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Abstract
Organic electronics have gained significant attention in the field of biosensors owing to their
immense potential for economical, lightweight, and adaptable sensing devices. This review
explores the potential of organic electronics-based biosensors as a revolutionary technology for
biosensing applications. The focus is on two types of organic biosensors: organic field effect
transistor (OFET) and organic electrochemical transistor (OECT) biosensors. OFET biosensors
have found extensive application in glucose, DNA, enzyme, ion, and gas sensing applications,
but suffer from limitations related to low sensitivity and selectivity. On the other hand, OECT
biosensors have shown superior performance in sensitivity, selectivity, and signal-to-noise ratio,
owing to their unique mechanism of operation, which involves the modulation of electrolyte
concentration to regulate the conductivity of the active layer. Recent advancements in OECT
biosensors have demonstrated their potential for biomedical and environmental sensing,
including the detection of neurotransmitters, bacteria, and heavy metals. Overall, the future
directions of OFET and OECT biosensors involve overcoming these challenges and developing
advanced devices with improved sensitivity, selectivity, reproducibility, and stability. The
potential applications span diverse fields including human health, food analysis, and
environment monitoring. Continued research and development in organic biosensors hold great
promise for significant advancements in sensing technology, opening up new possibilities for
biomedical and environmental applications.
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1. Introduction

Organic electronics has emerged as a burgeoning field with
enormous potential in biosensor applications. Biosensors
are devices that detect and analyze biological or biochem-
ical substances, and their applications span across a vari-
ety of fields, including medicine, food safety, and environ-
mental monitoring [1–3]. Two types of organic biosensors that
have gained significant attention in recent years are organic
field effect transistors (OFETs) and organic electrochemical
transistors (OECTs) [4].

The foundation of OFETs lies in a three-terminal device
structure and operate by controlling the flow of charge carriers
through a semiconducting organic material using an applied
electric field [5]. The fundamental principle of OFET bio-
sensors is based on modulating of the electrical character-
istics of the semiconductors in response to the attachment
of biological analytes onto the surface of the transistor. This
modulation results in alterations in the electrical output of the
transistor, enabling measurement and correlation with the con-
centration of the biological analyte present in the sample [6].
OFET biosensors have been employed in detecting various
biological analytes including proteins, DNA, and cells [7].

OECTs, on the other hand, are based on a similar three-
terminal device structure but operate by controlling the dop-
ing level of a conducting polymer using an electrolyte solution
[8]. Like OFETs, OECT biosensors also operate by modulat-
ing the electrical properties of organic materials, responding
to the biological analytes. However, in this case, the modula-
tion occurs through changes in the doping level of the mater-
ial, controlling by the concentration of the electrolyte solution.
OECTbiosensors have been employed in detecting of a diverse
range of biological analytes including neurotransmitters,
bacteria, and viruses [9].

Based on the length constraints, here we will only present
a brief overview of the fundamental principles behind OFET
and OECT biosensors. Additionally, we will showcase a few
representative examples to demonstrate the immense poten-
tial of these sensors. Please note that there have been many
advancements in this field [8, 10–19], which we will not be
able to cover comprehensively in this review.

2. OFET biosensors

2.1. The working principle of OFET biosensors

In OFETs, charge carriers gather at the junction of the
organic semiconductor (OSC) and dielectric layer through the
application of a bias voltage connecting the gate and source
electrodes. Additionally, the movement of these charge car-
riers along the active layer and the insulated dielectric inter-
face is aided by a bias voltage connecting the drain and
source electrodes [1, 20].

There are four main architectures of OFETs (figure 1(a)):
BGTC, TGBC, BGBC and TGTC (B: bottom, G: gate, T:
top, C: contact). The main differences between the four OFET

architectures are the location of the gate and contact electrodes
in relation to the active layer. The choice of OFET architec-
ture relies on the specific requirements, such as the desired
performance, fabrication complexity, and cost [21].

For p-type OFETs [22, 23], a negative Vg accumulates
holes at the OSC/dielectric interface, while hole transport
is facilitated by a negative Vds (Vds > VT). For n-type
OFETs [24–26], positive Vg and Vds accumulate and transport
electrons, respectively. Ambipolar OFETs can accumulate
holes/electrons and transport both aswell at theOSC/dielectric
interface (figure 1(b)).

The transport of charge carriers in OFETs is driven by the
combined effect of Vg and Vds, ideally, a small Vg is necessary
to store up charges (figure 1(c)). However, trapped charges at
the OSC/dielectric interface can affect the turn-on of the tran-
sistor. In such cases, a specific Vg is necessary to counteract
the electric potential, which was produced by those charges
trapped prior to the involvement of additional carriers, con-
tributing to Ids (Vg > VT).

Transistors demonstrate two distinct operation modes:
the linear regime and the saturation regime (depicted in
figure 1(c)). When no driving voltage is applied (Vds = 0),
charge carriers consistently accumulate at the interface
between the active layer and the dielectric insulated layer,
leading to Ids = 0. Within the linear range, characterized by a
smallVds (specificallyVds ≪Vg −VT), a linear charge density
gradient is established between the two electrodes (source and
drain), and Ids exhibits a proportional relationshipwithVds. As
Vds increases, a pinch-off region forms near the drain electrode
when Vds = Vg − VT, depleting the charge carriers. Further
increases in Vds do not enhance Ids, indicating entry into the
saturation regime. In the saturation regime, carriers are pro-
pelled from the pinch-off point to the drain by a higher electric
field in the depletion region. As Vds continues to rise (specific-
ally when Vds ≫ Vg − VT), the pinch-off point shifts further
away from the drain, while the channel length (L) experiences
minimal shortening. Once reaches the pinch-off condition, Ids
saturates at Vds = Vg − VT.

The working principle of OFET biosensors involves the
detection of alterations in the electrical properties of the semi-
conductor channel, which was induced by the presence of an
analyte of interest. In biosensing applications, a dedicated lig-
and or receptor is utilized to functionalize the OSC channel,
allowing for the specific identification of target analytes (e.g.
enzymes, antibodies, aptamers) that can selectively bind to the
analyte of interest. The interaction between the analyte and
the functionalized channel leads to alterations in the electrical
properties of the channel, such as the threshold voltage or the
mobility of charge carriers. This change in electrical proper-
ties is detected as an electrical signal, which directly correlates
with the concentration of the analyte.

It is common to utilize extended gate-OFETs in biosensor
applications [27, 28]. An extended gate-OFET is a type of
transistor that has an extended gate, which is a separate elec-
trode that is in contact with the solution being sensed. This
extended gate allows the OFET to be used as a chemical
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Figure 1. Basic working principles of OFETs: (a) four device architectures; (b) different charge carrier types. (c) Mechanism for the
generation of linear and saturation regime.

Figure 2. (a) A diagrammatic depiction of an OFET-based biochemical sensor; (b) a schematic representation illustrates the potential
variation across a simplified cell model; (c) the shift in the transfer curve of the OFET. Reproduced from [29]. CC BY 4.0.

or biological sensor. By interacting with the extended gate,
the analyte induces changes in the electrical properties of
the transistor, enabling the measurement of such modifica-
tions. This detection approach can effectively identify the pres-
ence as well as determine the concentration of the analyte.
Extended gate-OFETs offer multiple advantages compared to
traditional sensors, including their ability to operate at low
voltages, their cost-effectiveness, and their ease of miniaturiz-
ation. They are also highly sensitive, selective, and can operate
in aqueous environments. In addition, the extended gate can
be easily modified to detect specific analytes, making these
sensors highly customizable and versatile.

Figure 2(a) depicts the fundamental configuration of an
OFET biosensor. It consists of an OFET biosensor integrated
with two components: the extended-gate electrode (SE) and
the reference electrode (RE). Those two electrodes establish
the necessary measurement configuration [29]. Notably, the
SE is functionalized with a probe that specifically captures
target analytes from the surrounding solution. Throughout the
measurement process, initially, a voltage bias (VRef) is con-
tinuously employed to the RE. Concurrently, the OFET gate

(VGS0) initiates a potential that propagates through the solu-
tion, thereby eliciting the current.

Figure 2(b) demonstrates the relationship between VGS0

and the voltages VRef and VChem in the OFET-based bio-
chemical sensor. VGS0 can be represented as a function of
VRef and VChem. VChem, defined as the voltage between the
RE and the SE, can be divided into two components: an
interfacial potential drop (V int0) and the sum of a constant
VChem0. V int0 is affected by the dipole formed at the interface
between the electrode and electrolyte, and it can be adjus-
ted by the presence of captured charged biomolecules. The
open circuit potential method can be employed to measure and
quantify this modulation.

When the SE captures negatively or positively charged ana-
lyte targets, it initiates a modification in the interfacial poten-
tial drop (∆V int) and hence ∆VGS. This change in VGS causes
a corresponding change in output current (∆ID) that can be
detected andmeasured by the readout circuit, facilitating digit-
alization of the signal, as exemplified in figure 2(c).

A notable advantage of OFET biosensors lies in the sim-
plicity and ease of fabrication, which enables the creation of
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cost-effective and disposable biosensors. Additionally, OFET
biosensors can operate in ambient conditions and do not
require complex readout equipment, making them well-suited
for applications at field-based scenarios and point-of-care set-
tings. The focus of this review will be on the diverse range of
applications of OFET biosensors, which is successfully util-
ized for the detecting of diverse analytes, including but not
limited to glucose, DNA, enzymes, ions, gases and more.

2.2. OFET-based glucose sensors

OFET biosensors have been shown to be effective for detect-
ing glucose, a biomolecule commonly used as a marker for
diabetes. It is essential for managing various health conditions
such as diabetes, hypoglycemia, and hyperglycemia. It allows
individuals to monitor their blood glucose levels and adjust
their diet, exercise, and medication accordingly. In glucose
detection, OFET biosensors work based on the change in the
electrical conductance of the OSC channel upon interaction
with glucose or glucose oxidase (GOx).

In 2008, Liu et al [30] developed an a glucose sensor
based on OFETs that uses a conducting polymer film known
as poly(3,4-ethylenedioxythiophene–poly(styrene-sulfonate))
(PEDOT–PSS) as the channel, which was functionalized with
immobilized GOx enzyme. The immobilization of GOx on
PEDOT–PSS is achieved through a straightforward process
involving spin-coating method and electrochemical polymer-
ization. The resulting glucose sensor exhibits a linear response
to variations in glucose concentration. The glucose sensor
shows a sensitivity of 1.65 µA per 1 mM of glucose con-
centration, providing a linear range of response spanning
from 1.1 to 16.5 mM of glucose. Additionally, the sensor
exhibits a response time of 10–20 s. By encapsulation the
sensor within a membrane (cellulose acetate), the dissolution
of GOx and PEDOT–PSS matrix in glucose solution is effect-
ively prevented. The OFET-based glucose sensor retains the
bioactivity of the enzyme and has potential application for
glucose sensing applications.

Based on the work above, Elkington et al [31] demonstrates
that GOX can be incorporated into OFET devices without
requiring modification the structure of the enzyme or poly-
mer matrix, and without loss of enzyme activity. Poly(3-
hexylthiophene) (P3HT) was used as the semiconductor in this
case. A new model for OFET glucose sensing devices was
depicted in the current generation, as illustrated in figure 3(a).
They suggest that the diffusion of glucose through the PEDOT
gate and Nafion, potentially acts as the rate-limiting step.
However, glucose undergoes rapid oxidation at the GOX
enzyme, leading to the formation of gluconolactone and H2O2.
Subsequently, H2O2 is swiftly oxidized to protons at the built-
in potential of the device (around 0.7 V). Additionally, due
to the high hydration nature of the PVP sol–gel material, any
protons generated enzymatically can efficiently migrate to the
PVP/P3HT interface through the Grotthuss mechanism [32].
The protons then dope the active layer (P3HT), leading to
the observed changes in ID. This work represented a practical

strategy for a printable glucose sensor based on OFETs and
demonstrated high sensitivity within the range of glucose con-
centrations commonly found in saliva.

2.3. OFET-based DNA sensors

The conventional methods for DNA detection, such as
microarrays and real-time PCR, often require the use of costly
fluorescent dyes and optical sources/detectors, which can
impose limitations in some applications. In contrast, OFET
technology provides a straightforward platform for creating
cost-effective, scalable, and flexible devices that offer advant-
ages such as air stability, low power consumption, biocom-
patibility, and easy surface modification. These features make
OFET-based sensors suitable for detecting various analyte spe-
cies across different fields of application [33].

Khan et al [34] introduced a novel detection scheme using
OFETs as the electrical read-out platform for in situ and
real-time detection of DNA targets with short chains select-
ively (figure 3(b)). In order to modify the surfaces of the
OFETs, they employed a technique named plasma-enhanced
chemical vapor deposition to introduce a thin maleic anhyd-
ride polymer layer. This modification enabled the attach-
ment of peptide nucleic acid (PNA) strands covalently. These
PNA strands were utilized as superior candidates for detect-
ing the target DNA, benefiting from their enhanced affin-
ity, selectivity and stability in comparison to the DNA coun-
terparts. The experimental findings demonstrated that the
OFET sensor achieved comparable affinity constants to those
observed with a highly sensitive surface plasmon fluores-
cence spectroscopy detection system when detecting in situ
hybridization. Moreover, the OFET devices exhibited excel-
lent discrimination between single-base and double-base mis-
matches within the target DNA sequence. This study rep-
resents the first documented instance of label-free in situ
detection of target DNA sequences using OFET sensors,
offering promising prospects for future advancements in
the field of DNA sensing.

Most of these sensors cannot be operated in liquids due
to the sensitivity of OSCs to oxygen and humidity. Lai et al
[35] developed a DNA-hybridization sensor, operating in
aqueous environments at low voltages with high sensitivity
and selectivity, as illustrated in figure 3(c). The sensor relies on
the change in the threshold voltage of the OFET for detection.
However, it is important to note that the sensing layer is sep-
arate from the OSC, indicating that the sensing mechanism is
independent of the characteristics of the OSC, which is partic-
ularly important since the stability of the semiconductor limits
the operability of many devices. The proposed structure, called
organic charge-modulated FET, introduces a control elec-
trode integrated on the substrate, fully exploiting the advant-
ages of organic technology while avoiding its drawbacks.
The results highlight a remarkable limit of detection (LOD)
in DNA hybridization and enhanced sensitivity in detect-
ing single nucleotide polymorphisms for organic devices,
surpassing previous research in this field. Additionally, the
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Figure 3. Glucose sensor: (a) using OFET to detect saliva-range glucose concentrations. Reprinted from [31], with the permission of AIP
Publishing. DNA sensor: (b) utilizing OFETs for label-free, in situ detection of DNA. [34] John Wiley & Sons. [Copyright © 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (c) Development of an ultralow voltage sensor based on OTFTs for the label-free
detection of DNA. [35] John Wiley & Sons. [Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. Enzyme sensor:
(d) enzymatic sensor based on an extended-gate OFET for selective nitrate detection. Reprinted from [36], Copyright (2016), with
permission from Elsevier. (e) An enzymatic sensor utilizing an extended-gate-type organic transistor for the detection of dopamine in
human urine. Reproduced from [37]. CC BY 4.0. Gas sensor: (f) a novel approach utilizing organic heterojunction devices based on
phthalocyanines. Reproduced from [38]. CC BY 4.0. (g) A highly selective sensor for facilitated detection of H2S based on electron
affinity. Reproduced from [39]. CC BY 3.0. (h) Utilizing a solvatochromic medium with twisted intramolecular charge-transfer
behavior for the detection of ammonia gas. Reprinted with permission from [40]. Copyright (2021) American Chemical Society.
(i) Achieving the sensitivity of NO2 detection by controlling the grain boundaries of organic semiconductors through the application of
solvent vapor annealing. Reproduced from [41]. CC BY 4.0.
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results are comparable to the FET-based DNA sensors with
inorganic materials as the active layers. These outcomes are
due to the utilization of gate dielectric with high capacit-
ance, obtained by combining materials and optimizing the
interface of the device.

2.4. OFET-based enzyme sensors

OFET based enzyme sensors are biosensors that utilize the
OFET technology to detect andmeasure various biomolecules.
The OFETs are constructed using organic materials as semi-
conductors and can detect the change in the conductance
of the active layer caused by the interaction between the
enzyme and the substrate.

The first selective nitrate biosensor device was reported by
Minami et al [36] in 2016. The device utilized an extended-
gate type OFET functionalized with a mediator (specifically,
a 1/4a bipyridinium derivative) and a nitrate reductase enzyme,
along with an OFET-based transducer. Poly{2,5-bis(3-
hexadecylthiophene-2-yl)thieno[3,2-b]thiophene (pBTTT)
(with C16 chains) was used as the semiconductor layer
(figure 3(d)). The mechanism of nitrate detection involves
an electron-relay effect on the gate electrode (extended), lead-
ing to changes in the electric properties of the OFET. The
nitrate biosensor was found to have a detection limit of 45
parts per billion (ppb) in water, demonstrating sensitivity
comparable to conventional detection methods. Additionally,
the OFET biosensor was used to successfully detect nitrate
in diluted human saliva, with results consistent with those
obtained using conventional colorimetric measurement.

Dopamine, a neurotransmitter, serves an important role in
regulating several physiological functions in the human body,
such as mood, attention, movement, and the reward system.
Ohshiro et al [37] introduced a highly selective dopamine bio-
sensor in human urine using an extended-gate-type OFET-
based approach, employing a laccase-linked mediator. PBTTT
(with C14 chains) was used in this case (figure 3(e)). The
detection mechanism of this biosensor relies on the oxida-
tion of dopamine through the enzymatic action of laccase in
the presence of a mediator. This oxidation process induces
an electronic relay on the gate electrode (extended), leading
to a measurable quantitative change in the transistor charac-
teristics. By incorporating an enzyme-linked self-assembled
monolayer (SAM) on the extended-gate electrode, the OFET
demonstrates selective detection of dopamine while minim-
izing interference from other substances. The detection limit
of the OFET-based sensor is determined to be approxim-
ately 0.029 ppm (0.19 µM) using the 3σ method, mak-
ing it well-suited for the detection of dopamine levels in
human urine, considering the typical concentration range
of urinary dopamine (<0.39 ppm, 2.5 µM). Furthermore,
the viability of this biosensor for urinalysis is demonstrated
through successful spike-and-recovery tests performed on
non-diluted human urine samples without any prior treatment,
revealing a high degree of accuracy with recovery rates
ranging from 97% to 104%.

2.5. OFET-based gas sensors

OFET gas sensors have emerged as a promising platform
for high sensitivity, efficiency, low cost, and mechanical
flexibility [42]. OFET gas sensors have diverse applications in
healthcare, food quality control, and air pollution monitoring
[42]. OFET-based gas sensors have been extensively stud-
ied, and various protocols have been developed for high-
performance gas sensing [43]. The sensing mechanism of
OFET gas sensors relies on the ability of OSCs to undergo
noncovalent π-interactions with analyte molecules, which trap
charge carriers and result in a change in the electrical prop-
erties of the semiconductor [11]. Additionally, OFET gas
sensors can be repeatedly used, as the trapped charge carriers
can be detrapped by applying an opposite voltage [11]. The
development of nanostructured receptors and ultrathin OSC
films has further enhanced the sensitivity and selectivity of
OFET gas sensors [10, 44].

Figure 3(f) illustrates a simplified depiction of the sens-
ing mechanism employed by gas sensors that utilize organic
heterostructures to leverage their electrical properties [38]. In
this mechanism, redox gases interact with the sensing layer
of the heterostructure, either donating or withdrawing elec-
trons based on their oxidizing or reducing characteristics. This
interaction induces chemical doping within the sensing layer,
leading to alterations in the electrical output of the transducer.
These alterations manifest as an increase or decrease in cur-
rent, depending on the concentration of the gas. It is import-
ant to acknowledge that the specific sensing mechanism may
vary dependent on the arrangement of the heterostructure and
its incorporation into the transducer circuit. The incorpora-
tion of organic heterostructures in gas sensors has exhibited
advancements in multiple metrological and analytical para-
meters. Establishing uniform definitions for these parameters
across all sensor types can be challenging. However, in the
context of gas sensors, sensitivity pertains to the relative vari-
ation in response per unit alteration exposed to the sensor.
Selectivity denotes the sensor’s ability to generate an output
signal specific to a particular analyte in the existence of gas
mixtures. The operational range of a gas sensor, along with
the LOD representing the minimum accurately measurable
concentration of the target analyte, are crucial factors to con-
sider. The kinetics of the sensor’s response, which encompass
response and recovery times, also hold significant importance
in assessing the metrological performance of gas sensors.

Yuvaraja et al [39] introduced a novel hybrid
heterostructure comprising a polymer-monomer heterostruc-
ture derived from CP (PDVT-10) and a recently repor-
ted monomer [tris(keto-hydrazone)] in an OFET platform
(figure 3(g)). This hybrid structure exhibits remarkable sens-
itivity (525% ppm−1) and selectivity to H2S gas, accom-
panied by a low LOD (1 ppb), excellent ambient stability
(approximately 5% current degradation over 150 d), and
favorable response-recovery characteristics. Additionally, the
PDVT-10/tris(keto-hydrazone) OFET sensor demonstrates
outstanding electrical behavior and reproducibility in gas
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response. These significant findings pave the way for the
integration of advanced gas sensors into a diverse range
of applications.

Oh et al [40] developed an OFET gas sensor by integrating
Nile red (NR), a solvatochromic dye with twisted intramolecu-
lar charge-transfer (TICT) behavior, as an auxiliary sens-
ing medium (aNR-SM) in their design (figure 3(h)). When a
polar molecule like ammonia (NH3) approaches, NR exper-
iences intra-charge transfers, causing the donor functional
group to twist and increasing the dipole moment. The Top-
NR configuration, with the aNR-SM covering only the top of
the OSC layer, demonstrated superior gas sensing perform-
ance. Compared to the pristine case, this configuration showed
enhanced response and recovery rates, measuring 46% and
94%, respectively, compared to the pristine case. They also
observed a sensitivity of 0.87 ± 0.045 ppm−1% with excel-
lent linearity (0.999) across the measured NH3 concentra-
tions, resolving the saturation problem in the OFET-based gas
sensor. These findings not only enhanced the performance of
the OFET biosensor but also provided a reliable sensing per-
formance by utilizing the solvatochromic and TICT behaviors
of the auxiliary sensing medium.

Enhancing the performance of gas sensors relies signific-
antly on the microstructure of the OSC. Junsheng Hou et al
[41] introduced a solvent vapor annealing (SVA) process in
order to control the morphology of the active layer (6,13-
bis(triisopropylsilylethynyl)-pentacene, TIPS-pentacene), res-
ulting in highly sensitive nitrogen dioxide (NO2) sensors based
on OFETs (figure 3(i)). Comparative analysis with pristine
devices showed that toluene SVA-treated devices exhibited
a ten-fold increase in responsivity when exposed to 10 ppm
NO2, achieving a detection limit as low as 148 ppb. In-
depth analysis demonstrated that the SVA process led to the
development of compact grain boundaries within the TIPS-
pentacene films, amplifying the adsorption capacity for gas
molecules and leading to heightened sensitivity towards NO2.
This uncomplicated SVA technique presents a proficient and
dependable approach for attaining NO2 sensors based on
OFETs with remarkable sensitivity.

3. OECT biosensors

3.1. The working principle of OECT biosensors

Figure 4 illustrates the distinctions between OFET, EGOFET,
and OECT. Typically, OFETs consist of a channel OSC layer
and a gate electrode that are detached by a dielectric insu-
lated layer. Applying a voltage to the gate electrode gener-
ates electrostatic charges at the interface, specifically the gate,
altering the conductance of the channel [24] (figure 4(a)).
Replacing the conventional solid gate dielectric with an elec-
trolyte brings about the generation of an electrical double layer
(EDL) at the boundary connecting the organic semiconducting
layer and electrolyte. This modification gives rise to a distinct
type of OFET called an EGOFET. Compared to OFETs,
EGOFETs have a significantly higher capacitance, allowing

them to operate at reduced gate voltages, commonly below
2 V [46, 47] (figure 4(b)). When the channel material permits
ion permeability, it allows for the accumulation of charges
throughout the entirety of the channel material’s volume, lead-
ing to the formation of an OECT [48] (figure 4(c)). In OECTs,
nano-crystallites or singular polymer chains create a capa-
citive interface, leading to a volumetric capacitance that can
be orders of magnitude larger than the EDL capacitance. It
is worth noting that OECTs typically exhibit slow operating
speeds since they rely on the migration of ions through a solid
medium. Typical OECTs are limited to operating below the
kHz frequency range, which is considerably lower compared
to the MHz range achieved by OFETs [49–51].

The operating mode (depletion mode or accumulation
mode) of the OECT is determined by the inherent con-
ductivity of the channel material in its initial, pristine state,
i.e. without a gate voltage [45]. When a channel material
with a high conductivity and an abundance of free charge car-
riers, for instance, poly(3,4-ethylenedioxythiophene) doped
with PEDOT:PSS, is utilized in an OECT, the device operates
in the depletion mode. PEDOT:PSS is a widely recognized
example of a mixed ionic-electronic conductor that enables
efficient charge transport in both ionic and electronic forms,
making it suitable for depletion-mode OECT operation. In
the case of depletion-mode OECTs, when no gate voltage is
applied, the transistor is ‘on’, due to the compensating effect
of the sulfonate groups in poly(styrene sulfonate) (PSS) on the
mobile holes in the PEDOT channel. However, when applying
a positive gate voltage, the transistor switches off. This occurs
because injected cations replace the holes, leading to a reduc-
tion in conductivity and turning off the device. On the other
hand, accumulation mode OECTs employ undoped organic
semiconducting materials as the channel in their pristine state
when no gate voltage is applied, the device is off. However,
when applying a gate voltage, ions are flowing into the chan-
nel, doping it and increasing its conductivity. This allows
mobile carriers to accumulate in the channel, resulting in the
activation of the transistor and turning the device on.

The transconductance (gm) is a critical performance metric
for OECT device, which measures the device’s ability to amp-
lify an input signal by correlating the alteration of the drain
current (ID) with the variation of the gate voltage (VG). To
calculate the transconductance, one must take the first derivat-
ive of the transfer curve, which is influenced by biasing con-
ditions and the channel geometry. Therefore, it is crucial to
account for device geometries, such as the channel width (W),
channel length (L) and film thickness (d), when evaluating and
comparing the performance of various OECT channel materi-
als. A widely used model for depletion mode OECT, proposed
by Bernards et al [52], expresses the transconductance in the
saturation regime as

gm =
∂ID
∂VG

=
Wd
L

µnC
∗ (Vth −VG) .

The transconductance is calculated by factors such as the
charge-carrier mobility (µ), the volumetric capacitance (C∗),
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Figure 4. Basic working principles of OECT. Reproduced from [45]. CC BY 3.0.

and the threshold voltage (V th). While µ is commonly used
in OFET and EGOFET literature for assessing semiconductor
performance, in the context of OECT materials, there is a not-
able shift in using the µC∗ product as a benchmark for defin-
ing semiconductor performance. OECTs exhibit significantly
higher channel capacitance compared to OFETs, leading to the
ability to achieve larger drain currents under equal geomet-
ries and biasing conditions. This increased channel capacit-
ance directly contributes to larger transconductance values in
OECTs. The enhanced capacitance allows for more efficient
modulation of the drain current, resulting in improved signal
amplification capabilities of OECT devices. OECTs demon-
strate a remarkable increase in channel capacitance, enabling
them to achieve substantially higher drain currents compared
to OFETs under similar biasing conditions and geometries.
This enhanced channel capacitance empowers OECTs to facil-
itate a more efficient modulation of the drain current, resulting
in significantly larger current outputs. Consequently, OECTs
are expected to have much larger gm values. Typically, OECTs
demonstrate gm values in the mS range, whereas OFETs and
EGOFETs have reported values in the µS range [49]. A note-
worthy characteristic of OECTs, which distinguishes them
from other types of OFETs, is their inherent capability to
operate at low working voltages, typically below 1 V. This
feature is particularly significant as it renders OECTs highly
suitable for applications in biological systems. The low operat-
ing voltages minimize the risk of electrochemical reactions or
damage to delicate biological samples, making OECTs well-
suited for interfacing with biological materials, such as cells
or tissues. This exceptional property underscores the potential
of OECTs in a wide range of bioelectronic applications where
low-voltage operation is essential for maintaining the integrity
and functionality of biological systems.

OECT biosensors are a type of biosensor that utilize con-
ducting materials as the active material in their sensing mech-
anism. The pliability of its mechanical properties, adaptability
to various fabrication techniques, and capacity to assume dis-
tinctive form factors have made bioelectronic integration feas-
ible for capturing electrophysiological signals (such as neural
and cardiac signals) as well as physical and chemical signal
transduction, both in vitro and in vivo [19, 49]. As an ampli-
fying transducer, an OECT can function as a sensor and can

be easily incorporated into uncomplicated amplifying circuits
[53]. The uncomplicated nature of OECTs arises from their
simplified design, ease of fabrication, and compatibility with
organic and flexible substrates. These characteristics make it
easier to incorporate OECTs into amplifying circuits without
requiring extensive modifications or complex circuitry. Based
on those merits mentioned, OECT-based architectures are
highly suitable for use as biological sensors. In this section,
we primarily discussed the operational mechanisms and
explored the latest applications of biological sensors based on
OECT technology.

Over the last two decades, OECTs have been extensively
studied for their distinctive properties and applications in
diverse fields, such as neural interfaces, printed circuits, neur-
omorphic devices, clinical and biomedical research, and chem-
ical and biological sensors [9]. OECTs have been utilized as
both recording and stimulation devices in electrophysiological
signals and can measure cell coverage, barrier tissue organ-
ization, and cellular microenvironment (figure 5). Compared
to impedance sensing, OECTs have superior performance and
can operate in complex environments like blood and milk,
facilitating multi-analyte assays in complex environments.
OECT-based biosensors can detect metabolites in electrolytes
or body fluids, enabling early detection of human diseases.
OECTs can be easily integrated with various fabrication tech-
niques, resulting in flexible and wearable applications. They
possess ultra-high transconductance, stability in electrolytes,
cytocompatibility, and can be biofunctionally modified, mak-
ing them suitable for bioelectronics fabrication. Conducting
polymers were used to prepare OECTs, facilitating the mod-
ulation of the biochemical, mechanical, and electrochem-
ical microenvironment of cells and enabling the monitoring
of cell behavior.

3.2. OECT-based enzyme sensors

The OECT biosensors most frequently utilized are typically
associated with enzymes [9]. Enzymatic OECT sensors oper-
ate based on the following sensing mechanism: Immobilized
enzymes on the gate electrode of OECTs catalyze substrates
to enzymatic products, causing electron gain or loss on the
electrode. This leads to concurrent changes in the channel
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Figure 5. Exploration of applications in biological systems using
OECTs. Reproduced from [9]. CC BY 4.0.

current, transmitting electrical signals to the gate electrode. To
maintain charge neutrality in both the ionic and electronic cir-
cuits, the conducting polymer film was permeated by a cation,
compensating for the anionic polymer (e.g. PSS−) and repla-
cing the cationic polymer (e.g. PEDOT+). As a result, Veff

g is
altered, resulting in a logarithmic reduction in channel current
proportional to the concentration of enzymatic substrates.

The first application was pioneered by Nishizawa et al [54],
who utilized the penicillinase enzyme to establish a relation-
ship between the conductivity of the polypyrrole material and
the pH changes. However, the pH-dependent nature of the
polypyrrole film constrained its linearity range, and it was
unable to regulate neural pH environments effectively. Later,
PEDOT:PSS has emerged as a powerful material for OECT
sensors owing to the stability across a wide pH range, mak-
ing it suitable for enzymatic sensing in neutral environments

[55]. The small bias potentials between gate and channel pre-
vent electrolyte hydrolysis, and the transistor’s initial proper-
ties are sufficient for detecting various analytes. PEDOT:PSS
has since played a significant role in OECT enzymic sensors.

Braendlein et al [56] developed an electronic platform for
accurately sensing metabolites in highly interfering samples,
such as cell culture media. The active layer in this elec-
tronic platform was composed of PEDOT:PSS. The platform
employs a sensor circuit with a reference, which integrates
included two OECTs with different functionalization in a
Wheatstone bridge layout, as shown in figure 6(a). In the
biofunctionalization scheme utilized for the sensing OECT,
the gate of the device was biofunctionalized by immobiliz-
ing an oxidase-type enzyme, specifically lactate oxidase, along
with an electrochemical mediator. This biofunctionalization
strategy made the sensor highly specific to detecting lactate,
enabling accurate and targeted measurements. In a similar
manner, the gate electrode of the reference OECT was sub-
jected to biofunctionalization. However, instead of using lact-
ate oxidase, a nonspecific protein (bovine serum albumin) was
immobilized on the gate electrode. This ensured a compar-
able surface environment and response time between the sens-
ing and reference OECTs. To establish a calibration curve for
lactate detection, the researchers measured the chronopoten-
tiometric response of the Wheatstone bridge sensor in both
OECTs after adding increasing concentrations of lactate into
the wells. The obtained calibration curve was generated using
lactate solutions in buffer (1 × phosphate-buffered saline
(PBS)). To assess the sensitivity of their device, the research-
ers performed a titration curve to assess the response of their
lactate sensor when exposed to increasing levels of lactate
in cell media. The cell media was incubated with peripheral
blood mononuclear cells to simulate a realistic physiological
environment. The results of their study demonstrated that their
device exhibited high sensitivity, capable of detecting lact-
ate produced by a limited number of cells (approximately
tens). Moreover, the device showed the ability to distinguish
samples with elevated lactate concentrations compared to con-
trol samples. This indicates the device’s potential for precise
and reliable detection of lactate levels, even in scenarios where
lactate production is relatively low or when higher lactate
concentrations are present. In the calibration curve conduc-
ted in PBS, the obtained signal showed saturation and some
noise. However, when the calibration curve was performed
using cells, the signal remained linear up to an NR (normal-
ized response) value of 0.1. This indicates that the device’s
response to lactate concentration in the presence of cells exhib-
its a linear relationship over a wider range, providing more
accurate and reliable measurements within that range com-
pared to the calibration in PBS.

The distinctive biological behavior and pharmacological
activity demonstrated by different enantiomericα-amino acids
have attracted considerable interest. In a notable study con-
ducted by Zhang et al [57] in 2020, an OECT-based bio-
sensor was developed for the selective identification of vari-
ous α-amino acids. The biosensor utilized PEDOT:PSS as a
key component and showed promise for potential applications
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Figure 6. Enzyme sensor: (a) detection of lactate in tumor cell cultures utilizing OECTs. [56] John Wiley & Sons. [© 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim]. (b) An enzyme-based sensor platform for the detection of α-amino acid enantiomers employing
PEDOT-PSS. Reproduced from [57]. © 2020 The Electrochemical Society (‘ECS’). Published on behalf of ECS by IOP Publishing Limited.
All rights reserved. Cell sensor: (c) the application of OECTs in the development of cell-based biosensors. [58] John Wiley & Sons.
[Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (d) Advancement of an innovative OECT-based platform to
monitor the green vegetative phase in previously senescent Haematococcus pluvialis cells. Reproduced from [59]. CC BY 4.0. Antibody
sensor: (e) ultra-sensitive protein detection using OECTs fabricated on plastic substrates. Reproduced from [60]. © IOP Publishing Ltd. All
rights reserved. (f) Achieving highly sensitive detection of protein biomarkers using OECTs. [61] John Wiley & Sons. [© 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. DNA sensor: (g) utilizing OECTs and nucleic acid self-assembly signal
amplification for a sensitive DNA detection platform. Reproduced from [62] with permission from the Royal Society of Chemistry.
(h) Polydopamine-functionalized OECTs for monitoring DNA hybridization. Reproduced from [63]. CC BY 4.0.
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in chiral recognition of enantiomers (figure 6(b)). In addi-
tion to PEDOT:PSS, several other conjugated semiconductor
materials have been specifically engineered to cater to the
needs of OECT-based sensors. Pappa et al [64] developed a
transistor platform at micrometer-scale for detecting lactate,
a crucial metabolite involved in cellular metabolic pathways
linked to essential health status. P-90 is a conjugated poly-
mer with an n-type character that serves as the active mater-
ial in our device. It is based on an NDI-T2 copolymer, which
combines an electron-rich unit (T2) and an electron-poor unit
(NDI). The approach utilizes an electron-transporting OSC
with hydrophilic side chains to improve ion transport and
facilitate enzyme conjugation. The device integrates redox
enzymes and functions as a network with the ability to switch
between the reduced and neutral states. This design enables
rapid, selective, and sensitive detection of metabolites. This
technology can potentially harness the power of enzymes to
drive efficient energy generation and storage, making it a
promising avenue for biosensor and energy research.

3.3. OECT-based cell sensors

Researchers have developed a technique that involves coupling
OECTs with live mammalian cells to monitor their responses
and properties, such as toxicity and diagnostics. Bolin et al
[65] were the first to successfully couple OECTs with cells
and detect cell gradients on the OECT channel. They achieved
this by seeding Madin Darby canine kidney (MDCK) epi-
thelial cells for OECTs and creating a potential gradient using
a channel bias. By controlling the gate and source voltages,
they could modulate the potential gradient of the channel,
which in turn affected the MDCK cell and resulted in a
gradient of cell quantity.

In 2010, Peng Lin and colleagues [58] published a study
in which they developed sensors that combined OECTs with
fibroblasts and cancer cells to sense cell activities in an in vitro
environment (figure 6(c)). These sensors operate based on the
electrostatic interactions occurring at the interfaces between
the cells and the reactive layer of the OECT. Due to its high
sensitivity to surface charge changes caused by cell adhesion,
the device is well-suited for solution processing, enabling the
creation of miniature and integrated cell-based sensors. This
feature holds great potential for enhancing cell-based testing,
including drug screening and toxicity testing. Haematococcus
pluvialis (H. pluvialis), a freshwater unicellular microalga, is
highly valued for its astaxanthin metabolite, a potent antiox-
idant. To induce maximum astaxanthin production, precisely
distinguishing the senescent green vegetative phase of H. plu-
vialis cells is crucial for the targeted utilization of growth
promoters. However, conventional methods for determining
this phase are labor-intensive and time-consuming. To address
this, a new platform was developed by Zhang et al [59] using
OECTs. The OECTs detected significant changes in channel
current when H. pluvialis cells settled on the PEDOT:PSS
layer. The senescent green vegetative phase was determined
through blue light irradiation and sodium bicarbonate addit-
ives, reaching a stationary stage at approximately 120 min

post-treatment. Consequently, the optimal timing for applying
astaxanthin production inducers was established as 120 min
after sample loading, utilizing the OECTs in their original
configuration. This research holds promise for the develop-
ment of a real-time biosensor capable of indicating the pre-
cise moment to administer inducers for maximal astaxanthin
yield in H. pluvialis cells. Figure 6(d) presents a measure-
ment setup utilizing an OECT array for detecting the initi-
ation of the senescent green vegetative phase in H. pluvialis
cells [59]. The platform incorporates a PEDOT:PSS film, a
conducting polymer, as the functional layer of the OECT.
The source and drain electrodes are fabricated with a pat-
terned film of Cr/Au. The growth medium, enclosed within
PDMS, acts as the electrolyte, while a Pt wire submerged
in the electrolyte and acted as the gate electrode. Following
treatment involving sodium bicarbonate solution additives and
blue light irradiation, the channel current of the OECT under-
goes changes when H. pluvialis cells settle onto the device,
signifying the initiation of the vegetative phase in previously
senescent cells.

3.4. OECT-based antibody sensors

The early detection of severe diseases relies heavily on
identifying protein biomarkers. While there have been numer-
ous advances in achieving highly sensitive protein detec-
tion over the last decade, most of these methods involve
complex assay setups that make them unsuitable for on-the-
spot diagnosis and point-of-care applications. Luisa Torsi
and colleagues [60] have presented a biosensor employing a
printed OECT on plastic substrates for the highly selective
detection of Immunoglobulin G (IgG). The obtained results
exhibit concentrations significantly lower than the detect-
able thresholds of conventional clinical diagnostic enzyme-
linked immunosorbent assays, comparable to those achieved
using label-dependent singlemolecule arrays. This study high-
lights the versatility and effectiveness of plastic OECT-based
biosensors in immunoassay technology, providing advant-
ages such as simplicity, affordability, non-invasiveness, and
remarkable sensitivity. Figure 6(e) depicts the schematic struc-
ture of the OECT [60]. The PEDOT:PSS device channel is
located on a plastic substrate and connected by gold elec-
trodes serving as the source and drain. The gate electrode
is constructed using a gold-plated Kapton foil and modified
with a condensed SAM containing immobilized anti-IgGs.
The channel region is enclosed within a polydimethylsilox-
ane well, which contains 300 µl of 10 mM PBS, creating
an electrochemical linkage between the gate electrode and
the PEDOT:PSS channel.

Feng Yan and colleagues [61] have introduced a novel
biosensor utilizing an OECT to achieve ultrahigh sensitiv-
ity in detecting cancer protein biomarkers. Existing low-cost
electrochemical approaches often lack the necessary sensit-
ivity for detecting low-concentration protein biomarkers in
physiological environments. In this investigation, the bio-
sensors detect variations in electrochemical activity on gate
electrodes, correlating with the concentration of proteins
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labeled with catalytic nanoprobes. Notably, the biosensors
demonstrate the capability to detect the cancer biomarker
human epidermal growth factor receptor 2 (HER2) at con-
centrations as low as 10−14 g ml−1, surpassing the sensitiv-
ity limits of previously reported electrochemical methods by
several orders of magnitude. Additionally, the devices exhibit
the capacity to discriminate between breast cancer cells and
normal cells at different concentrations. The remarkable sens-
itivity of the protein sensors arises from the inherent ampli-
fication function of the OECTs. This investigation showcases
a promising avenue in the advancement of cost-effective and
highly sensitive biosensors for the detection of diverse pro-
tein biomarkers in clinical analysis. Figure 6(F) depicts the
configuration of an OECT-based biosensor employed in the
detection of the cancer cell protein biomarker HER2 [61].
Initially, the biosensor undergoes a gate modification pro-
cess, enabling it to identify the presence of HER2 protein
biomarker and cancer cells. The subsequent steps involve
the fabrication of a multifunctional nanoprobe with excep-
tional electrochemical activity, as portrayed in the diagram
below. Following this, OECTs featuring functionalized gates
are evaluated in liquid electrolytes to assess their perform-
ance. The middle section of the figure showcases three vari-
ations of gates, each modified with HRP, HER2 protein,
or cancer cells, to enable specific detection capabilities in
the OECTs. Finally, the right side of the figure demon-
strates an equivalent circuit representing the interconnection
between the gate and the channel of an OECT immersed in
an electrolyte.

3.5. OECT-based DNA sensors

Detecting DNA with high sensitivity is crucial for identify-
ing genetic damage, errors, and diagnosing diseases. However,
current methods for highly sensitive OECT-based DNA detec-
tion rely on the use of materials with good conductivity, which
can be can sometimes be challenging due to the complex-
ity of their synthesis and modification processes. Chen et al
[62] proposes a DNA biosensor that combines OECTwith sig-
nal amplification through hybridization chain reaction (HCR).
To enhance the surface area, the biosensor employs electro-
chemically deposited Au nanoparticles on the Au gate elec-
trode. The HCR process generates long double-stranded DNA
products with a negative charge that can connect to the tar-
get DNA through hybridization. This connection results in
an increased effective gate voltage offset in the OECT. The
experimental findings highlight the high sensitivity of this
approach, capable of detecting target DNA as low as 0.1 pM,
accompanied by a significant voltage shift. Moreover, the bio-
sensor exhibits good selectivity in distinguishing target DNA
from mismatched DNA. By efficiently amplifying the signal
in the OECT, the proposed HCR-based DNA detectionmethod
opens up new possibilities for achieving highly sensitive and
selective DNA detection (figure 6(g)).

Sensi et al [63] introduced a rapid and convenient method
to modify the carbon gate of fully screen-printed OECTs

for biosensing applications (figure 6(h)). OECTs are extens-
ively employed in biosensing due to their exceptional sens-
itivity, wide dynamic range, and low LOD. Conventionally,
the immobilization of a biorecognition probe on the gate or
channel of an OECT involves multiple time-consuming chem-
ical procedures. In their study, they employed a polydopamine
(PDA) film to functionalize the carbon gate of an OECT. They
chemically immobilized a single-stranded oligonucleotide,
terminated by an amine and contained the HSP70 promoter
CCAAT sequence. The CCAAT sequence was layered on the
PDA film, enabling the detection of the compatible DNA
strand. The specificity of the genosensor was assessed by com-
paring its response to fully complementary, partially comple-
mentary, and noncomplementary oligonucleotides. The sensor
demonstrated a theoretical LOD of 100 × 10−15 M and a
dynamic range spanning four orders of magnitude.

4. Conclusion

Organic electronics-based biosensors offer significant advant-
ages over conventional biosensors, including low-cost, light-
weight, and flexible sensing devices. This review focused on
two types of organic biosensors, OFETs and OECTs, and
highlighted their fundamental operating principles and recent
advancements.While OFET biosensors have beenwidely used
for biological sensing applications, they suffer from limita-
tions such as low sensitivity and selectivity. In contrast, OECT
biosensors have shown superior performance due to their
unique mechanism of operation, which involves the modula-
tion of electrolyte concentration to control the conductivity of
the conducting polymer. Recent advancements in OECT bio-
sensors have demonstrated their potential for biomedical and
environmental sensing, including the detection of neurotrans-
mitters, bacteria, and heavy metals. As the science of organic
electronics advances, these biosensors have the potential to
revolutionize the field of biosensing by playing an increasingly
significant role in fields as diverse as healthcare, food safety,
and environmental monitoring.

5. Future perspectives

Biosensors have revolutionized various industries by enabling
rapid and accurate detection of biological and chemical sub-
stances. However, despite significant progress, there are still
unresolved challenges that require attention in the field of bio-
sensor development.

In terms of OFET biosensors, the main disadvantage is
their limited sensitivity and selectivity, which can lead to
false positive or false negative results. To enhance the sens-
itivity and selectivity of OFET biosensors, researchers can
explore the development of new OSCs. These semiconducting
materials can be carefully selected and optimized to pos-
sess improved charge transport properties and higher sens-
itivity towards target analytes. By utilizing these advanced
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materials, the detection limits of OFET biosensors can be sig-
nificantly improved, enabling more reliable and accurate res-
ults. Device design plays a vital role in the performance of
OFET biosensors. By optimizing the architecture and config-
uration of the device, researchers can enhance sensitivity and
selectivity. Additionally, integrating OFET biosensors with
other technologies, such as microfluidics, holds great prom-
ise.Microfluidic systems allow for precise control over sample
delivery, efficient mixing, andmultiplexed analysis. The integ-
ration of microfluidics with OFET biosensors can lead to
improved performance, expanded applications, and increased
versatility in biomedical diagnostics, environmental monitor-
ing, and other fields.

For OECT biosensors, the main challenge is achieving
reproducibility and stability of the device performance. This
is due to the complex interplay between the conducting poly-
mer, electrolyte solution, and biological analytes. To address
the challenge of reproducibility and stability, future research
efforts should focus on developing more stable and repro-
ducible OECT biosensors. This can be achieved through
optimization of device fabrication processes and materials.
Researchers can explore new conducting polymers and elec-
trolyte formulations that offer improved stability and compat-
ibility with biological analytes. By enhancing the stability and
reproducibility of OECT biosensors, their reliability can be
significantly improved, making them more suitable for prac-
tical applications. Furthermore, exploring new device archi-
tectures can enhance the performance of OECT biosensors.
Novel electrode configurations, such as patterned electrodes
or three-dimensional structures, can increase the surface area
for analyte interaction and enhance charge transport. These
advancements can lead to improved sensitivity, selectivity, and
overall performance of OECT biosensors.

The future directions of OFET and OECT biosensors
involve addressing the limitations mentioned above and
developing more advanced devices with enhanced sensitiv-
ity, selectivity, reproducibility, and stability. By focusing
research and development efforts on these aspects, signific-
ant improvements can be achieved in the field of biosensing
technology. In a comprehensive perspective, the advance-
ments in OFET and OECT biosensors hold great potential
for a wide range of biomedical and environmental applic-
ations. These technologies have the power to revolutionize
fields such as medical diagnostics, environmental monitoring,
food safety, and more, ultimately leading to major improve-
ments in sensing technology and positively impacting various
industries and sectors.
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