponding OECT per-
formance parameters were an improvement over and/or com-
parable to those of PEDOT:PSS after mixing with ethylene 
glycol; the transconductance was 0.4 mS at VG = −0.4 V, the on–
off current ratio was ≈700, and the response time was 38  ms. 
Another example is PSS-free self-doped PEDOT, i.e., poly(4-(2,3-
dihydrothieno-(3,4-b)-(1,4)dioxin-2-yl-methoxy)-1-butanesulfonic 
acid, sodium salt) (PEDOT-S). The resultant polymer film was 
highly conductive and uniform, but external counterions were not 
required to balance the doped charges in the conjugated polymer 
backbone. Furthermore, the solubility in polar solvents increased 
significantly.[106,107] The attempt to use PEDOT-S as an OECT 
channel was conducted by blending it with poly(2-(3-thienyl)
ethoxy-4-butylsulfonate) (PTEB-S), which is a negatively charged 
polyelectrolyte.[45] In the PEDOT-S OECT, the transconductance 
was 15.1 mS at VG = 0.2 V, the on–off ratio was ≈650, and the on 
and off response times were 360 and 300 ms, respectively. Note 
that the PTEB-S only OECT exhibited relatively poor performance 
as represented by a transconductance of 0.7 mS, on–off current 
ratio of 310, and on and off time constants of 6900 and 400 ms, 
respectively. The OECT using a polymer blend with a mixing ratio 
of 3:2 (PTEB-S:PEDOT-S) exhibited a transconductance of 8.5 mS 
and an on–off current ratio of 530, which were comparable to 
those of PEDOT-S, but the on and off response times significantly 
decreased to 192 and 40  ms, respectively. The authors attrib-
uted the apparent enhancement in ion transport to the rougher 
fibrillar morphology, which may facilitate ion percolation.[3] Other 

studies examined the effect of counterions in polymer blends 
based on metallic PEDOT-S and semiconducting PTHS, leading 
to the conclusion that the threshold voltage was shifted by the 
counterion exchange,[48] and the steric hindrance of counterions 
affects the stability of PEDOT-S OECTs.[47] Consequently, OECTs 
based on conjugated polymer electrolytes have the potential for 
use as various sensors and bioelectronics.

The most recent advance in the development of ion-permeable 
polymers involve glycolated semiconducting polymers (GSPs), 
where conjugated polymer semiconductors are derivatized with 
glycol side chains. In this approach, the transistor operation 
mode is mainly attributed to bulk doping without ionic func-
tional groups.[49] One of the most promising GSPs is poly(2-(3,3′-
bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2′-bithiophen]-5)yl)
thieno[3,2-b] thiophene), p(g2T-TT), in which triethylene glycol 
is tethered to a polymer backbone composed of bithiophene-
thienothiophene (2T-TT). This polymer exhibited higher swelling 
and ion-permeation properties than the tetradecyloxy-function-
alized polymer, poly(2-(3,3′-bis(tetradecyloxy)-[2,2′-bithiophen]-
5-yl)thieno[3,2-b]thiophene, p(a2T-TT) because the ethylene 
glycol side chain is more favorable for water uptake. Therefore, 
the capacitance, on-current, on–off current ratio, transconduct-
ance, ion mobility, and hole mobility of p(g2T-TT) OECT devices 
were much higher than those of p(a2T-TT). In another study, 
molecular structural parameters such as polymer backbone, side-
chain orientation, and sidechain density were judiciously con-
trolled to determine how the consequent polymer chain orien-
tation and π−π interaction affect electrochromic properties, hole 
mobilities, and OECT characteristics.[50] The resultant OECT 
using g2T-T showed a peak transconductance of 7.9 mS at a gate 
voltage of −0.6  V, on–off current ratio above 105, and response 
time of 0.64 ms for a channel w of 10 µm, l of 10 µm, and thick-
ness of 103 nm. Additionally, PEDOT functionalized with glycol 
side chains was reported to take advantage of the exceptional 
redox stability of PEDOT-based polymers.[51] In this study, the 
prepared OECT devices exhibited a transconductance of 0.6 mS 
at a gate voltage of −0.7 V, on–off current ratio exceeding 105, and 
response time of <1 s measured from an optical contrast change 
(film area of 2 cm2 and thickness of 200 nm).

3.2.2. n-Type Materials

Although n-type channel materials are important for comple-
mentary circuits that have advantages such as low-power driving 
and noise minimization, developing them has always been 
challenging because of their susceptibility to oxidization,[108] 
and the same behavior of low work function metals such as 
Al, Mg, or Ca, which have a lower electron injection barrier to 
n-type materials.[109] Furthermore, n-type materials for OECTs 
require a few more conditions: the material should be stable in 
an aqueous electrolyte, reversibly reduced and oxidized within 
the electrochemical window provided by the electrolyte, ion-
permeable, and have a high charge carrier mobility. The first 
reported n-type OECT material was a polymer composed of a 
2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic diimide (NDI) 
monomer and linear glycol side chains with several ethylene 
glycol repeating units (Figure  2).[110] The diimide and bithio-
phene units and their hybridized energy levels resulted in high 
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electron affinities and low ionization potentials, making n-type 
OECT materials look promising. The transconductance of the 
OECT was 21.7 µS at a gate voltage of 0.5 V with an on–off ratio 
higher than 103, and the device was operated for 2 h without 
degradation. The authors suggested that the low electron 
mobility (1.0 × 10−5 cm−2 V−1 s−1) of p(gNDI-gT2) was the lim-
iting factor for drain currents and transconductances that are 
higher compared to previous accumulation-mode OECTs.[41,49,50] 
Another candidate is the ladder-type poly(benzimidazobenzoph
enanthroline) (BBL).[111] Because the ladder structure provides 
rigidity and planarity of the π-conjugated polymer backbone, 
the delocalization of the carriers in BBL facilitates intramo-
lecular transfer; therefore, the delocalization provides high 
polaron mobility along the chain,[112] and the integrated redox 
active sites of BBL ensure high n-dopability, which is essential 
for an OECT channel.[113] The OECT exhibited a transconduct-
ance of 9.7 mS at a gate voltage of 0.6  V, on–off ratio higher 
than 6  × 103, and on and off response times of 0.9 and 0.2 s, 
respectively (for a channel w of 39 mm, l of 20 µm, and thick-
ness of 180  nm). Additionally, the OECT exhibited no current 
degradation during successive gate voltage pulses (VG = 0.5 V, 
pulse length = 5 s) for 1 h and after three months of storage in 
air, and the transconductance and drain current of the device 
remained unaffected. The high transconductance and stability 
of the OECT using the BBL were attributed to the high electron 
transport characteristics resulting from the ladder-type chain 
and electron affinity of the polymer itself.

4. Applications of Organic Electrochemical 
Transistors
4.1. Biomolecular Sensors

The detection of biomolecules is one of the most important 
function expected of biomedical devices. Biomolecule detection 
is a means of checking the health status of patients, diagnosing 

diseases early, and determining the effects of drugs by meas-
uring the concentration of various metabolic mediators in vivo. 
There exist two types of OECT sensors where biomolecular 
sensing takes places at either active layer or gate electrode: the 
active layer is treated for enzyme fixation so that the channel 
conductance can be modulated directly, or the gate electrode is 
modified in the similar manner so that the channel current can 
be affected by the modified gate capacitance. Despite the differ-
ence in actual sensing location, however, both types of OECT 
sensors require the same properties such as high transcon-
ductance and operational stability. The molecular selectivity 
of channel materials has been most actively studied in OECTs 
as biomolecular sensors because most of the biomolecules of 
interest have only one enzyme-bearing receptor. Additionally, 
for a stable and repetitive operation of the device, enzyme fixa-
tion on the channel is considered essential.[8–10,12,114,115] Many 
studies have been conducted on the methods of immobilizing 
an enzyme on a channel, primarily using the entrapment 
method,[8,13,116–119] or fixing through covalent bonding.[9,10,12] 
Because the others, such as physical adsorption, did not pos-
sess long-term stability.[95,120] In this section, we focused on the 
processes immobilizing enzymes and operational stability of 
the biomolecular sensors, as summarized in Table 1. Dissolving 
enzymes in ionic gels with a small amount of water is very 
easy, and these enzymes have been reported to be stable over 
18 months.[13] In addition, various methods have been proposed 
for covalent bonding, such as mixing active channels with a 
photo-crosslinkable hydrogel,[8] or the reaction between human 
epidermal growth receptor 2 (HER2) and HER2 antibodies.[121] 
The device fabricated for detecting protein biomarkers was pre-
pared as follows: the gate electrode of the OECT was modified 
using mecaptoacetic acid, and an HER2 antibody was attached 
to the gate electrode. Subsequently, through a reaction between 
HER2 and the antibody, HER2 was attached to the electrode, 
and finally, catalytic nanoprobes were added to the HER2. The 
nanoprobe was an electrochemically active enzyme, horseradish 
peroxidase.[122] However, a widely used method is immobilizing 

Figure 2.  Chemical structures of the various n-type conjugated polymers used for OECT channel materials.
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enzymes after fixing relatively short molecules such as silane 
after plasma treatment,[12] which result in devices that retain 
100% of the response over 100 days with a slight increase in the 
standard deviation from 14% to 25%. Recently, devices capable 
of sensing without a mediator have been reported using an 
n-type NDI-based polymer with electron-accepting properties 
(Figure  3a).[7] The glycol side chains of the polymer provide 
polar groups for the enzyme to interact with;[123] therefore, the 
fixation procedure of the enzyme is significantly simplified to 
placing the device into the enzyme-dispersed water. Figure 3b 
indicates that the device has activity only on the lactate and 
none on hydrogen peroxide, confirming the direct electron 
transport from lactate oxidase to the active layer without a 
mediator. Additionally, the authors suggested a new possibility 
for the sensitivity modulation of a device by controlling the 
gate bias by using an n-type accumulation-mode material. Fur-
thermore, the implementation of a fourth-generation glucose 
sensor capable of directly sensing a target molecule using a 
conductive hydrogel was reported last year.[14] PEDOT:PSS and 
a poly(acrylamide) gel functionalized with phenylboronic acid 
(PAAm:PBA) were prepared using electropolymerization at a 
single step on gold-coated substrates (Figure  3c). PEDOT:PSS 
acted as the electronic transducer and the PAAm gel as a scaf-
fold that accommodates the PBA units that are complexed with 
glucose (Figure 3d). The PBA part binds with glucose and causes 
the charged site to induce changes in the volume, impedance, 

and capacitance of the material. These changes originated from 
the change in glucose concentration only in blood-like condi-
tions, and the output signal of the OECT bearing conductive 
hydrogel as its gate electrode was many times higher than the 
current measured using an amperometric electrode (Figure 3e).

4.2. Electroactive Signal Recorders

In addition to diseases associated with metabolism, neurolog-
ical and heart diseases occur frequently because of the life pat-
terns of modern people. Dementia, epilepsy, angina pectoris, 
and arrhythmia, which are related to electroactive cells such as 
neurons or cardiomyocytes, can be prevented and diagnosed 
by analyzing electroactive signals from the body. Therefore, 
electroactive signal recorders with high spatial and temporal 
resolution and high signal-to-noise ratio must be developed for 
accurate diagnosis and analysis. A multielectrode array (MEA) 
is a specialized tool for this purpose because it has a high spatial 
and temporal resolution.[124–126] This effect can be maximized 
when the OECT is applied to the MEA instead of the needle-
type probe developed earlier because the organic channel has 
lower stiffness to decrease the generation of thrombi and glial 
cells, which are insulators. This makes measuring electrical 
activity chronically easier. Recently, OECT arrays combined with 
MEAs were developed to decrease the rigidity of materials,[15,18] 

Table 1.  Various electronic/ionic mixed conductors employed as active channel in OECT biosensors.

References Mixed conductors Analytes Enzyme fixation method Main results

Pappa et al. (2018)[7] P90 Lactate Direct lactate detection without electron 
mediator and enzyme fixation

Strakosas et al. (2017)[8] PEDOT:PSS-PVA Lactate, glucose Entrapping into PEG-DA hydrogel Monitoring of cell metabolism using OECT 
sensors prepared by fixation of various 

enzyme into hydrogels

Pappa et al. (2016)[10] PEDOT:PSS-PVA Glucose, lactate, 
cholesterol

Tethering enzyme-fixed chitosan with 
crosslinker

On-chip multianalyte detection in saliva 
using the OECT array

Welch et al. (2015)[12] PEDOT:PSS Glucose Immobilizing enzyme on the polymer brush 
grown on the active layer

Highly stable (≈100 days) responses of 
OECT-based sensor

Khodagholy et al. (2012)[13] PEDOT:PSS Lactate Embedding enzyme into ionogel which acts 
as solid electrolyte

Development of highly stable and flexible 
solid-state sensor

Wustoni et al. (2019)[14] PEDOT:PSS/PAAm:PBA 
composite

Glucose Electropolymerizing EDOT and PSS with 
pre-gel (PBA and acrylamide)

Development of enzyme-free 
metabolite sensor

Tang et al. (2011)[114] PEDOT:PSS Glucose Drop-casting chitosan-MWCNT hybrid 
solution onto GOx drop-cast on Pt electrode

Highly sensitive (detection limit of 5 × 
10−3 m) OECT-based glucose sensor by 

incorporating conductive nano materials

Liao et al. (2015)[95] PEDOT:PSS Dopamine, ascorbic 
acid, uric acid

Drop-casting on GO/PANI/nafion-graphene 
film

Highly sensitive (detection limit of 3 × 
10−9 m) and selective molecular sensors

Bernards et al. (2007)[115] PEDOT:PSS Glucose Using enzyme-enzyme dispersed electrolyte 
(without fixation)

Demonstration of device operation and 
elucidating device physics

Bartlett et al. (1998)[117] Polyaniline Glucose Entrapping enzyme in poly(1,2-diaminoben-
zene) film electrochemically deposited on top 

of the polyaniline

First demonstration of enzyme-based 
electrochemical transistor sensor

Yang et al. (2010)[118] PEDOT:PSS Glucose Using ionic liquids as a reservoir for the 
enzyme and the mediator

Demonstration of ionic liquids as a good 
candidate for immobilization of enzymes

Liao et al. (2015)[119] PEDOT:PSS Glucose Drop-casting GOx-chitosan mixture solution 
on gate electrode

Fabrication of compact chip size of OECT-
based multianalyte sensing devices
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and to use a material that neither responds to the body’s 
immune system as a substrate nor wraps the rigid part of the 
device.[17,20,21,56] An OECT covered with parylene, except for 
the active channel area, can be a representative example. This 
device was prepared on a relatively rigid SU-8 shuttle; then, 
the shuttle was moved to the target point and used to transfer 
the device into the body. The embedded device exhibited stable 
operation for a month without glial response.[21] Another candi-
date is poly(3-methoxypropyl acrylate) (PMC3A), which has ion 
conductivity and antithrombotic properties (Figure 4a).[17] This 
unique material is used to wrap the entire device to prevent 
the formation of thrombi and transport external ions into the 
channel of OECTs. Hence, the device exhibits superior per-
formance (transconductance of 1 mS, signal-to-noise ratio of 

52 dB, and response time of 60 µs) and stable operation even 
in the platelet suspensions (the response time change was neg-
ligible after 2 h). In addition, highly stretchable characteristics 
induced by the grid structure of the device caused it to adhere to 
the tissue of interest; hence, a significantly high signal-to-noise 
ratio was obtained (Figure 4b,c).[17,18] Another approach was con-
ducted to increase the power efficiency of an electroactive signal 
recorder, which is the subthreshold operation of OECTs.[127] As 
reported for metal-oxide-semiconductor field-effect transistor-
based biosensors, the subthreshold region of a transistor has 
a significantly higher power efficiency than the superthreshold 
region because the transconductance efficiency is significantly 
higher in this region (Figure 4d).[128,129] The authors concluded 
that this phenomenon was valid for OECTs, and the operational 

Figure 3.  a) Schematic of the OECT biomolecular sensor showing the interactions among the enzyme, LOx, and n-type channel. b) Normalized 
response of the OECT to H2O2 (red triangles) and to the lactate in the presence of LOx (black circles). The inset depicts the sensitivity of the device to 
pH. Reproduced under the terms of the Creative Commons Attribution 4.0 International License.[7] Copyright 2018, The Authors published by American 
Association for the Advancement of Science. c) Illustration of the sensing scheme: Swelling of the conductive gel upon binding of glucose changes 
its electrical response. d) Illustration of the binding event between glucose and the PBA units on the PAAm chain. e) Change in the electrode current 
upon successive additions of glucose. Reproduced with permission.[14] Copyright 2019, Wiley-VCH.
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stability was retained under continuous operation. Addition-
ally, the authors created a voltage amplifier and confirmed the 
amplified signals using an OECT circuitry operated in the sub-
threshold region by measuring alpha rhythm activity between 
eyes closed and open (Figure 4e). Furthermore, the integration 
of different devices to increase the performance or provide new 
functionality to the device is an emerging topic.[15,19,130] Among 
these devices, slow response time and low signal-to-noise ratio 
have been obstacles to following up the frequency of biosignals 
and differentiating meaningful signals. However, this has been 
solved by developing enhancement-mode PEDOT:PSS with a 
very fast response time using ion-gated OECT (Figure  4f).[130] 
The resulting device was integrated with conventional deple-
tion-mode PEDOT:PSS OECTs to form a nonlinear signal 

rectification circuit (Figure  4g). As a result, the authors suc-
ceeded in measuring several epileptic discharge signals that 
were transformed into easily detectable peaks by the ion-gated 
OECT circuit (Figure 4h).

5. Prerequisites for Biomedical Applications: 
Performance and Stability
Low power consumption, high sensitivity, stability in aqueous 
electrolytes, and biological and mechanical compatibility with 
living tissues are the advantages that OECTs have over other 
electronics for a variety of biomedical applications.[96,115,131–135] 
In particular, electrochemical transistors are expected to be 

Figure 4.  a) Image of the stretchable electrophysiology OECT array on a honeycomb grid parylene substrate and cross section of the stretchable OECT 
array. b) Image of the positioning of the 4 × 4 OECT array on the heart of a rat. c) ECG signals from a multiplexed 4 × 4 OECT array. Reproduced under 
the terms of the Creative Commons Attribution 4.0 International License.[17] Copyright 2018, The Authors published by American Association for the 
Advancement of Science. d) Performance comparison of subthreshold (blue circles) and superthreshold (orange squares) regimes. The voltage gain 
bandwidth indicates similar results for both regions; however, the subthreshold operation consumes ≈370 × less power. e) EEG voltage output signal 
measured in the subthreshold region showing alpha rhythm response (top), and the corresponding time–frequency plot (bottom) showing changes in 
signal content depending on the eyes being closed and opened. Reproduced under the terms of the Creative Commons Attribution 4.0 International 
License.[127] Copyright 2018, The Authors, published by Wiley-VCH. f) Schematic diagram of enhancement-mode ion-gated transistor cross-section and 
wiring diagram for device operation. g) Schematic of a nonlinear signal rectification circuit composed of a depletion-mode ion-gated transistor and 
an enhancement-mode ion-gated transistor. h) The ion-gated transistor-based nonlinear rectifier provides high signal-to-noise real-time detection of 
epileptic discharges. Reproduced with permission.[130] Copyright 2020, Springer Nature.
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highly useful in biomolecule sensors and electroactive signal 
recording systems for their amplification and switching 
functions, which are inherent functions of transistors. In other 
words, the channel materials for the OECT satisfy the condi-
tions mentioned above, high switching speed, high transcon-
ductance, and low impedance even when the OECT is used in 
electroactive signal recording, which is sensitive to the elec-
troactive frequency of a cell. In addition, because biomedical 
devices are driven under repetitive driving or in-body elec-
trolyte conditions, and water uptake or penetration of ions is 
inevitable,[29,136,137] the distortion of the resulting molecular 
arrangement can affect the performance and, ultimately, the 
operational stability of the device.[24,30,138] Therefore, this sec-
tion discusses the prerequisites for channel materials of OECTs 
in biomedical applications and introduces the application of 
OECTs using various mixed conductors, including PEDOT:PSS.

5.1. Biocompatibility

In practice, the biocompatibility of materials is very ambig-
uous because the required properties and biocompatibility cri-
teria depend on the materials used and applications.[141–144] For 
example, when a material is applied to an in vitro cell culture 
scaffold, the toxicity of the material and viability test of the cell are 
sufficient for biocompatibility evaluation.[145–147] However, for an 
in vivo cell culture scaffold, the reaction with the immune system 
and biodegradability of materials should be considered.[148–150] 
Furthermore, if the material is used for deep brain stimulation, it 
should be electrically insulated except for the part used to create 
the electrical signal.[151–153] This is crucial for stimulating only 
the desired site and the immune response of the material. The 
material can then be declared biocompatible with the applica-
tion if all these biocompatibility evaluations are conducted with 
appropriate negative and positive controls. Therefore, a versatile 
biocompatibility evaluation method cannot exist, and the bio-
compatibility of the material should be evaluated by adjusting the 
scope according to the applications. However, in terms of stable 
device operation in the body, it is possible to set approximate cri-
teria, such as the presence of cytotoxicity in the material used, 
viability of the cell upon cell contact with the device, and possi-
bility of device degradation by an immune reaction.

5.2. Mixed Conductivity and Low Impedance

OECTs are primarily used for amplification and switching in 
biomedical applications, and these characteristics are deter-
mined by the transconductance of the device. The transcon-
ductance (gm) of a device is defined as follows:

( )*g
I

V

W

L
d C V Vm

D

G
T Gµ= ∂

∂
= − � (1)

where ID is the drain current, VG is the gate voltage, d is the film 
thickness, μ is the charge carrier mobility, C* is the volumetric 
capacitance, and VT is the threshold voltage. The gate electric 
field is applied through a gate electrode, electrolyte, channel, and 
source; hence, it is vertically applied to the channel. The lateral 

ID flowing through the drain, channel, and source is modu-
lated by the VG. In that sense, the lateral channel conductivity 
and transport characteristics of the electrolyte and channel are 
the primary factors for a higher gm, and these are directly related 
to the electronic and ionic conductivities of the channel, respec-
tively. In a biomolecular sensor, ID modulation with different 
analyte concentrations is achieved by the electrochemical pro-
cess of analytes in electrolytes affecting the conductivity of the 
channel.[7,11,13,14] Thus, the ions in electrolytes should penetrate 
the bulk of the channel during the process to change its conduc-
tivity; therefore, the ionic conductivity of the channel is related to 
the efficiency of this process. This is more evident in electroac-
tive signal recorders because the electricity generated by electro-
active cells is created by the ion flux at the cell wall. ID is simply 
created by the charge carrier transport through the channel; 
therefore, the electrical conductivity of the channel consisting 
of the charge carrier density, elementary charge of the electron, 
and μ is important. However, as mentioned above, the charge 
carrier density is determined by VG. Therefore, the ion conduc-
tivity and the mobility of the channel are the main factors. The 
aforementioned conductivity is related to direct current; the con-
ductive or resistive component to alternating currents is also an 
important variable in the recording of electroactive signals in 
cells because neurons generate alternating electroactive signals 
called “spikes.”[142,154,155] A low impedance is one of the advan-
tages of a conductive polymer-based electrochemical transistor as 
a signal recording system compared with an electrolyte gate tran-
sistor.[158–160] As a high signal-to-noise ratio is the required char-
acteristic of a signal recording system, a conductive polymer with 
a low impedance can be employed to record an electrical signal 
with a low noise ratio, and very fine signals can be detected.

5.3. Device Stability

Contact with body electrolytes and the cellular matrix are 
inevitable for OECTs employed for biomedical purposes; thus, 
the biocompatibility, electrical, and electrochemical proper-
ties of the channel, such as electronic and ionic conductivities, 
capacitance, reversible redox reaction, and carrier concentra-
tion, should be retained. Except for conductive polymers func-
tionalized by glycol side chains, conductive polymers doped by 
polyelectrolytes have been widely used for OECTs because the 
ionic functional groups increase the solubility of the material. 
This means that the polymer film can be prepared through 
facile solution processes. However, ionic functional groups can 
result in protons and ions leaching out into the solvent; thus, 
the inherent properties of materials can be changed in electro-
lyte conditions.[161–163] This could be a critical disadvantage of 
OECTs for biomedical purposes. Therefore, the development of 
highly stable materials under electrolyte conditions is required. 
Meanwhile, for devices implanted for the diagnosis or treatment 
of chronic diseases, the operational stability of the device should 
be guaranteed because a repetitive gate bias would be applied 
to the device during implantation. Specifically, a repetitive gate 
bias causes ions to repeatedly enter and exit the vicinity of the 
polymer chains. This can also affect the long-term stability of 
the ion or electron conductivity of the channel by preventing 
the polymer chain from being fixed at one location. Therefore, 
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developing a material with the two above-mentioned stabilities is 
essential for biomedical applications that can best utilize an elec-
trochemical transistor with the advantage of mixed conductivity.

6. Understanding the Structure–Property 
Relationship of Polymeric Mixed Conductors to 
Increase Device Performance and Stability

6.1. Ion-Permeable Polymeric Mixed Conductors

In the sections above, we provided an overview of organic elec-
trochemical transistors and their active materials and applica-
tions. Hereafter, the structure–property relationships will be 
discussed in terms of molecular and material shapes. In thin-
film transistors, the intrinsic parameters that determine per-
formance are the charge carrier mobility (μ) and capacitance 
(C). The high capacitance value of a polymeric mixed con-
ductor due to ion permeability (i.e., volumetric capacitance, 
C*) is the most important factor distinguishing it from other 
semiconductors.[22] Therefore, the abovementioned parameters 
must be improved with reversible operations to develop high-
performance electrochemical transistors. In inorganic semi-
conductors, where the atoms are tightly bonded to each other 
by covalent interaction, the ion cannot penetrate the channel; 
hence, the ion can only interact with the semiconductor on 
their surface (Scheme  3a).[164] For conjugated polymers, the 
covalently bonded chains adhere to each other loosely through 
van der Waals interactions, so they can provide a small space 
for ions to penetrate channels but still cannot support ionic 
transport into the volume (Scheme  3b).[165] Therefore, hydro-
philic parts such as side chains or polyelectrolytes should be 
incorporated into the materials to enable ion transport through 
these parts (Scheme 3c,d).[134] On the other hand, recent studies 
reported that the unobstructed ion conduction hinders the 
electronic charge transport in OECTs. The repetitive injection 

of dopant ions into the mixed conductor channel deforms the 
film crystalline structure,[28,166] and this kind of phenomena 
depend on the size of ions and the amount of water molecules 
surrounding injected ions.[136,167] Flagg et al. demonstrated that 
the swelling of mixed conductor disturbs connections among 
crystalline domains, leading to the reduced carrier mobility in 
resultant OECTs.[29] These studies suggest that the performance 
of OECT can be optimized by balancing the corresponding 
ionic and electronic conductivities. Furthermore, the polymeric 
mixed conductors should be designed with a wide range of con-
siderations, from the molecular level to the bulk channel mor-
phology, to ensure high performance and robust stability.

6.2. Molecular Structures

As organic electrochemical transistors have attracted much 
interest owing to their potential for biomedical applications, 
conjugated polymers decorated with hydrophilic sidechains 
have been extensively reported to enable ions to access bulk 
materials and exhibit high-performance parameters.[49,50] In 
these studies, glycolic or hydroxyl sidechains were employed 
to introduce the pathways to ions, and sulfonic acid sidechains 
were employed to introduce hole doping and ion pathways 
(Scheme  3c and Figure  5a).[49,50,168] While ion-impermeable 
semiconductors maintained their absorption spectra regardless 
of the applied electrochemical potential, they exhibited dramatic 
changes in the spectra, which were due to volumetric charge 
accumulation (Figure 5b). In these molecular-level approaches, 
the chemical and physical properties of materials such as the 
operating voltages, doping states, ionic permeability, and crys-
tallinity can be extensively tuned by controlling the types and 
length of sidechains. However, introducing excessively long 
glycolic chains can decrease both charge mobility and capaci-
tance by hindering interchain charge transport, decreasing 
chain density, and inducing large swelling of channel materials, 
which results in channel degradation and delamination.[169] In 

Scheme 3.  Schematics of ion-impermeable and ion-permeable conductors at the aqueous electrolyte–channel interface. a) Inorganic semiconductors 
with tight covalent bonds between atoms. b) Conventional conjugated polymers such as P3HT with loose van der Waals bonds. c) Conjugated polymers 
decorated with hydrophilic side chains. d) Conjugated polymer blends with polyelectrolytes. Water-permeable moieties such as hydrophilic side chains 
and polyelectrolytes aid ions to penetrate the channel upon gate bias application.
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addition, chain entanglement and addition of crosslinkers can 
increase the mechanical properties of channels, which can 
increase film stability by resisting film swelling effects.[170]

6.3. Polymer Blending Structures

The blending of hydrophilic polymers with conjugated poly-
mers can enable ions to access the channels. PEDOT:PSS, in 
which PEDOT chains are mixed with PSS chains in the entire 
material, is a common polymeric blend frequently employed 
as a mixed conductor. As charge carrier pathways of PEDOT 
coexist in the channel with ionic pathways of PSS, the ions and 
electrons can efficiently transport through these electronic and 
ionic transport pathways (Scheme 3d). However, if more hydro-
philic polymers than is necessary for enabling ionic transport 
are incorporated in the blending, such polymers can lead to 
a decrease in both device performance and stability by inter-
fering with the inter-chain transport of the charge carriers and 
increase channel swelling at aqueous interfaces.

In practice, the commercially available stable aqueous dis-
persion of PEDOT:PSS has an approximately twice as high an 
amount of PSS than PEDOT; hence, this blend is formed as 
a granular domain in which PEDOT chains are wrapped with 
PSS-rich shells. Therefore, PEDOT:PSS cannot be expected 
to have high electrical conductivity without the aid of addi-
tional chemicals. Furthermore, even with chemical addi-
tion, charge and ionic mobilities have a trade-off relationship, 
which results in the saturation of performance parameters.[26] 
However, when the excess PSS is removed through the post-
treatment of PEDOT:PSS, PEDOT chains are significantly 
aligned in the edge-on direction, and chains form porous 
morphologies (Figure  5c). Moreover, crystallized PEDOT:PSS 
exhibited a performance five times higher than that of other 
PEDOT:PSS films and stable performance even after 21 days of 
water immersion (Figure 5d).[28] As a result of removing excess 
PSS, aligned PEDOT chains can afford better electronic path-
ways for charge carriers, nanoscale pores can act as augmented 

pathways for ion transport, and the swelling at aqueous inter-
faces can be attenuated. Therefore, the types and amounts of 
polyelectrolytes blended with conjugated polymers should be 
carefully controlled to achieve high performance and stability.

6.4. Bulk Morphology

The bulk channel morphology can affect the performance and 
stability of OECTs. Generally, in the typical operation of thin-
film transistors, ions can only penetrate in the vertical direc-
tion of the device configuration, making it more difficult for 
ions to reach the bottom part of the films as the thickness of 
the channel increases (Figure 6a,b). Meanwhile, if microfiber-
shaped conjugated polymer channels are employed, ions can 
penetrate the channel in all radial directions, promoting ionic 
transport in a morphological manner (Figure  6c,d). Addition-
ally, a freestanding form of microfiber can comply with dimen-
sional changes caused by swelling; hence, providing higher 
mechanical stability of channels.[171] In terms of device fabrica-
tion, microfibers can offer a wide range of channel thickness 
from sub-micrometers to tens of micrometers through wet-
spinning; thus, channel dimensions can be extremely adjusted 
to extremes, depending on the purpose. Therefore, a transistor 
configuration with freestanding microfibers is more favorable 
for providing more efficient ionic transport and mechanical sta-
bility of the channel.

7. Outlook

In the sections above, we focused on the principles, materials, 
and detailed use of bioelectronic devices throughout the field 
and clearly provided the requirements for materials used in 
bioelectronic devices. The mixed conductivity, mechanical flex-
ibility, volumetric capacitance, and processability of a material 
are essential characteristics for the high performance and sta-
bility of bioelectronic devices. Hence, a polymeric material with 

Figure 5.  Ion-permeable conjugated systems. a) Chemical structures of p(g2T-TT) and p(g2T-T) polymers. b) Absorbance spectra of p(g2T-TT) films 
depending on the applied electrochemical potentials. Reproduced under the terms of Creative Commons Attribution 4.0 International License.[49] 
Copyright 2016, The Authors, published by National Academy of Sciences. c) Grazing incidence wide-angle X-ray scattering pattern for crystallized 
PEDOT:PSS. d) Transconductance (gm) plot of crystallized PEDOT:PSS and ethylene glycol-treated PEDOT:PSS as a function of the applied gate bias and 
channel geometry. Reproduced under the terms of Creative Commons Attribution 4.0 International License.[28] Copyright 2018, The Authors, published 
by Springer Nature.
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mixed conductivity has a superior advantage over inorganic 
materials in terms of transconductance, signal-to-noise ratio, 
and impedance. Above all, the ease of functionalization dis-
tinguishes polymeric mixed conductors from inorganic mate-
rials in that they can facilitate the design of the structure and 
properties of the material according to the intended use, which 
was the primary reason for discussing the design of polymeric 
mixed conductors in this review. Therefore, it is expected that 
OECTs using polymeric mixed conductors can be used for the 
detection and measurement of biological information and in 
the field of bioelectronics, such as in ion injection and long-
term stimulation using artificial electrical signals. However, 
some unknown principles and problems remain to be solved 
for polymeric mixed conductors; thus, the materials currently 
used have limitations. In this section, we present the directions 
to be investigated and discuss the prospects of organic electro-
chemical transistors based on them.

7.1. Enhancing Carrier Mobility and Stability

Due to the nature of polymeric materials with irregular mole-
cular arrangements, achieving high hole-transporting character-
istics is difficult, which is considered to be a typical limitation of 
organic materials compared with inorganic materials. Another 
difficulty is the stability problem. As mentioned earlier, the 
repetitive entry and exit of ions can destroy the molecular 
arrangement and degrade the properties of the material and 

the performance of the device. A common feature of these two 
problems is that each property is deeply related to the arrange-
ment of molecules, and the more regular the molecule arrange-
ment, the better the hole transfer characteristics and stability. 
Therefore, the performance and stability of the OECT can be 
effectively increased by enhancing the crystallinity of the poly-
meric material used as the channel. For PEDOT:PSS, a typical 
polymeric mixed conductor, many studies have been conducted 
on the improvement of the crystallinity and its effect has been 
proved. However, because this approach is relatively insufficient 
for other kinds of polymeric materials, studies on the crystal-
linity of materials such as p(g2T-TT), g2T-TT, and p(gNDI-gT2), 
which are currently being developed, and on the structural and 
process design of polymers considering these materials are 
expected to provide a solution that can increase the overall per-
formance and stability of OECTs.

7.2. Nonaqueous Device Operation

Although mixed conductors have many advantages, such as 
high capacitance and ease of large-scale fabrication, a signifi-
cant constraint is that mixed conductors can be properly oper-
ated only when a sufficient number of ions interact with the 
conjugated system. Thus, the device can generally and fre-
quently be operated in aqueous electrolytes, but it can only be 
employed to measure bioelectric signals from wet tissues or 
biochemical signals from aqueous samples, which means that 

Figure 6.  Graphical descriptions of ionic transport in organic electrochemical transistors. a) Typical thin-film organic electrochemical transistor con-
figuration. Reproduced under the terms of Creative Commons Attribution 4.0 International License.[28] Copyright 2018, The Authors, published by 
Springer Nature. b) Cross-sectional graphic describing ion transport into the thin-film channel. c) Wet-spun microfiber-based electrochemical transistor 
configuration and ionic transport. Reproduced under the terms of Creative Commons Attribution 4.0 International License.[171] Copyright 2018, The 
Authors, published by Springer Nature. d) Ionic transport in microfiber-based transistors.
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the device should be implanted in the target tissue to measure 
bioelectric signals. Meanwhile, skin electronics have attracted 
considerable interest owing to their mechanical conformability 
and capability to measure biosignals noninvasively. Indeed, as 
a bioelectric sensor is less invasive, it can be used for wider 
field applications in medical devices, cosmetics, and in general 
healthcare devices. Therefore, prompt efforts to develop dry 
organic mixed conductors to provide alternative ion species to 
conjugated systems as substitutes for aqueous electrolytes are 
necessary.

7.3. Introduction of Functional Groups

As the introduction of glycol side chains or ionic functional 
groups into the ion-impermeable semiconducting conjugated 
polymer opens new prospects for accumulation-mode OECTs, 
the introduction of functional groups to the polymeric mixed 
conductor may be an opportunity for new applications. For 
instance, covalently cross-linked porous 3D scaffolds using 
functional PEDOT (f-PEDOT) have been reported.[172] A signif-
icantly large f-PEDOT hydrogel was obtained (up to 402 mm3, 
swollen in water), and the suitability of the hydrogel as a 3D 
cell culture scaffold was demonstrated. Another option may 
be to replace the dopant of polyelectrolyte-doped conjugated 
polymers with biopolymers. The acidity of PSS in PEDOT:PSS 
is well-known and it would not be appropriate for some bio-
medical applications; thus, a suitable biocompatible dopant 
material can increase both performance and biocompat-
ibility. Lignosulfonate, which can be prepared through the 
sulfonation of lignin, the second most abundant biopolymer, 
can act both as a dopant and dispersing agent as PSS for 
PEDOT:PSS.[173] PEDOT doped with lignin (PEDOT/lig) dou-
bles the specific capacitance compared with PEDOT:PSS, 
which is attributed to the additional pseudocapacitance gen-
erated by the quinone moieties in lignin. Similarly, another 
functionality can be introduced to the polymeric mixed con-
ductors and provide new opportunities for biomedical devices 
because there are many biomolecules of interest in our body 
system and unknown, complicated systems in neural net-
works that require study.

8. Conclusions

In summary, there have been dramatic advances in the under-
standing of using polymeric mixed conductors for OECTs, as 
evidenced by the deep understanding of the region related to 
ion and electron conduction and creatively designed mate-
rials for biomedical applications. Based on the understanding 
of the ion and electron conduction of PEDOT:PSS, which is 
a typical channel material of OECTs, many polymeric mixed 
conductors have been developed. Through analysis of it as 
transistor channel material, and various methods to satisfy the 
requirements of biomolecular sensors and electroactive signal 
recorders, the key variables related to the performance and 
stability of the device were identified. The structural design of 
the polymeric mixed conductor is key to improving both the 
performance and stability, as demonstrated in several studies 

that focus on the crystallinity and geometrical differences of 
various devices and channel materials. Furthermore, an out-
look on future polymeric mixed conductors and OECTs was 
suggested, which emanates from the abovementioned prop-
erty–performance relationship. We believe that these prospects 
and challenges will eventually become new opportunities for 
future endeavors that this article attempts to encourage and 
that multifunctional OECTs based on diverse polymeric mixed 
conductors will have a competitive edge in a range of future 
bioelectronics.
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