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Abstract: The continued advancement of organic electronic technology will establish organic elec-
trochemical transistors as pivotal instruments in the field of biological detection. Here, we present
a comprehensive review of the state-of-the-art technology and advancements in the use of organic
electrochemical transistors as biosensors. This review provides an in-depth analysis of the diverse
modification materials, methods, and mechanisms utilized in organic electrochemical transistor-
structured biosensors (OETBs) for the selective detection of a wide range of target analyte encom-
passing electroactive species, electro-inactive species, and cancer cells. Recent advances in OETBs
for use in sensing systems and wearable and implantable applications are also briefly introduced.
Finally, challenges and opportunities in the field are discussed.

Keywords: organic electrochemical transistors; biosensors; electroactive; electro-inactive; cancer cells;
sensing systems; wearable and implantable applications

1. Introduction

Recently, biosensors have experienced vigorous development thanks to the contin-
uous improvement of fabrication techniques for electronic devices [1–3]. Biosensors can
selectively recognize specific species, leveraging the diversity of biological structures to
achieve various functionalities and meet testing requirements [4]. Additionally, they gener-
ate corresponding measurement information based on real-time changes in the detected
objectives [5], and convert this information into discernible signals according to certain
rules for dynamic monitoring [6–9]. This enables the sensing and detection of biological
substances and physiological signals, making them widely applicable in various fields, e.g.,
healthcare diagnostics, drug screening, food safety, and environmental monitoring [10–13].

In the realm of biosensing, a multitude of methods have emerged, giving rise to
diverse biosensors. Silicon biosensors harness the exceptional properties of silicon ma-
terials, enabling the specific recognition and detection of biomolecules through surface
modification, and exhibiting advantages including a high sensitivity, repeatability, and
integrability [14,15]. Quartz/crystal biosensors capitalize on the unique vibration charac-
teristics of quartz crystals, facilitating biomolecular detection with heightened sensitivity,
real-time monitoring, and label-free capabilities [16–18]. Glass biosensors exploit the chem-
ical stability and biocompatibility of glass materials, achieving the selective recognition
and detection of biomolecules via surface modification or immobilization within the glass
matrix [19,20]. Nanomaterial-based biosensors leverage the extensive surface area and
distinctive optoelectronic or electrochemical properties of nanomaterials, enabling highly
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sensitive biomolecule detection [21,22]. Common nanomaterials include gold nanoparti-
cles, carbon nanotubes, and quantum dots [23,24]. Notably, electrochemical biosensors
offer both high sensitivity and selectivity, enabling real-time monitoring of biomolecu-
lar changes [25,26]. They are characterized by user-friendly operation, portability, and
cost-effectiveness, as well as excellent repeatability and stability. Consequently, electro-
chemical biosensors hold great promise for widespread applications in biotechnology and
clinical diagnostics.

According to the working mechanism of the recognition element, biosensors can be
classified into two major categories: electroactive biosensors and electro-inactive biosen-
sor [27]. The former utilizes the oxidation–reduction properties of electroactive substances,
where the target analyte reacts with the electroactive material on the device’s surface,
resulting in changes in current or potential signals [28]; while the latter utilizes bio- elec-
trochemical technique to detect the presence or concentration of a target analyte with
bio-recognition methods [29]. These two types of biosensors primarily rely on electro-
chemical detection methods, which provide a refined and efficient approach for converting
biological information into an electrical signal [30,31]. This enables the direct detection of
various biological entities with enhanced accuracy and sensitivity [32]. In particular, an
electrochemical biosensor with a transistor structure is a classic three-terminal electrochem-
ical biosensing device [33,34]. Its features include a simple structure, rapid response speed,
dimensional flexibility, and direct readout of transduction signals [35]. Moreover, its distinct
capability to accurately detect low concentrations of analytes under a low operating voltage
contributes to its wide applicability and substantial potential for development [36,37].

The rapid development of novel functional materials further brings forth new opportu-
nities for biosensors. Organic materials, renowned for their ease of tailoring, high inherent
flexibility, and biocompatibility, have facilitated the design of electrochemical transistor-
structured biosensors and have achieved multifunctional applications [38]. The profound
coupling ability between ions and electrons exhibited by organic semiconductor active
layers contributes significantly to the enhancement of the efficient sensing of microfluidic
ions. Organic small molecules offer distinct advantages in terms of high selectivity, sen-
sitivity, and rapid response [39]. Their ability to be precisely designed and synthesized
with specific structures enables them to exhibit exceptional selectivity in identifying target
molecules while providing exceptional detection limits. However, they are susceptible to
environmental conditions, possess limited stability, and involve intricate synthesis and
purification processes. On the other hand, conjugated polymers [40] showcase remarkable
tunability and superior stability. Through chemical synthesis, their structure and prop-
erties can be precisely controlled and fine-tuned to meet diverse sensing requirements.
Conjugated polymers commonly exhibit a commendable chemical and physical stability,
allowing them to maintain their sensing performance even under varying environmental
conditions. Additionally, the sensing layers of conjugated polymers can be rejuvenated or
repaired, extending the lifespan of sensors. Furthermore, the deliberate employment of
specially designed ion-doped conjugated polymer systems has been proven to accelerate
the induction of current, enabling the attainment of highly sensitive signal transduction
and precise analysis of biological features [41–43]. However, compared with organic small
molecules, conjugated polymers may exhibit a relatively lower sensitivity and slower re-
sponse times. Overall, from the material perspective, major challenges in the development
of electrochemical biosensors include, but are not limited to, improving the electrochemical
stability of materials, optimizing interfacial transport characteristics, and improving the
recognition and selectivity of biomolecules. These challenges need to be addressed in the
future by developing novel materials and composite structures, i.e., combining conjugated
polymers with small-molecule semiconductors. Improving the mechanical flexibility and
biocompatibility of materials has the potential to revolutionize organic electrochemical
transistor-structured biosensors (OETBs). These advancements will enable the effective
detection of diverse bio-substances which have promising applications in wearable and
implantable biosensing systems [44].
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This article summarizes the technology used in OETBs and their current development
status (Figure 1). Section 1 is an introduction; Section 2 presents the basic structure and
working principles of OETBs. Sections 3–5 detail the OETBs used for detecting electroactive
species, electro-inactive species, and cancer cells. Section 6 presents the OETB-constructed
wearable and implantable human–machine interfaces. Section 7 summarizes the review
and the existing challenges, and suggests paths for further research.
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2. Basic Structure and Working Principles of OETBs

OETBs share similarities with transistors by consisting of source, drain, and gate
electrodes (Figure 2); the gate electrode, which is typically made of metal or carbon materials
such as carbon nanotubes or metal oxides [45], is the most important functional electrode
for modulating the electric field strength through redox reactions or adsorption effects [46].
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Bernard’s model is a classical model used to study the steady state. The most signifi-
cant difference between OETBs and transistors is that OETBs replace the conventional dielec-
tric layer between the gate electrode and the semiconductor film with an electrolyte [47,48].
When a potential is applied to the gate electrode, ions move into the electrolyte and enter
or leave the organic semiconductor layer [44,47,49], resulting in a change in charge density
in the organic semiconductor layer, enabling various functions such as rectification and
amplification [50,51]. When using liquid electrolytes, the response time usually falls within
the range of tens of microseconds, and this minor delay does not significantly affect electro-
physiological recording applications. Consequently, for applications that do not require an
immediate response, ion gels or solid electrolytes serve as more suitable alternatives [52].

The channel formed between the source and drain electrodes is typically made of a
polymer material with high ion conductivity, with PEDOT doped with small anions or poly-
anions as dopants, commonly PSS, being the most common [53]. This is mainly because
PSS can exist in the form of a water dispersion, allowing for easy deposition on thin films
through simple solution processing techniques [54]. The ion transport characteristics of
this organic semiconductor layer enable OETBs sensors to respond to changes in biological
or chemical molecules [55]. Additionally, diverse techniques for deposition and patterning
can be utilized for a range of substrates, such as flexible and stretchable materials. This
combination opens up new avenues for creating and designing novel device structures [56].

State and transient signals of OETBs include the ion circuit and electron circuit. In
the ion circuit, ions flow from the electrolyte solution into the organic film, altering the
doping state and conductivity of the film [36]. The gate voltage VGS and drain voltage
VDS control the injection of ions into the channel, thus regulating the doping state of the
semiconductor film. The drain current IDS reflects the doping state of the channel, which is
directly proportional to the number of mobile charge carriers in the channel. In the electron
circuit, charges flow through the path between the source, channel, and drain electrodes.
The ion flow is represented as the sum of the contact resistance and channel resistance [57],
while the ion volume in the channel is treated as a capacitance [58]. Various factors, such
as channel thickness, ion–electron mixed transport, and bilayer coupling of conjugated
polymers, influence the performance of OETBs.

3. OETBs for Electroactive Species Detection

Electroactive species, including neurotransmitters, vitamins, antioxidants, and some
electroactive metabolites, undergo electrochemical redox reactions at the functionalized
working interface of biosensors. These reactions result in a change in current that is directly
proportional to the concentration of the analyte. The concentration-dependent oxidation
current density enables the direct application of electrochemical transducer systems for the
detection of electroactive metabolites.

3.1. Neurotransmitters Detection

Dopamine plays a vital role as one of the primary neurotransmitters in the human
body, and its concentrations in bodily fluids are typically very low, ranging from the pM to
µM levels [59]. Electroactive OETBs are widely used for sensing dopamine and rely on the
gate voltage offset caused by redox chemistry at the electrode. Tang et al. [60] developed a
highly sensitive dopamine OETB and compared the efficacy of various gate electrodes, e.g.,
gold (Au) and platinum (Pt) electrodes, to optimize the sensor’s performance (Figure 3a–d).
The results showed that the sensor achieved an impressive detection limit for dopamine,
reaching approximately 5 nM. However, the simultaneous presence of ascorbic acid and
uric acid alongside dopamine in the body poses a challenge to the use of traditional electro-
chemical methods, as the responses of these three compounds often exhibit a significant
overlap. Despite the high catalytic activity and conductivity exhibited by gate electrodes
composed of traditional precious metals, such as gate electrodes made of Au and Pt, their
electrocatalytic behavior typically lacks selectivity towards dopamine.
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Depositing a modification layer on the electrode can effectively enhance the selectivity
of dopamine detection. By featuring an alkaline over-oxidized molecularly imprinted
polymer polypyrrole on the Pt gate, the OETB demonstrated a high selectivity with a signal
ratio between the target and interfering substances greater than five in the concentration
range of 400 nM to 10 µM, regardless of when the interference was introduced, while the
sensor with a bare Pt gate exhibited almost no selectivity towards dopamine.

Given the poor toxicity resistance, low natural abundance, and high cost of noble
metals, the development of precious metal-free gate electrodes has gradually garnered
attention. OETBs fabricated utilizing a Nafion and reduced graphene oxide-wrapped
carbonized silk fabric (Nafion/rGO/CSF) as a composite gate electrode exhibit excellent
dopamine sensing capabilities, including high selectivity and sensitivity [61]. The hierar-
chical structure of the composite electrode derived from natural silk fabric can effectively
prevent the aggregation of rGO and Nafion, enhancing the conductivity and amplifying
the electrochemical properties. This configuration enables the OETB sensor to achieve
an exceptionally low detection limit of 1 nM for DA, with a wide detection range from
1 nM to 30 µM. Similarly, nitrogen/oxygen-codoped carbon cloths, serving as precious
metal-free gate electrodes, also demonstrate distinct electrochemical sensing behaviors
towards ascorbic acid and dopamine [62]. This presents a novel avenue for the design of
OETBs with exceptional sensitivity and selectivity.

Compared to conventional thin-film electrodes, fiber-shaped gate electrodes may ex-
hibit superior performance, characterized by improved current amplification and response
rates. For instance, when a polyamide 6 filament was integrated with PVA-co-PE nanofibers
and a polypyrrole nanofiber network, the resulting OETBs demonstrated an enhanced
response time, stability, and reproducibility [63]. The three-dimensional nanofiber network
served as an effective platform, enabling superior sensitivity even with dopamine concen-
trations as low as 1 nM, along with excellent selectivity in the presence of interferents.

Epinephrine, a neurotransmitter and hormone, plays a vital role in many instinctive
responses [64,65]. Non-invasive and biocompatible detection methods are highly desirable
for monitoring epinephrine levels in the human body. Coppede et al. [66,67] developed an
integrated system with two OETBs on cotton fibers for non-invasive sensing of epinephrine
in human sweat. One OETB used a silver (Ag) wire as the gate electrode, while the other
employed a Pt wire. The device, based on poly(3,4-ethylene dioxythiophene)–poly(styrene
sulfonate) PEDOT–PSS-functionalized cotton yarn and Pt wire, detected epinephrine con-
centrations above 1 µM through oxidation at the platinum gate, resulting in color changes.

To enhance the sensitivity of epinephrine detection in OETBs, electrode modifications
using low-cost carbon-based nanomaterials like graphene flakes, graphene oxide, and
single-walled carbon nanotubes (CNTs) have been explored [68]. In particular, incorpo-
rating Nafion/nanomaterial-based modifications into Pt gate electrodes has proven to be
highly effective. These modified OETBs have demonstrated exceptional performances,
achieving an impressive detection limit of 100 pM. This advancement in electrode modifi-
cation holds great promise for highly sensitive and cost-effective epinephrine sensing in
OETBs. The gate electrode modified with a molecular imprinting polymer also enables the
recognition of epinephrine molecules through the voltage drop caused by redox reactions
(Figure 3e) [69]. This type of OETB has a detection limit of as low as 10 pM, making it
suitable for detecting humoral metabolites. It can be used for at least 20 cycles of detection
and can be easily recovered through a simple positive voltage cleaning process, which is
cost effective for wearable devices.
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Figure 3. (a) Electrochemical synthesis of dopamine-specific o-molecular imprinted polymer (o-MIP)
on Pt electrode. (b) Schematic representation of the OETB with overoxidized dopamine-specific MIP
as the gate electrode. (c) Cyclic voltammogram of the pyrrole (10 mM) polymerization with the
presence of dopamine template (1 mM) on Pt electrode. (d) Cyclic voltammogram of the overoxi-
dation of polypyrrole MIP in 0.5 M NaOH [60]. Copyright from 2022, American Chemical Society.
(e) Schematic illustration of the epinephrine OETB design and operational principle [69]. Copyright
from 2023, Elsevier.

Acetylcholine plays a crucial role in the central nervous system and supports learning,
memory, and muscle activity in the peripheral nervous system [70,71]. Detecting local
acetylcholine concentrations with a high sensitivity and specificity is important. Studies
have focused on the enzymatic detection of acetylcholine using bulk platinum as the gate
material. By incorporating nanomaterials like CNTs and Pt nanoparticles (Pt NPs) into
the gate electrode, its sensitivity and detection limits have been improved. Kergoat et al.
(Figure 4a) developed selective and sensitive OETBs by using Pt NPs in PEDOT–PSS
electrodes, showing a sensitivity of 4.1 mol/L·cm2 for acetylcholine [72].
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mechanism [72]. Copyright from 2014, Wiley-VCH. (b) Scheme showing an OETB, the measurement
setup used and a representation of the polyelectrolyte-conducting polymer blend. (c) Scheme of the
electrostatic immobilization strategy and the enzyme-catalyzed Ach hydrolysis [73]. Copyright from
2021, Wiley-VCH.

OETBs can be constructed using a composite material, specifically poly(3,4-ethylene
dioxythiophene)–tosylate or polyallylamine hydrochloride, as the conducting channel in
Au electrodes, which offer an ideal solution for the detection of acetylcholine. By adjusting
the ratio of polyelectrolyte to conducting polymer, the electronic and ionic properties of the
transistors can be easily controlled (Figure 4b,c) [73]. The integration of pH-sensitive amino
groups further enhances their performance: the immobilization of acetylcholinesterase
using NH2 groups enables the OETBs to detect acetylcholine within a range of 5–125 µm.

3.2. Vitamins and Antioxidants Category Detection

In addition to the aforementioned neurotransmitters, substances in the vitamins and
antioxidants category are also applicable for detection using electroactive OETBs. Ascorbic
acid, a crucial biological compound, plays a key role in various metabolic reactions [74].
The high susceptibility of ascorbic acid to oxidation makes the electroactive OETBs suitable
devices for its detection. Among the materials employed as electrode modifiers, conducting
polymers are widely used. By adjusting the concentration of oxidized sites within the
detection potential range, the charge carriers in the channel can be effectively regulated.
A typical PEDOT–PSS polymer with unique deposition techniques offers a cost-effective
alternative to expensive metal gate electrodes (Figure 5a,b), significantly reducing man-
ufacturing costs [75]. Due to its excellent mechanical properties, PEDOT–PSS is an ideal
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electrode choice for flexible OETBs specifically designed for ascorbic acid monitoring. Upon
ascorbic acid interaction, PEDOT–PSS facilitates the extraction of charge carriers from the
channel, resulting in a decrease in current. Under optimal conditions, the OETBs have a
remarkable detection limit of 10 nM and an impressive sensitivity of 4.5 µA per decade.
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in analogy to a biological synapse [75]. Copyright from 2015, Wiley-VCH. (c) Schematic diagram of an
OETB with an enzyme uricase-graphene oxide (UOx–GO)/polyaniline (PANI)/Nafion-graphene/Pt
gate. (d) Potential drops between the gate and channel of the OETB before (solid line) and after (dash
line) the addition of UA in the electrolyte (PBS solution) [76]. Copyright from 2015, Wiley-VCH.

The development of highly flexible and anti-biofouling OETBs based on polymer
materials shows potential for the long-term monitoring of ascorbic acid in the body [77].
These OETBs, composed of fiber-shaped PEDOT–PSS on a fluorine rubber insulating layer,
offer inherent flexibility, preventing tissue damage and inflammation caused by device
micro-movements. Additionally, the hydrophilic nature of PEDOT–PSS ensures resistance
to biofouling, maintaining a high sensitivity despite protein adsorption that hampers
chemical substance diffusion and compromises accuracy. The all-polymer fiber-OETBs
achieved a sensitivity of 0.587 mA per decade and provided stable 14-day monitoring of
ascorbic acid in the mouse brain.

The precise recognition of ascorbic acid is an additional crucial parameter for OETBs.
Using molecularly imprinted polymers created through the molecular imprinting technique
is an effective method for enhancing the selectivity and applicability of OETBs [78]. The
molecularly imprinted polymer-constructed OETBs demonstrate an impressive detection
limit of 10 nM with a signal-to-noise ratio (S/N) of >3 and a sensitivity of 75.3 µA per
decade. Importantly, these sensors exhibit exceptional specificity in recognizing ascorbic
acid, effectively eliminating interference from structurally similar compounds, common
metal ions, and other substances.
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3.3. Electroactive Metabolites Detection

Some of the metabolites of organic acids can participate in electrochemical reactions
under appropriate conditions, making them suitable for electroactivity detection. Uric
acid is one of the byproducts of purine metabolism in the human body [79,80]. Its basal
concentrations in physiological samples can vary significantly, typically ranging from
100 nM to 1 mM. To address the need for accurate detection of uric acid, OETBs with
Pt gate electrodes and active layers composed of EDOT–PSS have emerged as a leading
solution (Figure 5c,d) [76]. These devices have demonstrated excellent selectivity and a low
detection limit of only 10 nM, which is approximately three orders of magnitude better
than conventional electrochemical methods that use the same enzyme electrodes.

In the context of uric acid monitoring in wound exudate, a textile-based OETB config-
uration utilizing poly PEDOT–PSS has been developed [81]. This configuration has proven
to reliably and reversibly detect uric acid concentrations in synthetic wound exudate within
the biologically relevant range of 220–750 µM. Moreover, it has shown great potential in
non-invasive detection applications in the human body.

Molecular imprinting polymer-enhanced OETBs could selectively recognize uric acid
from various interfering substances. Tao et al. [82] utilized a molecular imprinting polymer
film-modified gate electrode to create OETBs based on PEDOT/rGO/cotton fibers. The in-
troduction of rGO increased the specific surface area of the fibers, resulting in the formation
of fibrous nanoclusters composed of numerous interconnected nanowires of PEDOT. As a
result, the fabricated sensor demonstrated the highest sensitivity of 100 µA and normalized
current response per decade for uric acid concentrations ranging from 1 nM to 500 µM.

Sialic acid is commonly found at the terminal end of cell surface glycoproteins and
glycolipids [83]. OETBs utilizing gate electrodes modified with multi-walled CNTs and
covalently bound 3-aminophenylboronic acid demonstrate specific recognition of sialic
acid [84]. By precisely controlling the gate voltage, these OETBs generate adaptive source-
drain channel current signals, enabling the sensitive detection of sialic acid across a range
of 0.1 to 7 mM concentrations.

4. OETBs for Electro-Inactive Species Detection

In contrast to the detection of electroactive substances, electrochemical biosensing of
inactive species relies on a cascade process that integrates bio-recognition with physico-
chemical signal transduction [85]. This involves utilizing biomolecular labels (e.g., enzymes)
and artificial mediators (e.g., molecularly imprinted polymer) to indirectly convert the
biological signal into an electrochemical signal for identification [2]. Electro-inactive species,
in this context, typically refer to biomolecules and electro-inactive metabolites which are
targeted for detection and analysis in biosensing applications [86].

4.1. Electro-Inactive Metabolites Detection

The regulation of glucose metabolism is indicative of an individual’s level of
health [87,88]. The utilization of Pt NPs and glucose oxidase-modified electrodes demon-
strates a remarkable sensitivity to glucose. These modified electrodes exhibit a linear
response to the logarithm of glucose concentration within the range of 100 nM to 5 mM,
with an impressive detection limit as low as 100 nM [89]. Furthermore, when the gate
electrode is enhanced with Nafion modification, selective detection of glucose becomes
possible even in the presence of interfering substances such as ascorbic acid and uric acid,
e.g., the gate electrode of an OETB can be modified with biocompatible polymers such
as chitosan and Nafion, as well as graphene or rGO, along with glucose oxidase (GOx)
(Figure 6a–c) [90]. The incorporation of chitosan and Nafion aids in the immobilization
of GOx on the gate electrode, thereby enhancing the selectivity of the device. Meanwhile,
graphene and rGO serve to augment the charge transfer and surface area of the gate elec-
trode, subsequently improving the device’s sensitivity. Consequently, the detection limit
can be extended to a range of 10 nM to 1 µM.
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Figure 6. (a) The schematic diagram of the device structure of PEDOT–PSS based OETB glucose sensor
using Nafion/glucose oxidase (GOx)/Pt nanoparticles (Pt-NPs)/TiO2 nanotube arrays (TNTAs) as a
gate electrode. (b) The output characteristic of an OETB with the Nafion/GOx/Pt-NPs/TNTAs gate
electrode measured in PBS solution with and without containing glucose. (c) The current response of
the OETB device to successive additions of glucose. The inset shows the normalized current response
(NCR) as a function of glucose concentration [90]. Copyright from 2015, SAGE Publications Inc.
(d) Electrodes were prepared according to the OETB principle. The conductive tracks were made
using conductive silver paste and carbon paste. Using the electrochemical workstation, HAuCl4
mixture and PB solution were deposited into the gate by the CV method, and GOx was attached to
the gate by the drop casting method to produce a multi-layer modified sensor [91]. Copyright from
2024, Elsevier.

Moreover, by incorporating multiple layers of Au film, Prussian blue, and glucose
oxidase into the gate electrode, and employing a PEDOT–PSS film to cover the channel be-
tween the source and drain electrodes, an OETB becomes capable of accurately identifying
glucose levels in sweat (Figure 6d) [91]. This device achieves an impressive low detection
limit of 0.10 µM, even when faced with interfering substances such as uric acid, dopamine,
urea, sodium chloride, and ascorbic acid.

An accurate quantification of urea is crucial for medical diagnosis, particularly in
assessing kidney and liver dysfunction [92,93]. A highly sensitive method for urea detection
involves utilizing OETBs in conjunction with specific enzymes. The enzymes facilitate the
conversion of the interaction between urea analyte and enzymes into an electronic signal,
enabling precise detection. Various strategies have been explored to achieve this goal.
For instance, one approach involves integrating urease into OETBs based on graphene or
reduced graphene oxide [76]. These biosensors exhibit a wide detection range from 1 µM to
1 mM, providing a comprehensive span for urea measurement. Another method involves
confining urease within a gelatin hydrogel, which acts as a bridge between the PEDOT–PSS
gate electrode and channel. Urease, as a catalyst, facilitates the hydrolysis of urea into
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ammonium ions and bicarbonate ions [94]. The presence of ammonium ions induces a
de-doping effect on the PEDOT–PSS channel, resulting in a decrease in drain current. This
change in current serves as the basis for urea detection. The biosensor demonstrates an
impressive detection limit of 1 µM and exhibits a rapid response within approximately
2–3 min across a wide dynamic range.

Lactic acid, a crucial marker of tissue oxygenation, is a relevant indicator of physiolog-
ical response during exercise [95,96]. Lactate, the deprotonated form of lactic acid in sweat
with a concentration range of 9–23 mM, serves as an indicator for indirectly measuring
lactic acid levels [97,98]. An ion gel can be utilized to create a biosensor hat that is both
solid state and capable of analyzing the levels of lactate in sweat (Figure 7a,b) [99]. This
technology enables the development of lactic acid biosensors using printed OETBs with
an organically modified ion gel. In this design, the mediator is covalently bound and the
enzyme is entrapped within the sensor. The OETBs have been successfully validated for
detecting lactate in human sweat, with a detection limit of 3.7 mM [100]. The sensitiv-
ity of OETBs can be enhanced by modifying the gate electrode with lactate oxidase and
poly(n-vinyl-2-pyrrolidone)-capped Pt NPs, replacing the conventional bulk electrode. This
modification allows for a detection limit of lactate as low as 1 µM (Figure 7c–f) [101].
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Figure 7. (a) Ion gel components and (b) a schematic representation of the OETB device with ion
gel/enzyme mixture [99]. Copyright from 2012, Springer. (c) Schematic diagram of glucose sensor
based on OETB integrated with microfluidic channel. (d) Gate electrode modification of device.
(e) Schematic diagram of portable glucose sensor that can interact with smartphone. (f) Left side is
main interface of app. Right side is detection curve of glucose. X-axis represents the time scale (0.1 s of
one count), Y-axis represents the real-time voltage measured [101]. Copyright from 2016, Wiley-VCH.

4.2. Biomolecules Detection

The widespread application of OETBs for the detection of electro-inactive species
has been hindered by the limited availability of enzymes and selective membranes, as
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well as their susceptibility to deactivation [30,33]. By leveraging specific interactions
between analytes and modified substances, significant improvements can be achieved in
the efficiency of detecting electro-inactive species. An effective approach involves the use
of molecularly imprinted polymer films as a modification layer [102,103], enabling selective
and electrocatalytic oxidation of target molecules such as tryptophan (Trp) and tyrosine
(Tyr). When combined with the amplification capability of the transistor, this integration
results in highly sensitive OETBs, which exhibit a linear response range of 300 nM to
10 µM for L-Trp and L-Tyr, with sensitivities of 3.19 and 3.64 µA/µM and detection limits
of 2 nM for L-Trp and 30 nM for L-Tyr (S/N > 3) [104].

Similarly, histidine (His) can be effectively detected utilizing a molecularly imprinted
polymer strategy. Within the concentration range of 100 nM to 10 µM, the modulation of
OETB channel current exhibits a direct proportionality to the levels of both bioactive L-His
and biologically inactive D-His. The detection limits for L-His and D-His are determined to
be 10 nM and 100 nM, respectively, satisfying a S/N exceeding three. Notably, the channel
current responses and interferences between L-His and D-His demonstrate discernible
disparities, underscoring the exceptional selectivity of the molecularly imprinted polymer
film [105].

Nucleic acid diagnostics holds significant research value across various fields, includ-
ing gene expression monitoring and viral and bacterial identification [106–108]. Traditional
OETBs with a high sensitivity primarily rely on materials like carbon nanotubes, graphene,
and poly-electrolyte multilayers, which involve complex synthesis and modification steps.
Alternative approaches using DNA amplification have been developed to address these
challenges. Signal amplification strategies such as loop-mediated amplification and hy-
bridization chain reaction (HCR) have been established [109]. Integrating HCR-based
nucleic acid self-assembly into OETBs enables the creation of long DNA biosensors from
small amounts of target material. Gold nanoparticles are electrochemically deposited on
the gold gate electrode to increase surface area, facilitating the connection of HCR products
(long negatively charged double-stranded DNA) to the target material through hybridiza-
tion. This enhances the effective gate voltage offset of OETBs, resulting in a high sensitivity
for detecting target DNA with concentrations as low as 0.1 pM. Moreover, such sensors
exhibit excellent selectivity, capable of distinguishing target DNA from mismatched DNA.

Integrating photochemically active gate electrodes enhances the sensitivity of DNA
biosensing in OETBs. The interaction between photocurrent and the photosensitive material
on the electrode enables the operation of photochemical OETBs, making them responsive
to biorecognition events. This approach utilizes independent signals for photoexcitation
and electrochemical detection, effectively reducing background noise and achieving a high
sensitivity with low detection limits [110]. OETBs incorporating PEDOT–PSS as the active
layer, CdS quantum dots (QDs) modified ITO glass as the photosensitive layer, and a gate
electrode in a phosphate-buffered saline solution with 0.1 M ascorbic acid as the electrolyte,
have demonstrated the ability to detect target DNA concentrations as low as 1 fM. This
superior performance is attributed to the efficient absorption of higher-energy photons
by CdS QDs, causing electron excitation and the formation of electron–hole pairs. The
presence of ascorbic acid as a strong electron donor effectively prevents electron–hole pair
recombination, leading to the stabilization of conduction band electrons on the ITO gate
electrode. Single-stranded DNA is immobilized on the CdS QDs, enabling the capture
of target DNA labeled with Au NPs. The interaction between excitons in CdS QDs and
plasmons in Au NPs influences charge transfer on the gate electrode, resulting in amplified
signal output.

5. OETBs for Cancer Cells Detection

The electrochemical detection of cancer cells typically involves the identification of
metabolites and tumor markers, as well as the tissue and morphological features associated
with cancer cells [111–113]. Cancer cell metabolism often leads to the generation or release
of specific metabolites [114,115]. Tumor markers are specific molecules that are produced
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and released into bodily fluids during cancer development [116]. Morphological charac-
teristics refer to the irregular and atypical features observed in cancer cells compared to
normal cells, as well as the formation of structures with specific compositions [117,118].
The previously mentioned cancer cell metabolites, e.g., lactate and sialic acid, will not be
further expanded upon in this discussion. The focus of this discussion is on tumor markers
and their tissue and morphological features.

5.1. Tumor Markers Detection

Proteins serve as commonly utilized cancer markers in the field of oncology [119,120].
However, traditional protein sensors may lack the required sensitivity when detecting
certain biomarkers with extremely low concentrations in physiological environments due
to the typically weak interactions between proteins and organic semiconductors. OETBs
can address this limitation by providing an enhanced sensitivity through their inherent
amplification capability. These OETBs demonstrate an ability to specifically detect cancer
markers, e.g., human epidermal growth factor receptor 2, with a detection limit as low as
10 fg mL−1 [121].

Glycoproteins, as protein–sugar complexes, are essential components found on cell
surfaces in eukaryotic cells, playing key roles in cancer progression [122–124]. A specially
designed OETB, incorporating a PEDOT–PSS channel and a gate electrode modified with
poly dimethyl diallyl ammonium chloride/multi-walled CNTs has been proven to effec-
tively and specifically bind mannose and detect glycan molecules onto the surface of cancer
cells (Figure 8a) [125]. The OETB generates direct current signals that are influenced by the
mannose content on the cell surfaces, thereby impacting the captured cell count. It exhibits
significant current responses even at low concentrations of cancer cells (i.e., 10 cells/µL).
Moreover, by modifying the lectin and aptamer sequences, the OETB can be adapted for
the analysis of various glycans and cancer cells.
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Figure 8. (a) Design illustration of the OETBs for glycan sensing. Inset: chemical structure of
mannose [125]. Copyright from 2012, American Association for Cancer Research Inc. (b) The
schematic diagram of a cell sensor based on a solution gated OETB [126]. Copyright from 2023, Royal
Society of Chemistry. (c) Configuration of the assembled 16-chanbel OETB platform. The OETB array
composing of Au electrodes, SU-8 passivation and PEDOT: PSS channel was fabricated on a glass
substrate. The gate electrode was immersed into the electrolyte to give bias [127]. Copyright from
2019, SAGE Publications Inc.

Prostate-specific antigen, a serine protease regulated by androgens, is widely used as a
serum biomarker for preoperative diagnosis and screening of prostate cancer [128–130]. The
impressive sensitivity and expanded dynamic range of the OETBs were achieved by lever-
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aging the signal amplification effect of Au NPs. The OETBs comprising PEDOT: PSS and
conjugated with Au NPs linked to secondary antibodies, exhibited a remarkable detection
limit of 1 pg/mL for the prostate-specific antigen-α1-antichymotrypsin complex [131].

Circulating tumor cells have emerged as valuable tumor biomarkers in liquid biopsy,
as they originate from primary tumors and enter the circulatory system [132,133]. A
specialized OETB based on PEDOT–PSS channel and poly(dimethylsiloxane) (PDMS)
reservoir can detect these circulating tumor cells (Figure 8b) [126]. It utilizes chemically
conjugated specific antibodies on the conductive film surface to selectively capture tumor
cells. By monitoring the effective gate voltage potential shift, the number of captured
cells on the conductive film can be determined, enabling accurate cell detection and high-
throughput screening. For instance, when the concentration of cancer cells reached 5000,
the captured cells completely covered the PEDOT–PSS surface, resulting in an observed
effective gate voltage shift of approximately 63 mV.

5.2. Tissue and Morphological Features Detection

Barrier tissues, e.g., epithelial cells, are vital for preventing the infiltration of cir-
culating tumor cells, which is a key characteristic of malignancy [134,135]. Evaluating
barrier function is crucial in cancer research [136]. OETBs composed of a glass substrate,
metal interconnects, and a PEDOT–PSS can be utilized to assess barrier function. A thin
protective layer of SU-8 on the PEDOT–PSS active region directly comes into contact
with deposited cells and the culture medium (Figure 8c) [127]. By employing frequency-
dependent transconductance measurements, epithelial cell lines and cancer cell lines can be
distinguished based on their unique morphologies and Transepithelial Electrical Resistance
values. This differentiation offers valuable insights into the spatial invasion of cancer cells
into the normal epithelium.

An OETB fabricated using a solution-gated carboxyl graphene and PEDOT–PSS mix-
ture has a remarkable capability to detect cancer cell metabolism and monitor changes in
cancer cell morphology in situ [137]. By incorporating carboxyl graphene into PEDOT–PSS
with concentrations ranging from 0 to 5 mg/mL, the surface area of cancer cells increased
from 218 µm2 to 530 µm2. Furthermore, the OETB exhibits the ability to capture and
analyze various changes in cell morphology. The electronegativity of cancer cells triggers a
noticeable positive adjustment in the gate voltage, typically around 40 mV for cells with a
spherical configuration. Concurrently, as the surface area of the unit expands, the transfer
characteristics manifest a distinct negative shift in the gate voltage. This method yields a
fresh insight into the detection of cancer cells.

6. OETBs for Wearable and Implantable Human-Machine Interfaces

OETBs serve as signal amplification components and offer practicality and ease of
miniaturization; meanwhile, they exhibit excellent compatibility with biology and electron-
ics [138,139], making them particularly suitable for bio-electronic interfaces [140–142]. To
achieve good interfaces in OETBs, several factors need to be considered. First and foremost
is material selection, with a focus on biocompatible and flexible/stretchable materials [143].
This ensures the device’s compatibility with human tissue, improves comfort, and enhances
durability [144]. Additionally, signal transmission and processing play a crucial role. At-
tention should be given to electrical signal transmission methods and data processing
algorithms to effectively analyze and interpret biological signals obtained from the body.
Another significant aspect is energy supply and management. OETBs can be powered
by in vivo or in vitro energy-harvesting techniques like biofuel cells or wireless charging
technology [145]. It is also important to design low-power circuits to prolong the device’s
operational lifespan [146]. In terms of application scenarios, OETBs have the potential to
continuously monitor vital signs [147], blood sugar levels [148], and provide treatments
such as nerve stimulation for chronic pain or Parkinson’s disease [149]. Security and
privacy considerations are also vital, ensuring the confidentiality of patient data and the
device’s reliability even under extreme conditions [150]. In addition, by carefully selecting
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and optimizing materials, designing efficient device layouts, and considering energy sup-
ply and management, OETBs can be further enhanced for various bio-electronic interface
applications. Specifically, carbon cloth gate electrodes, paper-based flexible structures [151],
textile-based wearable forms, wearable patches, and microfluidics-integrated configura-
tions are employed to develop these bio-signal monitoring systems using OETBs [152–154].
A typical study employed a simple template-free electropolymerization process to de-
sign OETBs featuring nanostructured poly(3,4-Ethylenedioxythiophene) derivatives in the
channel layer for detecting cortisol in sweat [155]. Such a nanostructure facilitates the
immobilization of cortisol antibodies on the polymer layer. The developed cortisol immune-
sensing system demonstrated linear detection in the concentration range of 1 fg/mL to
1 µg/mL, with a low limit of detection of 0.0088 fg/mL. It exhibited excellent stability,
repeatability, and shelf life. Consequently, when tested with cortisol added to artificial
sweat, this system exhibited a strong practical performance in clinical environments and
wearable sensors.

Bio-inspired transistor-like devices serve as the core of human–machine interfaces
and enable integrated sensing and computation of multimodal signals [156–158]. They
have found extensive applications in the field of bio-monitoring systems [159–163]. One
prominent example is the development of an electrophysiological signal monitoring system
for brain activity based on OETBs. This system enables early clinical diagnosis, computed
tomography scan examinations, perioperative predictions, patient physiological assess-
ment, and surgical guidance. By combining biodegradable materials with an integration
approach for 100-level channel neural interfaces, this system ensures mm-scale assembly
of neural interfaces for cellular-level mapping. It provides a stable high transconductance
of up to 9.0 mS and enhances electrophysiological signals with a signal-to-noise ratio of
up to 37 dB in practical use. In animal experiments, it can distinguish between normal
and abnormal regions using active matrix recording technology. After completing its task,
the system can self-decompose, eliminating the need for further surgical retrieval. This
multi-channel transient OETBs platform can seamlessly laminate onto the cerebral cortex,
laying a solid foundation for the capabilities of implantable transient electronic technologies
in various biomedical applications.

An overview of the major biosensors in terms of detection object, modification,
transconductance (gm), gain, limit of detection (LOD), and time response is given in Table 1.

Table 1. An overview of the major biosensors in terms of detection object, modification, gm, gain,
LOD, and time response.

Detection Object Modification gm Gain LOD Time Response Ref.

Dopamine

o-MIP/Pt ~0.11 mS ~5.5 34 nM - [60]
Nafion/rGO/CSF ~40 mS ~1.2 1 nM - [61]

NOCCs ~20 mS ~4.15 0.17 µM - [62]
FECTs ~17 mS ~2.42 1 nM 0.34 s [63]

Epinephrine
Cotton-OECT ~10 mS ~2.36 1 µM <1 s [66]

Nafion and SWNTs ~3.1 mS ~1.2 0.1 nM - [68]
MIP ~30 mS ~3 10 pM - [69]

Acetylcholine PEDOT–PSS/Pt NPs ~0.06 mS ~20 5 µM - [72]
PEDOT–TOS ~41.7 mS - 5 µm - [73]

Ascorbic acid
PEDOT–PSS - - 0.1 µM - [75]

PF-OECT ~2.73 mS ~3.5 10 µM - [77]
MIP ~17 mS ~3.5 10 nM - [78]

Uric acid
PANI/Nafion ~6 mS ~1.5 0.1 µM - [76]
PEDOT–PSS ~4 mS ~3.5 220 µM 400 s [81]

MIP 15.5 mS ~2.3 1 nM - [82]

Sialic acid Carbon Nanotubes 0.9 mS ~1.5 0.1 mM - [83]

Glucose
rGO and enzyme ~5.08 mS ~1.1 10 nM - [89]

TNTAs ~5.83 mS ~1.1 100 nM - [90]
Prussian Blue ~2.6 mS ~1.3 0.1 µM - [91]
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Table 1. Cont.

Detection Object Modification gm Gain LOD Time Response Ref.

Urea PET ~1.83 mS ~4.7 1 µM 2–3 min [94]

Lactic acid
Iongel - - 10 mM - [99]
Pt NPs ~6.5 mS ~1.9 1 µM 1 min [101]

Trp Tyr MIP ~17 mS ~8 2 nM - [104]

D-His & L-His MIP ~13.5 mS ~1.2 10 nM - [105]

DNA
HCR ~2 mS ~2 0.1 pM - [109]
QDs ~3.5 mS ~7 1 fM - [110]

Tumor Proteins Catalytic nano-probes. ~5.3 mS - 10 fg mL−1 - [121]

Tumor Glycoproteins Nano-probes ~2.7 mS - 10 cells/µL - [125]

Tumor Prostate-
specific antigen AuNPs–PSA pAb ~36 mS - 1 pg/ml - [131]

Cortisol
anostructured poly(3,4-

Ethylenedioxythiophene)
derivatives

- - 0.0088 fg/mL - [155]

7. Conclusions

Organic electronic biosensors serve as a cornerstone in the field of bioelectronics,
aiming to enhance existing biomedical technologies through their primary connectivity
with biological constituents. This article elucidates the operational principles and recent
advancements of OETBs, with a specific emphasis on applications in human chemical
substance detection, cancer cell detection, and neurological applications.

OETBs demonstrate superiority over traditional electrochemical methods and other
generic devices. Primarily, they exhibit stability across diverse electrolytes, such as cere-
brospinal fluid, cellular media, sweat, and blood. Moreover, OETBs showcase high transcon-
ductance values and gain properties, significantly enhancing detection sensitivity. The time
response can be further improved by adjusting the geometric configuration and dimen-
sions of the channels. Additionally, OETBs seamlessly integrate with biological systems,
including individual cells, tissues, or even entire organs, facilitated by diverse molecular
modifications of gate electrodes and conductive polymers.

However, the development of OETBs faces noteworthy challenges. These encompass
the exploration and implementation of novel active materials possessing improved con-
ductivity, stability, patterning, and reabsorbability. Furthermore, there is an urgent need
to develop OETBs that are compatible with photolithography techniques, enabling the
integration of sensors with multi-scale microarrays and the incorporation of circuits for
power supply, recording, and transmission.

Overall, OETBs hold tremendous potential for advancing tissue engineering within
the human body. With the evolution of the Internet of Things and big data technologies,
wearable devices utilizing organic chemical sensors are envisioned to foster point-of-care
health monitoring, thereby facilitating life-saving interventions and disease prevention
through inter-device communication. By amalgamating physical sensor technologies,
wearable chemical sensors are poised to deliver valuable diagnostic data for human health
monitoring and future nanobiotechnology endeavors.
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