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Flexible organic electrochemical
transistors for bioelectronics
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SUMMARY

Flexible organic bioelectronic devices, which extract electronic
signals from living systems, have been developed for sensing,
recording, and monitoring various physiological states of biological
systems. Organic electrochemical transistors (OECTs) have eme-
rged as a promising platform for bioelectronics because of their
inherent amplification function, high sensitivity, low cost, easy oper-
ation, and compatibility with flexible and wearable devices. This re-
view provides a comprehensive overview of recent advancements in
flexible OECTs for biosensing applications, including the funda-
mental principles and mechanisms of flexible OECTs, various chan-
nel materials used for biosensing, functionalization of OECTs for
biosensing, use of flexible OECTs for the acquisition of biological
signals, bioinformatics analysis of OECT-based biosensors, and
development of biomimetic devices. The review concludes with a
summary of the state-of-the-art technology for flexible OECT-based
biosensors and the future outlook for this rapidly evolving field.

INTRODUCTION

Since Luigi Galvani’s series of bioelectric experiments in the 1780s, numerous elec-
tronic devices for sensing or stimulating biological signals from living organisms
have been developed.’'~* Organic bioelectronic devices, which combine electronic
signals with living systems,” are widely used to sense, record, and monitor different
physiological states of biological systems via electron-ion charge compensation.”
Organic bioelectronics encompasses the development and study of organic elec-
tronic devices, such as organic optoelectronic devices,’ electronic skin,” and organic
thin-film transistors (OTFTs).2 OTFTs, serving as a crucial component of organic bio-
electronics, act as a bridge connecting biology and electronics. Because of their
inherent amplifying function, they have emerged as highly advanced biosensing

platforms.” '

Based on the geometrical structure and working mechanism, OTFTs can be classi-
fied into three types: organic field-effect transistors (OFETs), electrolyte-gated
OFETs (EGOFETSs), and organic electrochemical transistors (OECTs). OFETs are
three-terminal electronic devices that include source, drain, and gate electrodes,
an organic channel, and a dielectric layer. The channel current of OFETs is modu-
lated via field-effect doping between the channel and dielectric layer."" EGOFETs
are enabled by changing the dielectric layerinto an electrolyte, creating an electrical

double layer at the interface between the electrolyte and channel/gate layers,
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Figure 1. Overview of wide applications of flexible OECTs in biological signal acquisition,
bioinformatics analysis, and biomimetic devices

The image of wrist-attached OECTs was reproduced with permission from Dai et al.'® Copyright
2022, Wiley-VCH. The schematic diagram of OECTs for bioinformatics analysis was reproduced
with permission from Wustoni et al.'” Copyright 2019, Wiley-VCH. The left graphic of electronic skin
was reproduced with permission from Wang et al.”® Copyright 2018, Springer Nature; the
photograph on the right was reproduced with permission from Zheng et al.”’ Copyright 2021,
AAAS.

contains a high ratio of aqueous solutions, an OECT, a device that only can operate
in an electrolyte, is an ideal transducer for biosensing.

Biosensors based on OECTs can be regarded as a combination of signal transduc-
tion and amplification for a specific biological system. The carrier density and trans-
mission properties are modulated through various device-analyte interactions, such
as hydrogen bonds, charge transfer, dipole-dipole interaction, and reversible trans-
formations."? Stability and biocompatibility of OECTs are crucial requirements as
bioelectric devices,'* and their compatibility with biological systems is mainly eval-
uated through a series of in vivo and in vitro experiments. Therefore, OECTs need to
be biofunctionalized to obtain stable biosensing functions. Organic mixed ionic-
electronic conductors (OMIECs) have emerged as excellent candidates for use in
channel materials of OECTs because of their solution processability, flexibility,'”
and biocompatibility.’® These materials allow for operation in an aqueous environ-
ment under low voltages, which results in good sensing interfaces with living organ-
isms.? These features make OECTs a promising platform for the development of
highly flexible, sensitive, and stable biosensors in bioelectronics and wearable elec-
tronics as well as for the implementation of artificial neuromorphic electronics."’

In this review, recent advances in the use of flexible OECTs for various biosensing
applications are presented (Figure 1). Initially, we introduce the working mecha-
nisms and various p-type and n-type channel materials. We also provide a summary
of functionalization techniques for the channel, gate, and electrolyte. Subsequently,
we categorize flexible OECT-based biosensors into three major groups: biological
signal acquisition, bioinformatics analysis, and biomimetic bioelectronic devices.
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We then delve into the functions of each category. Finally, we critically evaluate the
perspectives and possible challenges of flexible OECT-based biosensors in practical
medical therapy, diagnosis, and commercialization.

MECHANISMS AND CHANNEL MATERIALS OF FLEXIBLE OECTs FOR
BIOSENSING

During an OECT sensing process, changes in the effective gate voltage and/or car-
rier density in the conductive channel brought on by the device-analyte interaction in
OECTs cause biological species/signals to modify the device characteristics, typi-
cally including channel current (Ips), charge-carrier mobility (u), threshold voltage
(Virn), and current on/off ratio (Ign/lo).'"?* The materials for channel and gate mod-
ifications, especially OMIECs material, take control of the sensing ability. An OECT is
a type of organic transistor that typically comprises source, drain, and gate elec-
trodes. The channel through which holes (p-type) or electrons (n-type) flow between
the source and drain electrodes is made of an ion-permeable organic semiconductor
film. In contrast to OFETs, OECTs employ an electrolyte as the gate insulator instead
of a solid-state dielectric layer. During operation, the gate electrode is used to apply
a voltage that drives ion injection from the electrolyte into the bulk of the organic
channel. This modulation of the doping state and the bulk conductivity of the chan-
nel enables OECTs to function as amplifiers, achieving higher transconductance and
lower operation voltages.®

In 2007, Bernards and Malliaras proposed a physical model for the quantitative pre-
diction of the transconductance (g,,) of OECTs based on parameters, including the
channel width (W), length (L), thickness (d), charge-carrier mobility (1), capacitance
per unit volume of the channel (C*), threshold voltage (Vry), and gate voltage
(Vis). The model is represented by23

Im = V—Lv~d~p.-C*~(VTH — Vs). (Equation 1)

The equation for the transconductance of OECTs is similar to that of field-effect
transistors, but with the distinction that the product of channel thickness and capac-
itance per unit volume replaces the capacitance per unit area of the metal-oxide-
semiconductor capacitor. This variation enables the channel thickness to be a
tunable parameter for the performance of OECTs. Owing to the high capacitance
per unit volume of the channel, OECTs exhibit superior amplification performance
compared to other transistor technologies when employing volumetric gating with
an electrolyte.?*

The Bernards model provides valuable insights into the crucial role of carrier mobility
and volumetric capacitance in determining the device performance of OECTs. The
choice of channel material has a significant impact on both factors, with carrier
mobility being responsible for the transport of electronic charges across the channel
and volumetric capacitance reflecting the extent of ion penetration, transport, and
storage ability of the OMIEC film.?> The penetration and mobility of ions inside
the OMIEC film are influenced by their size, charge, and polarity, and these factors
can also impact the performance of the device.”® p-Type organic semiconductors
are generally preferred over n-type channel materials, due to their higher
stability and carrier mobility in aqueous environments. Poly(3,4-ethylenedioxythio-
phene):polystyrene sulfonate (PEDOT:PSS), conjugated polyelectrolytes (CPEs),?’
and glycolated semiconducting polymers'® are examples of p-type semiconducting
polymers used in the production of OECTs for biosensing applications. Among
these, PEDOT:PSS is the most extensively investigated semiconducting channel
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Table 1. Summary of recently reported OECT-based biosensors for acquisition of biological signals (from 2018 to 2023)

Channel Device performance Applications Reference
PEDOT:PSS Ips readout resolution: 1 nA pulse measurement Tian et al.””
PEDOT:PSS LOD: 1.1 Pa; sensitivity: 10,828.2 kPa~": blood pressure measurement Chen et al.*®
consumption: <5 pW
p(g2T-TT) transconductance: 14 mS; response time: 62 s oxygen saturation detection Song et al.”!
PEDOT:PSS SNR: 40.02 dB ECG recordings Park et al.”
PEDOT:PSS SNR:24 dB ECG recordings Lee etal.”®
PEDOT:PSS transconductance: 0.8 mS; response time: ECG recordings Wang et al.*
8.3 ms; SNR: 29.0 dB
PEDOT:PSS SNR: 52 dB ECG recordings Lee etal.”®
Cu3(HHTP)2 volumetric capacitance: 67.8 F em3; response ECG recordings Song et al.**
time: 10 pus
p(g2T-T) transconductance: ~223 S cm™"; biaxial strain ECG recordings Dai et al.'®
tolerance: 100%
h-DPP-g2T stable ECG recordings at 60% strain ECG recordings Chen etal.’’
PEDOT:PSS response time: 2.9 ps; SNR: 53.86 dB EMG/ECG recordings Cea et al.*®
DPP-g2T voltage gain: ~113 EOG recordings Yao et al.”’
PEDOT:PSS response time: 2.6 ps EEG recordings Spyropoulos et al.*
PEDOT: PSS SNR: ~37 dB; response time: 1.42 ms ECoG recordings Wu et al.”!
PEDOT: PSS 3D cell-culture growth; real-time monitoring cell-culture monitoring Pitsalidis et al.**
PEDOT:PSS real-time monitoring; time resolution: <5 s cell-vitality monitoring Decataldo et al.*?
PEDOT:PSS time response threshold: 1.2 a.u. cytopathic effect monitoring Decataldo et al.*
hPSC-CMs transconductance: ~2.5 mS; response time: drug delivery Gu et al.”®
100-200 ps
PEDOT:PSS time resolution: 0.2 Hz nanomaterial toxicity evaluation Decataldo et al.*®
PEDOT:PSS transconductance: ~20 mS micro-organ monitoring Abarkan et al.*’
PEDOT:PSS transconductance: 12 mS V~"; on-to-off current cell activity/drug delivery/ECG Liang et al.*®
ratios: ~105
PEDOT:PSS AC gain: 20.2 dB single-cell detection Bonafé et al.*?
PEDOT:PSS cutoff frequencies at —3 dB: 10 kHz single-cell detection Hempel et al.*°
PEDOT:PSS LOD: 10 cells pL~" cell-surface glycans Chen et al.”’
PEDOT:PSS transconductance: ~2.4 mS bacterial growth Frantz et al.””
PEDOT:PSS LOD: 880 CFU mL™" bacterial growth Butina et al.”*

layer for OECTs due to its high conductivity, air stability, film-forming property,
transparency, and flexibility.

PEDOT:PSS comprises two distinct components. PEDOT functions as the conducting
pathway for charge carriers, while PSS serves as a dopant to maintain charge neutrality
by compensating for the positive charges (holes) in PEDOT with negatively charged pol-
yanions (PSS7). In an OECT that employs PEDOT:PSS, a positive gate voltage is applied
to the gate electrode, attracting cations toward the channel, thereby causing them to
penetrate the PSS layer and enter the PEDOT layer. The cations compensate for the
anionic charges in the PSS layer, resulting in a reduction in the density of holes in the
PEDOT layer. This reduction in hole density decreases the channel current, resulting
in the device operating in depletion mode. The magnitude of the current modulation
is proportional to the gate voltage, allowing for the sensitive detection of analytes
that influence the gate potential. Various channel materials used in OECTs for different
applications are presented in Tables 1 and 2, while a more comprehensive overview of
both p-type and n-type channel materials can be found in our previous review.”®

FUNCTIONALIZATION OF OECTs FOR BIOSENSING

Channel functionalization
OECT channels can be conveniently functionalized with biomolecules for bio-
sensing through various physical interactions, such as electrostatic interactions
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Table 2. Summary of recently reported biosensors based on OECTs for bioinformatics analysis (from 2018 to 2023)

Applications Channel LOD Analyte Reference
lon sensors PEDOT:PSS 0.1 mM/0.1 mM Ca®*/glucose Lin et al.”
PEDOT:PSS 0.1 mM cations Kim et al.>®
PEDOT:PSS  0.75 mM/0.80 mM Na*/K* Lietal.>
PEDOT:PSS = H*/HCO5~ Chen et al.”’
PEDOT:PSS 10 pM NO3~ Takemoto et al.*®
Metabolite sensors P-90 10 nM glucose Ohayon et al.*?
P-90 1 nM glucose Koklu et al.*®
PEDOT:PSS 30 nM/30 nM/100 nM  glucose/dopamine/uric acid Yang et al.’'
PEDOT:PSS 100 nM/100 nM/5 nM  glucose/glutamate/dopamine Wu et al.®?
PEDOT:PSS 10 nM glucose Qing et al.*®
PEDOT:PSS - glucose Diacci et al.**
P-90 10 uM lactate Pappa et al.®
polypyrrole 1nM lactate Zhang et al.®
PEDOT:PSS 10 nM ascorbic acid Zhang et al.”’
PEDOT:PSS  1nM sialic acid Zhu et al.®®
PEDOT:PSS 4.5 uM uric acid Galliani et al.*”
Hormone sensors PEDOT:PSS  8.8agmlL™’ cortisol Aerathupalathu Janardhanan et al.”®
PEDOT:PSS 1pgmL~" cortisol Parlak et al.”!
PEDOT:PSS 100 pM cortisol Demuru et al.”?
Neurotransmitter sensors ~ PEDOT-PAHT 5 uM acetylcholine Fenoy et al.”*
PEDOT:PSS 5nM dopamine Lietal.”*
PEDOT:PSS 30nM dopamine Xie et al.””
PEDOT:PSS 90 pM epinephrine Saraf et al.”®
Nucleic acid PEDOT:PSS 1M DNA Song et al.”’
PEDOT:PSS 100 M DNA Sensi et al.”®
PEDOT:PSS 1 pM miRNA17 Gao etal.”’
PEDOT:PSS  2pM mMiRNA21 Peng et al.®®
PEDOT:PSS ~ 10fM miRNA21 Fuetal.®'
Protein sensors PEDOT:PSS - SARS-CoV-2 neutralizing antibodies Decataldo et al.*
p(g0T2-g6T2) 1.2zM SARS-CoV-2 and MERS-CoV spike proteins ~ Guo et al.*
PEDOT:PSS 1M COVID-19 IgG Liu et al.®*
PEDOT:PSS 550 pg mL™" tear lysozyme Lietal.®
PEDOT:PSS 50 fg mL™" human IgG Hu et al.®
PEDOT:PSS  0.025 HAU human influenza virus Hai et al.?®
p(C6NDI-T) 100 aM SARS-CoV-2 spike protein Koklu et al.?’”
PEDOT:PSS 0.1 pM caspase-3 Yu et al.®®
PEDOT:PSS 2nM a-amino acids Zhang et al.?’
p(g0T2-g6T2)  2.21 M amyloid-B Koklu et al.”
P3HT 7zM human IgG Song et al.”’
PT-COOH 10 fg mL™" SARS-CoV-2 antibody Song et al.”

and physical absorption. For instance, adjusting the pH value of the acetylcholin-

esterase solution to 7.4 facilitated its direct electrostatic anchoring onto the OECT
channel (Figure 2A).”% In addition, enzymes such as lactate oxidase (LOx) and
glucose oxidase (GOx) have been demonstrated to adhere to the top of channel

area through physical adsorption.’”¢?> Notably, the n-type copolymer P-90 chan-

nel material possesses hydrophilic glycol side chains that can enhance enzyme

conjugation, making it an attractive substrate for enzyme immobilization.®> P-90/
enzyme composites not only serve as channel materials but can also be immobi-

lized on gate electrodes, as shown in the Figure 2B. When GOx consumes glucose

on the channel area or gate electrode, the sensor is triggered and can detect

glucose directly without the need for external mediators, as it does not rely on

H,O, catalysis.®°
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Figure 2. Typical channel functionalization of OECTs

(A) Schematic of the electrostatic immobilization of acetylcholinesterase on the channel of a PEDOT-PAH1-based OECT. Reproduced with permission
from Fenoy et al.”* Copyright 2021, Wiley-VCH.

(B) Schematic of P-90 material, the construction of an OECT, and a microfluidic integrated OECT system with perfusion. Reproduced with permission
from Koklu et al.*” Copyright 2021, Elsevier.

(C) Schematic of anti-E. coli O157:H7 antibodies and E. coli O157:H7 bacteria immobilized and captured on the top of PEDOT:PSS layer of an OECT.
Reproduced with permission from He et al.”* Copyright 2012, Royal Society of Chemistry.

(D) Scheme of double-network hydrogel channel layer comprising PBA and PEDOT:PSS for glucose monitoring. Reproduced with permission from
Tseng and Sakata.” Copyright 2022, American Chemical Society.

(E) Schematic of cortisol antibodies modified on the channel of an OECT decorated with poly(EDOT-COOH-co-EDOT-EG3) nanotubes, for human
stress detection. Reproduced with permission from Aerathupalathu Janardhanan et al.”” Copyright 2022, American Chemical Society.

The immobilization of biorecognition elements onto organic channels can be effec-
tively achieved through chemical immobilization techniques. In 2012, we utilized
silane to immobilize anti-E. coli O157:H7 antibodies onto the surface of a
PEDOT:PSS channel (Figure 2C), resulting in the development of an OECT-based
bacterial sensor that allows for the disposable detection of E. coli O157:H7 bacte-
ria.”> Another promising approach involves the use of a bilayer channel structure
as a sensing layer. By incorporating phenylboronic acid (PBA) into PEDOT:PSS,
diol-based binding sites are created for glucose detection, exhibiting stability for

6 Cell Reports Physical Science 4, 101673, November 15, 2023
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a continuous month of immersion (Figure 2D). The hydrogel structure of OECTs en-
ables efficient switching (on/off ratios of 1 0% and adequate transconductances (g, ~
40 mS), allowing them to operate within the linear regime. This property permits the
optimization of device response to electrochemical signals at the lowest applied
potentials, which is a crucial advantage for the progression of bioelectronic inter-
faces.” Similarly, a channel chemical modification involving a PEDOT:PSS under-
layer and a poly(EDOT-COOH-co-EDOT-EG3) nanotube-decorated upper layer
has been used to provide a carboxyl acid side chain for coupling with cortisol anti-
bodies (Figure 2E). The resulting OECTs exhibited high reproducibility, stability,
sensitivity, and selectivity for the detection of cortisol in artificial sweat, with a limit
of detection (LOD) of 0.0088 fg mL~". These characteristics make the sensor clini-
cally practical and promising for detecting human stress.”®

The biocompatibility of OMIECs allows for the in situ cultivation and monitoring of
cells or tissues directly on their surfaces, which is particularly useful for detecting
cellular physiological activities. For instance, OECTs with cell-modified channels
have been utilized to monitor the real-time adhesion and growth of cells** as well
as to monitor the activation and inhibition of cells.”® Moreover, in situ cell-modified
channel-modification techniques have been used for real-time monitoring of cellular
vitality,*® in vitro monitoring cell activities,” cell toxicity,® and cytopathic effects.*’
Further details on these applications are provided in the section “cell activity.”

Gate functionalization

Gate functionalization is a popular strategy for developing OECT-based biosensors
because gate modification is channel independent, and biorecognition events
occurring on the gate working electrode can cause significant changes in the chan-
nel’s behavior due to the high transconductance of OECTs. Various biorecognition
elements, such as proteins, enzymes, and nucleic acids, have been modified on the
gate surface of OECTs to achieve specific antibody-antigen recognition, enzyme
catalysis, and DNA/RNA capture. These reactions induce electron transfer and po-
tential changes. Moreover, when considering real measurements, sensitivity, selec-
tivity, and stability of OECTs must be taken into account, leading to potential gate
modification of other functional materials such as self-assembled monolayers
(SAMs), nanomaterials, selectively permeable membranes, charged membranes,
and encapsulation layers.

To enhance the binding of biorecognition elements, such as DNA, RNA, and amino-
glycoside aptamers, onto the gate surface of OECTs, the modification of SAMs is
typically carried out prior to the modification of biorecognition elements because
these biorecognition elements may not readily bind directly onto the gate surface.
Thiol-modified bioprobes are commonly used as intermediates as a chemical SAM
to facilitate the binding of biorecognition elements onto the gate surface.®?77:7
In the specific case of detecting tobramycin, thiolated aptamers were immobilized
onto a gold electrode of OECTs to improve binding onto the gate surface. By
placing the Au electrodes in thiolated aptamers for several hours, an Au-thiolated
bond was formed (Figure 3A), resulting in higher current modulation across the tran-
sistor channel compared to traditional electrochemical aptamer-based sensors.”
Furthermore, the OECT-based sensor maintained stable current output even when
the device was miniaturized, demonstrating its potential for use in non-invasive
and spatial-resolution biosensing applications. Similarly, functional modification of
biological SAMs provides an ideal immobilization environment for various types of
biomolecules, including nucleic acids,””””” antibodies,®*"’ antigens,83 and en-

zymes,*" 199197 using biological SAMs. In the development of the OECT-based
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antigens biosensors, both chemical and biological SAM modifications have been
employed as shown in Figure 3B.%” A chemically modified SpyTag peptide was im-
mobilized on the top of the Au gate electrode to capture the nanobody-SpyCatcher
fusion protein. This biofunctionalization approach mitigates the risk of functional
loss of proteins, such as nanobody or SpyCatcher, due to direct chemical modifica-
tion, resulting in sensors with single-molecule sensitivity.

The use of nanomaterials, such as metal nanoparticles, has been a widely used
approach to enhance the sensitivity of OECTs by modifying the surface of gate elec-
trodes. In a study conducted by our group in 2011, platinum nanoparticles (Pt NPs)
were employed to modify the gate electrodes of OECTs, resulting in highly sensitive
glucose monitoring with a detection limit of 5 nM (Figure 3C).'%" Additionally, car-
bon-based materials, including multi-wall carbon nanotubes (MWCNTSs), graphene,
graphene oxide, and reduced graphene oxide, have been found to facilitate enzyme
immobilization. This is due to the presence of oxygen-containing functional groups

and larger surface area, which provide more sites for enzyme attachment.'?%197.193

Selectively permeable membranes and charged membranes have been utilized to
enhance the selectivity of OECTs. For instance, a 3,4-ethylenedioxythiophene-
based Na® and K* ion-selective membrane (ISM) was deposited on top of an
OECT gate, achieving dual cation detection for the first time (Figure 3D)."? ISMs pro-
vide a direct and efficient approach for large-scale production and adaptation into
various geometries for detecting alkali-metal ions in both in vivo and in vitro settings.
Recently, cortisol-selective membranes were fabricated using molecularly imprinted
polymers and interposed between gate electrode and channel, achieving sweat
cortisol detection with a liner detection range of 0.01-10.0 uM and high selectivity
against cortisol’s structural analogs (Figure 3E).”" Charged membranes, on the other
hand, have been shown to effectively block the diffusion of electro-active substances
on the gate surface of OECTs. Liao et al. utilized Nafion and polyaniline as charged
membrane to repel the negatively and positively charged molecules, respec-
tively.'%” Nafion, a polymer with a stable Teflon backbone and containing acidic sul-
fonic groups, possesses a negative charge, which enables it to block the diffusion of
anionic electro-active substances, such as ascorbic acid and uric acid, through elec-
trostatic interactions. Conversely, polyaniline doped with an acidic dopant takes
on a positive charge due to the presence of protonated amine groups, and it effec-
tively repels the positively charged molecules, such as dopamine, in biosensing
applications.

Encapsulation layers are typically applied as the final step of gate functionalization to
immobilize the functional layer. Chitosan is commonly utilized as an encapsulation
layer on the OECT gate, either alone or in combination with other biomolecules,
due to its biocompatibility, biodegradability, excellent film-forming ability, high
water permeability, and mucoadhesive properties.'’%'" Pappa et al. employed a
chitosan/ferrocene/enzyme mixed solution, drop-casted onto the glycidoxy-propyl-
trimethoxysilane deposited gate electrode to achieve multi-analyte saliva testing, as
illustrated in Figure 3F."% Another effective choice for gate electrode encapsulation
to prevent non-specific bindings is bovine serum albumin (BSA).%?

Electrolyte functionalization

Biorecognition events typically occur in the electrolyte solution that covers the semi-
conducting channel and gate electrode of OECTs. Therefore, analytes such as me-
tabolites, nucleic acid, hormone, and protein are added into the aqueous electro-
lyte. Similarly to the functionalization of the channel and gate, biorecognition
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Figure 3. Typical gate functionalization of OECTs

(A) Schematic of the immobilization of thiolated aptamers onto a gold electrode of OECTs. Reproduced with permission from Bidinger et al.”
Copyright 2022, AAAS.

(B) Schematic of nanobody-modified OECT sensor, which includes chemical and biological SAM functionalizations. Reproduced with permission from
Guo et al.®” Copyright 2021, Springer Nature.

(C) Schematic of a multi-layer gate-modification approach for glucose OECT biosensing, which comprises MWCNTs, GOx, Pt NPs, and chitosan
modifications on the Pt gate electrodes. Reproduced with permission from Tang et al.'”' Copyright 2011, Wiley-VCH.

(D) Schematic of an OECT based on PEDOT, with a Na® and K ion-selective membrane deposited on top of gate electrode. Reproduced with
permission from Wustoni et al.'” Copyright 2019, Wiley-VCH.

(E) Schematic of a flexible OECT on an elastic SEBS substrate, with a PEDOT:PSS semiconducting layer and a molecularly selective membrane.
Reproduced with permission from Parlak et al.”' Copyright 2018, AAAS.

(F) Schematic of gate biofunctionalization using a mixed solution of PEDOT:PSS/PVA and chitosan/ferrocene/enzyme. Reproduced with permission
from Pappa et al.'%” Copyright 2016, Wiley-VCH.

elements can be directly incorporated into the aqueous electrolyte or ionic liquid to
form a gel-format or solid-state electrolyte.'%*% Scheiblin et al. demonstrated the
development of a solid-state electrolyte for lactate detection by incorporating
N-isopropylacrylamide (NIPAAm), N,N'-methylene-bis(acrylamide) (MBAAm), and
LOx."% This approach offers an advantage over liquid electrolytes, as it overcomes
the problem of aqueous leakage and contamination that can arise during liquid
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handling in biosensing applications. Additionally, all-solid-state OECTs are well
suited for stress sensing because of their skin-attachment performance. This
approach has been widely used to detect physiological signals, including pulse

30

wave’” and blood pressure,’® among others, as summarized in the following section.

BIOLOGICAL SIGNAL ACQUISITION

Biological signals recognition, such as wrist pulse, blood pressure, electrophysiolog-
ical process, nerve impulse, and cell activity, is of great significance to understand-
ing the laws of human life, finding differences between individuals, exploring the
prevention and diagnosis of diseases, and developing instruments for precision
medicine. OECTs have been extensively used in biological signal acquisition owing
to their intrinsic flexibility, signal amplification, and low-cost processing. In this sec-
tion, we aim to present a comprehensive overview of the most recent advancements
in OECT-based biosensors that are utilized for the acquisition of diverse biological
signals. Our discussion will be supported by Table 1, which provides a summary of
the significant findings in this field.

Physiological information

OECTs have been used to monitor dynamic changes in active human organs such as
blood vessels, skin, and heart, providing valuable physiological information
including pulse wave,?” blood pressure,’® oxygen saturation,®’ and organ sig-
nals.”’*® Physical signals, such as pressure, are commonly detected using OECT-
based sensors, where a solid-state electrolyte is used to bridge the semiconducting
channel and the gate electrode instead of a solution electrolyte. Chen et al. demon-
strated the integration of a microstructured solid electrolyte to fabricate an ultra-
flexible all-solid-state OECT that modulates through a pressure-sensitive ionic
doping process, offering the potential for measuring human blood pressure.*® As
shown in Figure 4A, pressure maps clearly distinguish different-shaped patterns
placed on the OECT array. Similarly, Tian et al. developed a coin-sized OECT with
a solid-state ion gel as electrolyte, allowing for self-calibration and personalized
pulse-wave measurements (Figure 4B).%7 Alternatively, an elastic well can be used

. . . 1
to confine aqueous solutions as an electrolyte in OECT-based pressure sensors.'%

In addition to pressure sensors, photoplethysmogram (PPG) sensors are frequently
employed for the dynamic analysis of physiological signals, which are typically
composed of a light source (such as a light-emitting diode [LED]) and a photode-
tector (such as photodiodes and phototransistors) placed on the skin surface.’®’
Recent advancements have integrated an OECT with a photodiode module to un-
lock the potential of a photodiode for acquiring physiological signals.'*® However,
the complicated integration of LEDs in PPG sensors increase their power consump-
tion. To address this issue, our group has developed a novel flexible perovskite solar
cell (PSC) gated OECT for PPG sensing (Figure 4C), which operates at an ultra-low
working voltage of —1 mV, enabling an ultra-low electrical power consumption of
approximately 8.8 nW.?" These devices can be placed on the surface of the human
body to monitor PPG signals under ambient light or remotely operated at a distance
of up to 10 mm, as shown in Figure 4C. Furthermore, by integrating with optical fil-
ters, these devices can continuously track peripheral oxygen saturation.

Electrophysiological process

OECT-based biosensors offer a crucial capability of monitoring the electrophysiolog-
ical process, as they can directly interface with muscular tissue, nerve fibers, or brain
circuits to detect various electrophysiological signals such as electrocardiographic
(ECG),"832737.107 myscle tissue electromyographic (EMG)," 028 electro-oculographic
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Figure 4. Acquisition of physiological information using OECT-based biosensors

(A) Schematic and photography of an ultra-flexible all-solid-state OECT, and pressure mapping images of different-shaped patterns placed on an array
of OECTs. Reproduced with permission from Chen et al.”® Copyright 2020, Wiley-VCH.

(B) Design of a coin-sized OECT system attached onto human skin and measured by a smartphone. Reproduced with permission from Tian et a
Copyright 2022, American Chemical Society.

(C) Schematic structure of a PSC gated OECT and images of PPG signals recorded remotely at different distances between fingers and the device.
Reproduced with permission from Song et al.”' Copyright 2023, Wiley-VCH.

|79

(EOG),* electroencephalographic (EEG),**""""'"? and electrocorticographic (ECoG)
recordings,’" and mapping of brain activity.*' Typically, a flexible thin-film device is
attached directly onto the skin, such as forearm, chest, and wrist, 107114115 o directly
onto the heart to measure the ECG signals,” Despite recent advancements, long-
term monitoring of wearable functional electronic devices remains challenging due
to the instability of integrated power sources under mechanical deformation. Park
et al. have addressed this issue by developing ultra-flexible self-powered OECT-based
biosensors that integrate a double-grating-patterned organic photovoltaic device.*

This was achieved through the employment of a high-throughput room-temperature
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molding process, which created nanogating morphologies on the charge-transporting
layers with a periodicity of 760 nm. The resulting biosensors offer stable ECG moni-
toring capabilities, making them highly suitable not only for long-term and continuous
monitoring of ECG signals attached to the human finger but also to the heart of a rat
(Figure 5A). However, ECG signals have a low amplitude (~mV) and require amplifica-
tion and downstream processing. The integrity of these signals can also be easily
degraded by surrounding interferences, making continuous monitoring of ECG waves
challenging. To address this issue, an innovative approach has been developed to
enhance the durability and comfort of OECTs attached to human skin by using a
non-volatile ion-gel electrolyte, allowing for continuous monitoring of ECG signals
for more than 3 h with reusability for more than a week (Figure 5B).3® Efforts have
also been devoted to improving the gas permeability of OECT-based ECG sensors
by developing a fibrous nanomesh OECT with gas-permeable porous solid-state poly-
mer electrolyte, which has demonstrated the ability to record long-term and high-qual-
ity ECG signals.

Wearable ECG mapping is a valuable approach for obtaining comprehensive infor-
mation on the heart’s electrical activity for diagnosis, as it involves recording ECG
signals from different perspectives. However, this technique can pose challenges,
as it requires large-scale uniform sensor matrices with high sensitivity. To address
this issue, ultra-flexible 4 x 4 OECT arrays were manufactured on a honeycomb
grid substrate to provide high spatial and temporal resolutions for monitoring the
moving hearts of rats (Figure 5C).*° Impressively, poly(3-methoxypropyl acrylate)
was coated on the OECT arrays to achieve non-thrombogenicity and enable ECG
monitoring even with capillary bleeding. The ECG signals obtained from these ar-
rays showed a high signal-to-noise ratio (SNR) of 52 dB, indicating the accurate
and reliable recording of electrophysiological signals. Recently, our group also
made a significant breakthrough in the field of on-skin ECG mapping by utilizing ul-
tra-thin flexible OECT arrays based on highly oriented Cu3(HHTP),, a type of 2D con-
jugated metal-organic framework (c-MOF), as the channel materials.*® The ion-
conductive vertical nanopores formed within the Cu3(HHTP), films were found to
facilitate efficient ion transport in the bulk and enable high volumetric capacitance,
resulting in fast response speeds and ultra-high transconductance. An ultra-thin flex-
ible, large-area, and operationally stable device array with high yield and uniformity
on a polyimide substrate was developed and conformally attached to the human
chest for monitoring ECG signals from different angles (Figure 5D).*® The device
array provided various waveforms that were comparable to those obtained from
multi-lead ECG measurements, while also being wearable and convenient for the
patient. This innovation has the potential to significantly improve the diagnosis
and treatment of various medical conditions related to the heart’s electrical activity.

Intrinsically stretchable redox-active semiconducting polymers poly(2-(3,3"-bis(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5)yl thiophene) (p(g2T-T)) were
reported as the channel layer of OECT devices. The p(g2T-T) polymers showed
exceptional stretchability, withstanding 200% strain and 5,000 repeated stretching
cycles at 100% without any crack formation or performance degradation. The
stretchable OECTs were attached onto a human wrist to measure ECG recordings,
and the results exhibited stable recordings during joint movements and skin defor-
mation (Figure 5E)."® More recently, Chen et al. reported a material-level design
concept to fabricate highly stretchable OECTs using an intrinsically stretchable
organic semiconductor film with a honeycomb porous structure as a pre-stretched
platform (phs-h-DPP-g2T) to record ECG signals under various strains (Figure 5F).%7
In the typical stretchable OECT fabrication, h-DPP-g2T was spin-coated on
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Figure 5. ECG monitoring using OECT-based biosensors

(A) Photograph of the OECT-integrated device attached to a finger and a rat heart. Reproduced with permission from Park et al.*” Copyright 2018,
Springer Nature.

(B) Schematic diagram of an ultra-thin OECT with ion gel electrolyte. Reproduced with permission from Lee et al.”* Copyright 2019, Wiley-VCH.

(C) Schematic of ultra-flexible OECTs based on honeycomb constructed arrays, developed for ECG monitoring. A 4 X 4 array was demonstrated by
placing it on the heart of a rat. Reproduced with permission from Lee et al.”> Copyright 2018, AAAS.

(D) Schematic of a Cuz(HHTP),-based OECT attached to the human chest for monitoring ECG signals from different angles. Reproduced with
permission from Song et al.”® Copyright 2023, AAAS.

(E) Schematic diagram and photography of stretchable OECTs attached onto a human wrist to measure ECG recordings. Reproduced with permission
from Dai et al.'® Copyright 2022, Wiley-VCH.

(F) Optical and SEM images of the h-DPP-g2T layer, and OECTs using phs-h-DPP-g2T for measuring the ECG signals under different strains.

Reproduced with permission from Chen et al.”” Copyright 2022, Springer Nature.
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poly(vinyl) alcohol (PVA) sacrificial layers onto glass substrates and transferred to
biaxially pre-stretched styrene-ethylene-butylene-styrene (SEBS)/Cr/Au substrates
after water immersion. The phs-h-DPP-g2T film demonstrated fold/collapse over
150% strains but retained the same morphology after the stretching and releasing
process. OECTs using phs-h-DPP-g2T exhibited stable transfer characteristics,
with only a slight degradation of maximum transconductance after 10,000 stretching
cycles under 30% strains.

EMG signals are commonly utilized to evaluate the electrical activity of the skel-
etal muscles, providing essential insights into the underlying electrophysiological
processes. To improve the accuracy and reliability of EMG signal measurements,
Lee et al. have developed an ultra-flexible, high-temporal-resolution integrated
device utilizing OECTs. By applying this device to a rat’s gracilis muscle, typical
muscle action potentials and accompanying contractions were detected with a
fast response time of just 5 ms, as shown in Figure 6A.""% To further enhance
the fast response and sensitivity of physiologic sensing, an internal ion-gated
structure was designed, utilizing a high-performance enhancement-mode OECT
(e-IGT), which was made by de-doping PEODOT:PSS with polyethyleneimine (Fig-
ure 6B).*® The e-IGT device exhibits rapid transient responses, with a response
time of 2.9 ps, and displays high spatiotemporal resolution, comparable to sili-
con-based amplifiers. Such ultra-flexible e-IGTs are capable of being conformably
attached to human skin and have been employed to record both EMG and ECG
signals.

EOG is a non-invasive technique utilized for measuring the electrical activity of the
muscles surrounding the eye, providing valuable information for ophthalmological
diagnosis and eye-movement tracking. Conventional EOG measurements have
been performed using metal electrodes, which have limitations such as discomfort,
low flexibility, and susceptibility to motion artifacts. To overcome these limitations,
researchers have utilized flexible organic transistors for EOG recordings.®’ For
instance, an ultra-flexible hybrid electrolyte-gated inverter was developed,
comprising an n-channel indium gallium zinc oxide (IGZO)-based transistor and a
p-type DPP-g2T-based OECT, for amplification and monitoring of EOG signals (Fig-
ure 6C). This device achieved 20-fold amplification, increasing the signal from
around 1.5 mV to 30 mV, and realized an ultra-high gain of more than 110 under a
low voltage of 0.7 V, demonstrating its potential for use in real-time EOG recordings
with low power consumption and high gain.*”

Similarly, EEG recordings are one of the most frequently used techniques to study
the function of neural networks in the brain, and are widely used in clinical settings
for the diagnosis and monitoring of various neurological disorders such as epilepsy,
sleep disorders, and brain injuries.”"" In a typical OECT-based EEG measurement,
two OECTs were placed on the human scalp to record EEG signals and performed
at good level on low-frequency recordings (1-8 Hz) due to the high transconduc-
tance of OECTs.''? Recently, Spyropoulos et al. developed an OECT that enables
integrated real-time sensing and stimulation during EEG recordings.*® The OECT
was based on internal ion-gated construction, and this unique design enables a
self-(de-)doping process that eliminates the requirement for ion exchange with a
shared external electrolyte. The ultra-small OECT can be effortlessly attached be-
tween hair follicles without the need for any chemical agents (Figure 6D), owing to
the high amplification achieved through direct device-scalp interface. This results
in a five-order-of-magnitude reduction in contact size, allowing for a more precise
and accurate measurement of EEG signals.
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Figure 6. Various electrophysiological process detection using OECTs

(A) Photograph of an OECT-based multi-electrode array on a curved surface, attached to the surface of muscle tissue, and the corresponding spatial
distribution of the EMG signal intensity. Reproduced with permission from Lee et al."'” Copyright 2016, Wiley-VCH.

(B) Structure of an e-IGT for ultra-flexible and conformable attachment to human skin, and its application for recording both EMG and ECG signals.
Reproduced with permission from Cea et al.*® Copyright 2020, Springer Nature.

(C) Schematic of an ultra-flexible hybrid electrolyte-gated inverter, composed of an n-channel IGZO-based transistor and a p-type DPP-g2T-based
OECT, for amplification and monitoring of EOG signals. Reproduced with permission from Yao et al.*” Copyright 2021, National Academy of Science.
(D) Photography of an ultra-small OECT attached between hair follicles for EEG monitoring. Reproduced with permission from Spyropoulos et al.*’
Copyright 2019, AAAS.
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Figure 6. Continued

(E) Optical images of a single OECT device and implantation of OECT arrays on the somatosensory cortex of rats to record ECoG signals. Reproduced
with permission from Khodagholy et al."'* Copyright 2013, Springer Nature.

(F) Tissue-like OECT sensors with 100 channels, integrated into rats’ cerebral cortex for cellular-level ECoG recordings. Reproduced with permission
from Wu et al.*! Copyright 2023, Wiley-VCH.

ECoG is another technique used to measure the electrical activity of the brain. Unlike
EEG, which involves placing electrodes on the scalp, ECoG requires the placement
of electrodes directly on the surface of the brain. This approach provides a higher
spatial resolution and more precise localization of the source of the electrical activity
than EEG. Therefore, ECoG sensors must possess specific characteristics such as
biocompatibility, high spatial resolution, stability, low noise, and flexibility to ensure
accurate and reliable measurements. In 2013, Khodagholy et al. achieved a signifi-
cant milestone in the development of ECoG sensors by firstly reporting the in vivo
implementation of a biocompatible and flexible OECT for recording ECoG sig-
nals.""? They developed ultra-thin and flexible OECT arrays that could be conformed
to the surface of the brain. These OECT arrays were subsequently implanted on the
somatosensory cortex of rats to record ECoG signals (Figure 6E). Accurate identifi-
cation of the regions of the brain that generate high-frequency oscillations or micro-
seizures was successfully achieved. Mapping of brain activity caused by narcosis,
epileptic seizure, and electric stimuli can be easily detected by integrating the tis-
sue-like OECT sensors with 100 channels into rats’ cerebral cortex (Figure 6F). 4
This device displayed ultra-flexibility and biodegradability, with the 100 channels
being able to receive the cellular-level ECoG recordings at the same time, which
can be used as a neural interface. The development of these biosensors is crucial
for advancing our understanding of brain function and treating neurological
disorders.

Cell activity

In cell biosensing applications involving cells, it is crucial that the device and its bio-
functionalization modifications are biocompatible and that the cell cultivation pro-
cess is stable. In 2010, we developed OECT-based cell biosensors containing an
eco-friendly and flexible poly(dimethylsiloxane) (PDMS) cell well on top of the active
layers (Figure 7A),”® where human esophageal squamous epithelial cancer cell lines
(KYSE30) were cultivated on the PEDOT:PSS layer of the OECTs. The activities of the
cancer cells were measured through an electrostatic interaction between the cells
and the organic channel. To prevent membrane rupture and cell death caused by
excessively high operation voltage across the tissue or cell layer, a solid-liquid
dual-gate OECT was designed to measure the detachment of human mesenchymal
stem cells, using poly(2,5-bis(3-triethyleneglycoloxythiophen-2-yl)-co-thiophene)
(g2T-T) as the semiconducting channel material (Figure 7B).""® This design allowed
for a voltage window of threshold voltage exceeding 0.3 V, broadening the material
selection for cell-based organic bioelectronics.

To more accurately mimic organ and tissue systems in vivo, a tube-shaped OECT
cell-sensing platform has been developed for 3D cell culture and real-time detection
of its growth state (Figure 7C).*? The platform consists of porous PEDOT:PSS scaf-
fold-based OECTs fixed in a T-shaped poly(vinylidene fluoride) (PVDF) tube, allow-
ing for free flow of nutrients and mimicking the vasculature in vivo. Kidney epithelial
cells and telomerase-immortalized fibroblasts were cultured in the device, and the
transistor performance was compared, showing a significant difference in the drain
current, efficiency of the ionic transduction, and relative change of response time be-
tween the two cell types, demonstrating the potential for screening multiple cell

types.
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Figure 7. Demonstration of cell-based OECT biosensors

(A) Schematic of human esophageal squamous epithelial cancer cell lines cultured on the surface of OECTs. Reproduced with permission from Lin
et al.”® Copyright 2010, Wiley-VCH.

(B) Schematic diagram of the cross-sectional structure of g2T-T based OECTs. Reproduced with permission from Zhang et al.''® Copyright 2017,
American Chemical Society.

(C) Fabrication process of a tube-shaped OECT cell-sensing platform. Reproduced with permission from Pitsalidis et al.”* Copyright 2018, AAAS.
(D) Schematic diagram of 16-channel OECT array and distribution map of action potentials in primary cardiomyocytes. Reproduced with permission
from Gu et al.""” Copyright 2017, Wiley-VCH.

(E) Schematic diagram of human airway epithelial Calu-3 cells cultured on an OECT array. Reproduced with permission from Yao et al.”” Copyright 2013,
Wiley-VCH.

(F) Cross-sectional schematic of a cell-based OECT, with Caco-2 cell layers seeded on OECT channels. Reproduced with permission from Decataldo
et al.”® Copyright 2020, Wiley-VCH.

(G) Healthy and virus-infected cells were cultured in the channel areas of PEDOT:PSS-based OECTs and enclosed in a perforated cylinder made of

PDMS, respectively. Reproduced with permission from Decataldo et al.** Copyright 2022, Springer Nature.

As cell culture is a complicated process, effective strategies should be adopted for
high biocompatibility, low cell infection, and slow device degradation. A novel
16-channel OECT-based cell biosensor was developed to study the physiological ac-
tivities of a rat cardiomyocyte monolayer during long-term culturing (Figure 7D).""’

Ten synchronous action potentials could be recorded to quantitatively characterize
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the electrophysiological behavior of cardiomyocytes. The devices were modified
with fibronectin before cell seeding to improve their biocompatibility. Another
example involved depositing extracellular matrix-derived polypeptide poly(L-lysine)
(PLL) on a PEDOT:PSS film before adding PVA solution into the film to enhance its co-
valent linkage abilities with biological moieties."'® Perfect growth and differentiated
status of neuron cell line PC12 on PLL-functionalized PEDOT:PSS:PVA patterns show
great potential for application in OECT-based cell biosensors.

High time resolution is an available strategy for cell biosensing, whereby an OECT array
is integrated with human airway epithelial Calu-3 cells (Figure 7E).”> This integration pro-
vides a novel method to couple transepithelial ion transport with electric current, and
activation as well as inhibition of transepithelial ion transport can be readily detected
with excellent time resolution. Furthermore, to achieve fast and real-time cell moni-
toring, PEDOT:PSS-based OECTs with both vertical and planar configuration have
been fabricated.*® The leaky-barrier model cells (NIH-3T3, mouse fibroblasts) and
strong-barrier cells (Caco-2, human colorectal epithelia) were seeded directly on the
channel areas, and tissue growth and detachment could be continuously monitored
through transistor dynamic behavior for monitoring of the cellular vitality.

Cell-based OECTs have significant implications in various areas, including disease
diagnosis,** drug delivery,*> nanomaterial toxicity evaluation,*®
cans,”’ and single-cell detection.*”°° One specific application of OECTs is for the

cell-surface gly-

assessment of nanomaterial safety. Toxic citrate-coated Ag NPs have been found
to strongly affect ion fluxes through Caco-2 cell layers seeded on OECT channels
(Figure 7F), while non-toxic citrate molecules do not have this ability.*® This demon-
strates that OECTs can provide a non-invasive and label-free method for real-time
monitoring of nanomaterial toxicity. Moreover, a similar design of OECTs has
been used to detect the cytopathic effect of inducing severe acute respiratory syn-
drome (SARS) virus on Vero E6 cell lines.** In this case, healthy and virus-infected
cells were cultured in the channel areas of PEDOT:PSS-based OECTs and enclosed
in a PDMS perforated cylinder, respectively (Figure 7G). This technology has the po-
tential to be adapted for assessing the neutralizing antibody response toward
different viruses in various species, allowing for investigation of their role in the ecol-
ogy of infection. In addition, cell-based OECTs have been used to detect the growth
of bacteria, such as Salmonella®® and Pseudomonas fluorescens.”?

BIOINFORMATICS ANALYSIS

Bioinformatics involves the analysis of various biological molecules and processes in
human body fluids such as blood, serum, sweat, saliva, tears, and urine. These fluids
contain important biomarkers such as ion concentrations, metabolites, hormones,
neurotransmitters, nucleic acids, and proteins. OECTs have been shown to have
good sensing performance in aqueous solutions, making them a promising tool
for acquiring bioinformation from human body fluids. OECTs can be functionalized
with specific receptors or enzymes to selectively detect and quantify analytes of in-
terest, such as glucose, lactate, dopamine, DNA, RNA, antigen, or antibody. With
their high sensitivity, low cost, and compatibility with flexible and wearable devices,
OECT-based biosensors have the potential to revolutionize the field of healthcare by
enabling continuous non-invasive monitoring of biomarkers in real time. The objec-
tive of this section is to present an in-depth review of the latest developments in
OECT-based biosensors for bioinformatics analysis from human body fluids. To illus-
trate the significant findings in this field we refer the reader to Table 2, which pro-
vides a summary of the most important discoveries.
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lon sensing is a crucial aspect in numerous fields, including environmental moni-
toring, medical diagnosis, and industrial manufacturing. Biologically important
ions such as K*, Na*, Ca®*, and CI~ are widely utilized for disease diagnosis glob-
ally.""” OECT-based ion biosensors have been extensively developed owing to
the high sensitivity of OMIECs to ion doping, particularly in bodily fluids such as
tears, sweat, saliva, and urine.”*>’ Recently, a self-powered OECT-based contact
lens has been reported that can detect Ca®* levels in tears and has demonstrated
excellent ion selectivity (Figure 8A). Elevated Ca®* levels have been linked to
impaired glucose metabolism, indicating that OECTs for ocular monitoring have po-
tential to evaluate the risk of diabetes.””

Sweat analysis is another area where ion sensing is widely applied, and a typical
sweat ion OECT-based biosensor has been developed using a PEDOT:PSS/
[MTEOA][MeOSQO3] channel material and a lipophilic salt sodium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl] borate (Na-TFPB) ISM (Figure 8B).°® The device shows real-
time changes in drain current in response to Na* and K* under fast response time
of around 40.57 ps (Figure 8C). To achieve continuous sweat ion monitoring, a flex-
ible, skin-mountable, fiber-based OECT has been developed using a simple wet-
spinning process (Figure 8D).>® The channel layer is composed of PEDOT:PSS micro-
fibers that are produced by wet-spinning in aqueous sulfuric acid solutions, and
these microfibers are then attached to Ag wires using silver epoxy coating for source
and drain contacts. To form a source-gate hybrid electrode, the unpassivated silver
epoxy is chlorinated using clorox solution, resulting in the formation of Ag/AgCl.
This two-terminal single-strand fiber-based OECT can be comfortably worn on the
arm or integrated into garments for the direct and continuous detection of cations
in real time.

The nitrate ion can serve as a potential biomarker for mental stress in biofluids, as it
can indicate the activity of the autonomic nervous system and its response to
stress.”® Recently, Takemoto et al. have developed a fully transparent OECT with
a nitrate-ion-selective gate electrode for the detection of nitrate ions (Figure 8E).
The device has demonstrated a linear detection range of 10 uM to 10 mM, which
is appropriate for monitoring salivary nitrate levels.”® This technology has potential
applications in the non-invasive monitoring of mental stress through the analysis of
nitrate levels in saliva.

pH sensing involves the detection of hydrogen ion (H*) and bicarbonate ion (HCO3 ™)
concentration, which are important indicators of acidity or alkalinity. Similar to ion
sensing, hydrogen ISMs are commonly used in the fabrication of pH-based
OECTs. However, these OECT-based pH sensors with ISM typically use aqueous
electrolytes as the dielectric layer, which can lead to fouling or device degradation
due to the leakage or evaporation of human sweat.'*%'?" To address this issue, Chen
et al. have developed an ion-gel layer as a solid electrolyte for pH monitoring.®” This
ion-gel layer was synthesized using pH-sensitive bromothymol blue blended with
the intrinsic hydrophobicity of 1-butyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide ((BMIM][TFSI]) and the copolymer poly(vinylidene fluoride co-hexafluor-
opropylene) (PVDF-HFP) (Figure 8F). The OECTs with the ion-gel layer demon-

strated a pH sensitivity of up to 91 mA dec™

when detecting pH values ranging
from 2 to 7. In addition, the devices exhibited good mechanical flexibility, with no
significant current degradation observed even when the OECT was bent at curva-
tures with bending radii of 30 mm. Furthermore, the devices showed only a 20%

decrease in transconductance after 500 bending cycles.
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Figure 8. Applications of OECTs in ion sensing

(A) Schematic of a self-powered OECT-based contact lens for detection Ca™ levels in tears. Reproduced with permission from Lin et al.”* Copyright
2022, Springer Nature.

(B) Chemical structures of the PEDOT:PSS/[MTEOA][MeOSO3] channel material and schematic of an OECT with ion-selective membrane.

(C) The real-time changes in source/drain current in response to variations in Na* and K* concentrations. (B) and (C) reproduced with permission from Li
et al.”® Copyright 2022, American Chemical Society.

(D) Schematic of a fiber-based OECT composed of PEDOT:PSS microfibers, which can be comfortably worn on the arm. Reproduced with permission
from Kim et al.”® Copyright 2018, Springer Nature.

(E) Schematic of a fully transparent OECT for various bioelectronic applications. Reproduced with permission from Takemoto et al.”® Copyright 2023,
Wiley-VCH.

(F) Schematic of pH-sensitive OECTs, which consist of a pH-sensitive layer, an ion-gel layer, and a PEDOT:PSS channel layer. Reproduced with

permission from Chen et al.”” Copyright 2023, Royal Society of Chemistry.

Biological small molecule

Biological small molecules are fundamental components of larger biological mole-
cules, including lipids, phospholipids, amino acids, steroids, glycolipids, vitamins,
hormones, neurotransmitters, carbohydrates, and sugars. These molecules play
crucial roles in various biological processes and are essential for human life.
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Metabolites are a subset of biological small molecules that are produced or
consumed through metabolic processes. Analysis of specific metabolites, such as
glucose, lactate, and cholesterol, is a crucially important approach for early diag-
nosis of related diseases. For example, glucose monitoring is the gold standard
for diagnosis and prevention of diabetes mellitus, and OECT-based glucose sensors
came into being based on the reaction of glucose and GOx. Liao et al. used func-
tional gate electrode with modification of a polyaniline (PANI)/Nafion-graphene
bilayer to improve the selectivity of the OECT-based biosensor, in which PANI
and Nafion film can repel the positively and negatively charged molecules, respec-
tively (Figure 9A)."° The glucose in human saliva was further measured with this
OECT, achieving non-invasive glucose monitoring. With a similar sensing mecha-
nism, replacing GOx with urate oxidase (UOx) enabled the realization of an OECT-
based uric acid biosensor. Furthermore, a self-powered OECT-based glucose
biosensor has been developed by using NDI-T2 copolymer serving as electron-
transporting material. By drawing the energy from glucose present naturally in all
bodily fluids, the prepared reversible, mediator-free, miniaturized OECT sensors
achieved excellent stability for in excess of 30 days (Figure 9B).>” Moreover, the
quantification of metabolites in the human brain, particularly ascorbic acid, which
serves as an essential antioxidant and neuromodulator in the central nervous system,

has been successfully achieved using soft-fiber-based OECTs."'#%'%*

Lactate production is known to be associated with glucose uptake and usage,
making lactate an essential metabolite for health monitoring."** To detect
lactate, functionalized OECTs were fabricated and integrated into a lactate
detection platform. The lactate in tumor cells reacts with enzymes on the gate
electrodes of OECTs, altering electrochemical sensing signals.'® However, effi-
cient use of enzymes in biosensing is crucial and requires effective electrical
communication between the redox centers of the protein and the transducing
electrode. To address this issue, LOx was immobilized directly on top of a copol-
ymer P-90 semiconducting layer through glycol side chains that provide polar
groups to interact with the enzyme (Figure 9C). The resulting OECTs exhibited
a wide dynamic range of lactate detection, from 10 uM to 10 mM, and a rapid
response time of within 2 5.°> Additionally, the elimination of mediators and the
external reference electrode simplifies the device type’s adoption into various
structures and functions.

Given the ultra-sensitivity of OECTs in aqueous solutions, there has been growing
interest in exploring non-invasive metabolic or hormonal detection in body fluids
such as saliva, sweat, tears, interstitial fluid, and others.'0%/1102:105.63.72 Q¢
example of this is the selective detection of sweat cortisol using OECTs with a bio-
mimetic polymeric membrane-based detecting platform. This platform consists of
laser-patterned microcapillary channel arrays, a sample reservoir, a molecularly se-
lective OECT, and a waterproof protection layer, as shown in Figure 9D.”" Notably,
the OECTs fabricated on a SEBS elastomer substrate exhibit excellent flexibility
and stretchability, enabling an optimal fit when attached to human skin. The biomi-
metic polymeric membrane serves as a molecular memory layer, facilitating
controllable and regulated transport of cortisol molecules. Owing to the complex
composition of body fluids, multi-analyte OECT-based microarrays with finger-
powered pumping were developed for quantitative screening of glucose, lactate,
and cholesterol levels as shown in Figure 9E."%? Under a pumping actuation force
with a human finger, biological samples such as blood or saliva can be driven inside
the microchannel, achieving multiplexed, non-invasive, and personalized point-of-
care diagnostics.
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Figure 9. Biomolecule detection using OECTs, including metabolites, hormones, and neurotransmitters

(A) Schematic diagrams of OECTs modified with PANI/Nafion-graphene bilayer. Reproduced with permission from Liao et al."®’ Copyright 2015, Wiley-
VCH.

(B) Illustration of the OECT-based glucose biosensor. Reproduced with permission from Ohayon et al.”” Copyright 2020, Springer Nature.

(C) Schematic of lactate-sensitive OECTs and the interaction between lactate oxidase (LOx) and lactate, which occurs on top of a copolymer P-90
semiconducting layer. Reproduced with permission from Pappa et al.®® Copyright 2018, AAAS.

(D) Schematic of OECTs with a biomimetic polymeric membrane-based detecting platform and SEM images of laser-patterned microcapillary channels

|59

arrays. Reproduced with permission from Parlak et al.”’ Copyright 2018, AAAS.

(E) Schematic diagram and photograph of OECT array with finger-powered microfluidics. Reproduced with permission from Pappa et al.'’” Copyright
2016, Wiley-VCH.

(F) Schematic diagrams of a fabric OECT biosensor, photograph of integration of OECT into a diaper, and a sensing response with additions of artificial
urine containing different concentrations of glucose. Reproduced with permission from Yang et al.”’ Copyright 2018, Wiley-VCH.

(G) Schematic diagrams and SEM images of fiber-based OECTs with platinum nanoparticles-modified CNT fiber gate electrodes, and photograph of

| 62

fiber-based OECTs implanted in mouse brain. Reproduced with permission from Wu et al.”* Copyright 2020, Springer Nature.

To further expand the application of OECTs in wearable electronics, a typical
glucose biosensor was microfabricated on nylon fiber with a multilayer
structure composed of high-conductive metal/polymer double-layer electrodes, a
PEDOT:PSS semiconductor channel, and a parylene isolation layer (Figure 9F).°’
The PEDOT:PSS layer can connect the cracks in metal during the bending process,
resulting in the Cr/Au/PEDOT electrodes exhibiting a stable conductivity to mini-
mize the voltage drop after 5,000 bending tests. The fabric-based OECTs can be in-
tegrated in a diaper and remotely controlled with a smartphone, showing a clear
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response with additions of artificial urine containing different concentrations of
glucose. The precise and continuous health monitoring of fiber-based OECTs helps
to personalize healthcare and diagnose early. Following the concept of fiber-based
OECTs, Wu et al. developed carbon nanotube (CNT) fiber-based OECT multi-ana-
lyte biosensors for detection of metabolites, neurotransmitters, and amino acids,
including glucose, dopamine, and glutamate, in deep tissues that are typically diffi-
cult to access.®” Modification of CNT fiber gate electrodes with platinum nanopar-
ticles improves the low detection limit and high sensitivity of OECTs. The arbitrary
deformation properties that thin-film transistors do not possess allow fiber-based
OECTs to maintain dimensional stabilities in physiological environments after im-
plantation in mouse brain (Figure 9G). This achievement enables 7-day continuous
neurotransmitter dopamine monitoring in vivo with excellent biocompatibility.
Benefiting from the interaction between the channel area and the electrolyte near
the fiber surface, fiber-based OECTs are insensitive to geometric deformation,
thus providing more possibilities for application scenarios.

Nucleic acid

Nucleic acid analysis, involving both DNA and RNA, has emerged as a pivotal tech-
nique in many biological processes and has garnered significant attention in diag-
nostic and therapeutic applications. It finds applications in gene expression
profiling, detection of biowarfare and bioterrorism agents, identification of viral
and bacterial pathogens, and clinical medicine, among others.”’"'?* OECTs have
recently been applied to nucleic acid detection, offering a portable, accurate, and
convenient alternative to gold-standard methods such as PCR.

One common method for creating OECT-based DNA sensors involves immobilizing
DNA molecules onto the OMIECs layer or electrodes. This process typically involves
hybridizing single-stranded DNA (ssDNA) with its complementary DNA to form dou-
ble-stranded DNA. Our group developed a typical OECT-based DNA biosensor
with an integrated microfluidic channel on a polyethylene terephthalate (PET) sub-
strate in 2011.7” The ssDNA was immobilized on the Au gate surface through cova-
lent bonding, and the complementary DNA was introduced into the microfluidic
channel where it hybridized with the ssDNA (Figure 10A). This device could detect
DNA targets at concentrations as low as 1 nM, and the detection limit was extended
to 10 pM by applying an electric pulse. However, most methods of fixing DNA by
gold-thiol bonds require encapsulation to minimize the non-specific adsorption of
interference biomolecules.’?” To simplify this step, Sensi et al. proposed using poly-
dopamine (PDA), which can be spontaneously polymerized on the carbon gate elec-
trodes of OECTs and facilitate immobilization through Michael additions or Schiff
base reactions between PDA and active groups at the 5 or 3’ end of ssDNA. This re-
sulted in a more effective detection method for complementary DNA strands, with
an LOD of 100 fM and a linear range over four orders of magnitude.”®

Song et al. developed a photosensitive OECT by integrating a photoelectrochemi-
cal active gate electrode, resulting in a higher-sensitivity DNA biosensor. The ssDNA
was immobilized on CdS quantum dots (QDs) and could capture the target DNA
labeled with Au NPs (Figure 10B) The interaction between excitons and plasmons
between CdS QDs and Au NPs influenced the charge transfer on the gate elec-
trode.”” The device was capable of detecting the concentration of target DNA
down to 1 fM due to its amplification function. Organic photoelectrochemical tran-
sistors (OPECTs) have also been used to detect microRNA (miRNA)."?%7% TiO, nano-
tubes incorporated with CdS QDs were modified on the gate of OPECTs to perform
hybridization chain reaction amplification, with the aim of detecting the biomarker
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Figure 10. Fabrication process of nucleic acid-based OECTs

(A) Schematic diagram of an OECT-based DNA biosensor with an integrated microfluidic channel on a PET substrate, and hybridization process
between ssDNA and target DNA on the Au gate. Reproduced with permission from Lin et al.”” Copyright 2011, Wiley-VCH.

(B) Schematic of a photosensitive OECT, in which the gate electrode consists of CdS QDs, Au NPs, and ssDNA, for capturing the target DNA.
Reproduced with permission from Song et al.”” Copyright 2018, Wiley-VCH.

(C) Schematic of an OPECT with gate modification of TiO, nanotubes and CdS QDs for detecting the miRNA-17. Reproduced with permission from Gao
et al.”” Copyright 2022, Elsevier.

(D) Gate-modification process of RNA-based OECTs. MCH, mercapto-1-hexanol. Reproduced with permission from Peng et al.”® Copyright 2018,
Springer Nature.

(E) Schematic diagrams of an OECT-based RNA sensing platform for detecting miRNA21 from breast cancer cells controlled by a smartphone.
Reproduced with permission from Fu et al.” Copyright 2021, American Chemical Society.
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miRNA-17 as the target analyte (Figure 10C). The inherent amplification function and
photoelectrochemical analysis advantages of OECTs enable the detection of
miRNA-17 with ultra-low concentrations down to 1 pM.”? Additionally, OPECTs
are widely used in other biological sensing and pathological examinations, including
enzyme-associated analysis,’*”"*° body fluid biomarker monitoring,®* and anti-
body/antigen detection.?* "'

RNA is more susceptible to degradation compared to DNA, due to its single-
stranded structure and the presence of ribonucleases (RNases) that can cleave
RNA molecules. To address this issue, a gold electrode was modified with Au NPs
to immobilize the DNA probe for capturing miRNA21 extracted from Hela cells.”
Prior to the hybridization process, é-mercapto-1-hexanol was used to block the
degradation effect of miRNA21 (Figure 10D). The resulting OECTs demonstrated
high sensitivity and specificity, enabling the detection of miRNA21, which is highly
expressed in many types of cancers. This approach has the potential for early diag-
nosis of various diseases, including cancer, cardiovascular disease, diabetes, and
neurodegenerative disorders. Recently, our team has developed a highly sensitive
biosensing platform based on OECTs for detecting miRNA21 from breast cancer
cells.®” This platform consists of a disposable OECT, a portable meter, and a smart-
phone, which work together to enable the detection of miRNA21 cancer biomarkers
from low-volume solutions with concentrations as low as 1074 M (Figure 10E). The
OECT's wide detection range over nine orders of magnitude, from 10~ to 1074 M,
is remarkable and enables the distinction of miRNA expression levels in blood sam-
ples at different stages of cancer. This capability holds great potential for early diag-
nosis and improved treatment outcomes for cancer patients.

Protein

The recognition of antibodies and antigens is a critical step in the early detection of path-
ological conditions and the development of targeted therapies. Various techniques such
as enzyme-linked immunosorbent assays, optical measurements, and electrochemical
biosensing have been employed for this specific binding reaction. However, most of
these methods are time-consuming and require lengthy experimental procedures, in
addition to relying on expensive instruments and professional operation methods, which
can complicate early diagnosis in patients. Fortunately, OECT-based protein biosensors
have recently emerged as a promising diagnostic platform.®*#*%” These biosensors
offer several advantages, such as high sensitivity and selectivity, low cost, rapid detec-
tion, point-of-care capabilities, easy operation, and personalized applications, when
compared to traditional immunoassay methods. Researchers have demonstrated that
modifying the gate electrode or organic channel layer significantly improves the sensing

performance of OECT-based protein biosensors.”?#%-7

An OECT-based protein biosensor that can chirally recognize a-amino acid has been
achieved with modified molecularly imprinted polymer films on the gate electrodes.
L-Tryptophan (L-Trp) molecules can occupy the complementary cavities in the poly-
mer matrix through non-covalent interactions, as shown in Figure 11A.%” Addition-
ally, Fu et al. fabricated an ultra-high-sensitive OECT for detecting a cancer
biomarker, human epidermal growth factor receptor 2 (HER2) (Figure 11B),”” in
which Au NPs, HER2 detection antibody, and enzyme horseradish peroxidase
(HRP) together worked as nanoprobe on the electrode surface to achieve detection
down to the concentration of 10" g mL™".

OECTs can be rendered selectivity by incorporating biorecognition components,
such as a microfluidic-channel-based OECT with a nanoporous membrane
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Figure 11. Typical application of protein-based OECTs for different disease diagnosis
(A) Schematic of an L-Trp-based OECT for recognizing a-amino acid. Reproduced with permission from Zhang et a
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Copyright 2018, Elsevier.

(B) Fabrication process of ultra-high-sensitivity OECTs for detecting a cancer biomarker. Reproduced with permission from Fu et al.”” Copyright 2017,
Wiley-VCH.

(C) Schematic of a microfluidic channel-based OECT with a nanoporous membrane functionalized with Congo red molecules. Reproduced with
permission from Koklu et al.”” Copyright 2021, American Chemical Society.

(D) Schematic of anti-IgG antibodies functionalized D-OECTs. Reproduced with permission from Song et al.”’ Copyright 2022, Elsevier.

(E) OECT-based antibody detection platform for SARS-CoV-2 IgG detection. Reproduced with permission from Liu et al.® Copyright 2021, AAAS.

(F) Schematic diagrams and operation processes of enhanced nanobody-functionalized OECTs. Reproduced with permission from Koklu et al.?’

Copyright 2022, Wiley-VCH.

functionalized with Congo red molecules (Figure 11C). This biosensor has demon-
strated a strong affinity for amyloid-B (AB) aggregates, allowing for high discrimina-
tion of hybrid AB charges at various concentrations.” The aggregation of A in the
human brain is a precursor to Alzheimer’s disease, making the detection of AB ag-
gregates an important diagnostic tool. Moreover, dual-gate configurations of
OECTs (D-OECTs) can improve the accuracy of protein detection.”’ In the case of
detecting immunoglobulin G (IgG), the two same gate electrodes of D-OECTs are
functionalized with anti-lgG antibodies and other polymers in the same way
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(Figure 11D). This approach leads to a significant reduction or even elimination of
voltage drifts, as the drifts occur in opposite polarities with respect to the direction
of the gate voltage probe on the two gates as compared to single-gate designs. The
detection limit of D-OECTs for IgG was found to be 0.07 aM, indicating that
D-OECTs could be an attractive option for a variety of clinical diagnostic applica-
tions requiring the detection of low concentrations of IgG.

Recently, OECT-based protein biosensors have been used for detecting antibodies
or antigens of the acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that has
caused the global spread of coronavirus disease 2019 (COVID-19) since January
2020. To address this pressing need, we have developed an OECT-based antibody
detection platform, as depicted in Figure 11E.% The SARS-CoV-2 spike protein was
captured via conjugation between amine groups and carboxylic groups on the sur-
face of Au gate electrodes. To ensure specific detection, any remaining non-specific
binding sites of the gate electrode were coated with BSA. After optimizing the De-
bye length, pH values, and operation voltage pulses, this platform can detect SARS-
CoV-2 1gG within 5 min, and the detection limit of 10 fM is sufficient to meet the
detection range in human serum and saliva. Conversely, to detect the SARS-CoV-
2 spike protein, a single-chain antibody was immobilized on the sensing layer of
OECTs. In particular, Koklu et al. employed a single-chain antibody linked to a
SpyCatcher domain via a flexible linker (Figure 11F).%” This enabled the antibody
to be fixed to the OECT surface in a controlled molecular orientation and configura-
tion. Additionally, they developed nanobody-functionalized OECTs for detecting
the spike protein of coronavirus, which can detect even a single molecule corre-
sponding to a concentration of 0.33 aM.?? This state-of-the-art biosensor platform
holds great promise for rapid, ultra-sensitive, and specific detection of both SARS-
CoV-2 and Middle East respiratory syndrome coronavirus (MERS-CoV) antigens.

BIOMIMETIC DEVICES

Biomimetic devices are engineered to replicate the structure or function of biolog-
ical systems found in nature using the principles of biomimicry. These devices
encompass a wide range, from simple structures that imitate natural materials to
complex systems that reproduce the functionality of biological organs or organisms.
Notably, among these biomimetic devices, OECTs demonstrate the ability to detect
and manipulate the electrical activity of biological systems. OECTs achieve this by
accurately mimicking the ion-driven processes and dynamics observed in biological
systems, thereby enabling them to emulate the behavior of artificial neurons, synap-
ses, e-skin, and e-plant systems.'?>"%? In this section, our primary focus lies on
OECT-based biosensors that strive to mimic the intricate functions of neurons, syn-
apses, skin, and plant interfacing, with potential applications in fields such as ro-

botics, brain-computer interaction, and regulation of plant function.**3*

Neuromorphic devices

The human brain consists of 10" neurons that are connected through 10" synapses
to form a densely interconnected neural network, which operates in parallel to sup-
port all brain functions.”**'* Neuromorphic devices are bioinspired systems that
aim to mimic the parallel signal-processing capability of the brain, enabling applica-
tions such as movement control, speech recognition, and visual information process-
ing.””"*”"13% In prosthetics or robotics applications, thousands of sensing elements
generate massive signals that need to be processed simultaneously without interfer-
ence."® Neuromorphic devices provide compact, fault-tolerant, and energy-effi-

cient solutions for solving complex real-world problems."?’
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Transistor-based artificial synapses have emerged as a promising approach for the
development of neuromorphic devices, owing to their unique advantages in terms
of wearability, biocompatibility, reconfigurability, and implantability.*°~'** Howev-
er, current neuromorphic devices rely on detecting local electric fields generated by
synaptic currents and action potentials, which is different from the primary signaling
mechanism in biological systems. In biological systems, chemical signaling through
neurotransmitter release into the synapse plays a critical role in establishing and
modulating synaptic weight. Therefore, to achieve accurate emulation of biological
synaptic behavior, the connectivity of artificial synapses must be dynamically regu-
lated based on the local neurotransmitter activity in a manner similar to that occur-
ring in biological synapses. Biohybrid synaptic OECTs represent a promising
approach for achieving this goal. Keene et al. developed biohybrid synaptic
OECTs by seeding a dopaminergic presynaptic domain of PC-12 cells onto the de-
vice to create a presynaptic terminal.’** In biohybrid synaptic OECTs, the oxidation
of dopamine secreted by the PC-12 cells causes a change in the charge state of the
gate electrode, which can regulate the conductance of the device and modulate the
synaptic weight. The flow rates in the microfluidic channel can be controlled to
emulate the dopamine recycling process in biological synapses, further enhancing
the biohybrid device's ability to mimic the plasticity of biological synapses, such
as long-term potentiation and long-term depression (LTD) (Figure 12A). The capa-
bility of regulating synaptic weights in biohybrid synaptic OECTs has great potential
for the development of neuromorphic-based prosthetics. Short-term plasticity in the
brain, which plays a critical role in many cognitive processes including sensory
processing, memory formation, and attention, can be studied using a biomem-
brane-based OECT."** An ionic barrier in the form of supported lipid bilayers in
the membrane of synaptic OECTs hinders ion passage and modulates conductance,
allowing analysis of short-term depressive (STD) behavior.

Precise emulation of the spiking and firing behaviors of biological neurons is essential for
developing artificial systems or models that mimic their behavior. OECTs have been em-
ployed for the creation of artificial neurons because of their ionic-to-electronic transduc-
tion, low operation voltage, and flexibility.'*®"*> Harikesh et al. have developed a novel
spiking organic electrochemical neuron (OECN) with a leaky integrate and fire type cir-
cuit that can mimic spiking neural networks using all-printed complementary OECTs,
including a p-type P(g42T-T)-based OECT and an n-type poly(benzimidazobenzophe-
nanthroline) (BBL)-based OECT (Figure 12B)."*? The device displayed both STD and
LTD spiking behaviors that are similar to those of biological neurons, which could facil-
itate Hebbian learning. Additionally, when coupled with a Venus Flytrap, the device was
able to induce electrical stimuli to control the plant’s opening and closure, demon-
strating the potential for building connections between soft neuromorphic devices
and various biointerfaces. They also created a complementary OECN (c-OECN) using
channel material based solely on BBL, which included one Na*-based OECT and one
K*-based OECT, each connected to a voltage source. This design was inspired by the
activated and inactivated states of the voltage-gated sodium channel in the Hodgkin-
Huxley neuron model. To evaluate the c-OECN'’s potential as a therapeutic intervention,
it was coupled with a mouse's right cervical vagus nerve, and the resulting physiological
effects and underlying mechanisms of vagus nerve stimulation were analyzed. The
experiment revealed a 4.5% decrease in heart rate, which occurred because of the in-
crease in Na* concentration and was consistent with nervous electrical activation
(Figure 12C).

More recently, a compact organic artificial spiking neuron (OAN) was developed
using a depletion-mode OECT based on a PEDOT:PSS channel and an
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Figure 12. Schematic diagrams of neuromorphic devices composed of OECTs

(A) Biohybrid synaptic OECTs with P-12 cells seeding. Reproduced with permission from Keene et al.'"* Copyright 2020, Springer Nature.

(B) Schematic of a spiking OECN, including p-type-based OECTs and n-type-based OECTs. Reproduced with permission Harikesh et al.'** Copyright
2022, Springer Nature.

(C) The c-OECN circuits coupled with a mouse’s right cervical vagus nerve and the corresponding heart rate variations with the concentration of Na™.
Reproduced with permission from Harikesh et al.'*> Copyright 2023, Springer Nature.

(D) Schematic of a biological OAN and its circuit design. Reproduced with permission from Sarkar et al.'*® Copyright 2022, Springer Nature.

(E) Schematic of a textile artificial neural network composed of neuromorphic fibrous OECTs. Reproduced with permission of Kim et al."*” Copyright
2021,Wiley-VCH.

enhancement-mode OECT based on a p(g2T-TT) channel. The two OECTs were con-
nected in a cascade-like configuration with feedback resistors to create the non-
linear device, which was then coupled to a resistor-capacitor element to form the
OAN (Figure 12D). The OAN exhibited the ability to modulate the amplitude and
window of current or voltage oscillations via the adjustment of threshold voltages
in both OECTs. The OECTs within the OAN displayed a high-frequency response
to polyatomic ions and ionic species, demonstrating dopamine-mediated spiking
response and ion-specific oscillations. Furthermore, the device’s capability for
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density integration and variability of soft matter was demonstrated by incorporating

organic synaptic transistors.'*

Fiber-based OECTs have also shown potential for use in neuromorphic devices.'*’
The neuromorphic fibrous OECT was constructed using a double-stranded assembly
of electrode microfibers (DSA microfibers) and an ion-gel electrolyte. Specifically,
P3HT and P3CT semiconductors were coated on the Au microfiber and twisted
into the DSA microfibers. The neuromorphic fibrous OECT based on P3CT exhibited
reversible redox reactions in the channel area, resulting in excellent cyclic endurance
and stable long-term memory. A textile artificial neural network was created through
20 intercrossed neuromorphic fibrous OECTs (Figure 12E), which can operate with
distinct memory states in speech recognition and enhance cyclic memory endurance
for spatiotemporal iterative learning. Fiber-based neuromorphic devices are
deformable and adaptive electronic components for future smart wearable elec-
tronics. The development of fiber-based neuromorphic organic transistors is a
crucial step toward a textile artificial neural network capable of neuromorphic
computing.

The advancement of synaptic transistors could improve the adaptive control of phys-
iology and processes to nerves, cells, tissues, and organs,13‘/"w7'Mg However, some
challenges need to be addressed. First, the working mechanisms of synaptic transis-
tors, such as potential switching, transmission, and conducting path formation,
require further exploration. Second, the conductivity and mobility of organic semi-
conductors need improvement to enhance energy efficiency, device stability, and
cycling endurance in real applications. Third, the implementation of massive synap-
tic transistors interconnected to form a brain-like neural network remains to be
realized. Fourth, the current limited understanding of brain function limits the devel-
opment of neuromorphic devices.

E-skin

The integration of intrinsically stretchable OECTs with pressure and temperature
sensors provides an opportunity to emulate the temperature/toughness/pressure
capability of the human skin. This integration allows for the identification and quan-
tification of precise sensing signals from mechanical or thermal stimuli, which is
crucial for human health monitoring and e-skin development. Recently, numerous
strategies have been developed to obtain intrinsically stretchable thin-film devices
for emerging wearable electronics and soft bioelectronic e-skin. For example, Liu
et al. fabricated intrinsically stretchable OECTs by employing elastic thermoplastic
polyurethane (TPU) substrates with extremely low oxygen permeability (Fig-
ure 13A)."°° The resulting intrinsically stretchable OECTs exhibited a record-high
on/off ratio (~10% and mobility retention (~1.1 cm? V~'-s7") even after being
stretched up to 50%. Notably, the PEDOT:PSS film integrated onto TPU substrates
exhibited minimal cracking at 50% strain due to the favorable Young’s modulus
match, eliminating the need for additional plasticizers and improving the potential
for commercialization.

Mechanical breakdown can significantly reduce the practicality and longevity of
e-skin applications, as it can result from factors such as wear, tear, mechanical stress,
temperature changes, and moisture exposure. To enhance the intrinsic stretchability
and durability of e-skin a self-healable conducting polymer has been developed,
which comprises a conductive polymer, PEDOT:PSS, a soft polymeric material,
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS), and an ionic liquid,
1-ethyl-3-methylimidazolium trifluoromethanesulfonate  (EMIM  OTF).">"  This
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Figure 13. The potential use of flexible OECTs in e-skin applications

(A) Schematic diagrams of stretchable OECTs with potential applications in e-skin. Reproduced with permission from Liu et al.'* Copyright 2022, Wiley-
VCH.

(B) Stretchable OECT arrays with self-healable channel for tactile sensing. Reproduced with permission from Su et al.”®" Copyright 2022, Wiley-VCH.
(C) Ultra-flexible OECTs printed via aerosol jet technology for sensing grabbing forces and recognizing states. Reproduced with permission from Zhou
et al."* Copyright 2023, Wiley-VCH.

stretchable film can maintain high electrical conductivity even when subjected to
strains exceeding 600%, and it is capable of repairing damaged areas caused by
both mechanical and electrical breakdowns (Figure 13B). This is due to the hydrogen
and ionic bonds that form between PEDOT:PSS and PAMPS, which undergo an en-
ergy dissipation mechanism when exposed to strain or severe mechanical damage.
The damaged bonds can then be reformed to restore the material’s mechanical
properties. Moreover, the stretchable polymer composite film has been demon-
strated to be suitable for use in e-skin applications requiring high stretchability
and reliability, such as tactile sensing. The stretchable OECT array fabricated using
this material exhibited outstanding pressure sensitivity, ultra-fast response time, and
impressive endurance. These properties make the stretchable polymer composite
film a promising candidate for use in various e-skin applications, where it can
improve the material’s stretchability, durability, and reliability.

Soft bump structures have been utilized in e-skin applications for tactile and force
sensing by detecting the directional deformations of bumps, mimicking the inter-
locked dermis-epidermis interface found in human skin.">? However, miniaturizing
this structure is challenging, and irregular skin attachment is limited by the size of
the sensing electrodes and the lack of high-deposition precision technology. To
address these limitations, Zhou et al. developed an ultra-thin, deformable, multi-
dimensional tactile sensor based on OECT technology (Figure 13C)."** The OECT
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force sensor, which comprises a micro-riblets array structure gate electrode and
OECT sensing layer, was fabricated using aerosol jet printing with accurate pattern
depositing techniques. The sensor features a unilateral conductive micro-riblets
array, enabling tunable range and sensitivity, and the device exhibits adjustable
sensing performance, with high sensitivity of approximately 1.45 kPa™" in the low-
pressure range (0-500 Pa) and a large measuring range of up to 50 kPa. Furthermore,
the sensor can be used for force sensing and state recognition during grasping by
bonding it to human or robotic fingers (Figure 13C). This technology has potential
applications in intelligent robotics and human-machine interaction.

E-plants

The root and shoot systems of higher plants serve as an intricate communication
network, exhibiting similarities to electronic circuits, and play a vital role in transmit-
ting chemical signals that govern growth and various physiological functions. These
signals are influenced by environmental factors, such as light and temperature, as
well as hormones, and nutrients present in the plant’s surroundings. They propagate
through the xylem and phloem vascular systems, serving as conduits, to initiate and
modulate processes within the plant. However, owing to the intricacy and spatio-
temporal dynamics of these processes, there is an urgent requirement to precisely

record, address, and locally regulate plant functions."*”

In response to this need, the integration of OECT technology into living plants has
emerged as a promising solution for the local regulation of plant functions. Notably,
researchers have successfully developed OECT circuits within the xylem and leaves
of living roses, enabling precise control over the plant’s energy harvest from photo-
synthesis.'>* This integration allows for modulation and optimization of the plant's
energy utilization, thereby promoting efficient growth and physiological processes.
Similarly, OECT biosensors have been seamlessly incorporated into tomato plants,
facilitating continuous monitoring of various physiological parameters. These bio-
sensors can track ion concentration in the sap during drought conditions,'** satura-
tion levels,’® and variations in solute content of the plant sap.’*® Real-time moni-
toring capability provides valuable insights into the plant’s physiological status
and responses to environmental changes. In the case of diurnal sugar homeostasis
monitoring in trees, OECTs have been implanted into the vascular tissue of hybrid
aspen trees to achieve continuous measurement of sucrose and glucose levels."’
This ongoing monitoring of sugar levels not only allows for real-time assessment
of plant metabolites influenced by surrounding biotic environment but also provides
valuable insights across various disciplines, including plant science and genetic sci-
ence. Additionally, the utilization of OECT technology has facilitated the measure-
ment of plant action potentials'*® as well as the assessment of plant nutritional
levels."®? These advancements have shed light on the electrical signaling mecha-
nisms that underlie plants’ sensory capabilities.

The integration of OECT technology into living plants represents a significant step
forward in understanding and manipulation of plant physiology. By leveraging these
advancements, researchers can achieve highly complex and spatiotemporally
resolved recordings and regulation of plant functions. This breakthrough carries
extensive implications across various disciplines, including agriculture, horticulture,
and ecological studies, as it empowers the precise management of crop productiv-
ity, stress responses, and sustainable farming practices. The integration of OECTs
into plants opens up new avenues for scientific exploration and innovation, allowing
for a deeper comprehension of the intricate processes underlying plant growth and
development.
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CONCLUSION AND OUTLOOK

In conclusion, this comprehensive and timely review aims to contribute to the
advancement of higher-performance flexible biosensors for diverse functional appli-
cations. Flexible OECTs have demonstrated great potential for biosensing applica-
tions both in vivo and in vitro. These applications encompass the acquisition of phys-
iological information, monitoring of electrophysiological processes, assessing cell
activity, and detecting ions, metabolites, nucleic acids, and proteins. OECTs have
also been employed in neuromorphic devices and e-skin thanks to their unique
properties, including high sensitivity, biocompatibility, and flexibility. The function-
alization of OECTs with different sensing materials through the channel layers, gate
electrodes, and electrolyte has enabled the creation of biosensors that can detect
various health conditions in real time, including various body fluids, biomolecules,
and ionic solutions, with high selectivity and specificity.

One of the key advantages of flexible OECTs for biosensing is their ability to conform
to the surface of the body and organs. This characteristic makes them highly suitable
for applications involving stretchable, wearable, and implantable devices (Fig-
ure 14B). Moreover, their ease of use in household settings, along with the potential
integration with the future Mobile Internet of Things ecosystem, such as smart-
phones, smart glasses, and smart watches (Figure 14A), positions them to signifi-
cantly contribute to point-of-care testing and personalized medicine. These adapt-
able devices can be used for continuous and personalized monitoring of various
health conditions, including non-invasive glucose levels in diabetic patients or elec-
trocardiographic signals, blood pressure, and oxygen saturation in individuals with
cardiovascular diseases. In addition, the development of intrinsically stretchable
OECTs has opened up new opportunities for the creation of e-skin, capable of with-
standing the mechanical stresses imposed by the body (Figure 14C). The data ob-
tained from the OECT sensing platform can be analyzed using artificial intelligence
algorithms and transmitted to mobile devices for recording and analysis (Fig-
ure 14D). This integration of advanced technologies has the potential to revolu-
tionize disease management and bioelectronics, providing valuable insights into
the development and treatment of various medical conditions.

Nonetheless, there are still challenges that need to be addressed in the field, such as
the innovation of OMIEC materials and the optimization of sensing performance.
Personalized OMIECs, which establish a relationship between microstructure and
properties, could enhance the performance of OECTs. Recent attention has been
given to 2D polymers and MOFs because of their ordered porous microstructures,
which enable efficiention and charge-carrier transport, leading to high-performance
OECTs.*® Additionally, the architecture of innovative devices can also enhance the
behavior and stability of transistors, with ion-impermeable contacts enabling the
achievement of vertical OECTs throughout the entire semiconductor bulk. Short
channels provide these devices with high transconductance, low driving voltage,
low power consumption, and fast response time, making them attractive for diverse
biosensing applications."’

In practical trials, significant efforts are being made to address the stability, repro-
ducibility, and integration of OECTs with other electronic components. The objec-
tive is to ensure consistent performance at intended levels and seamless integration.
To effectively deploy OECTs in practical trials, such as wearable bioinformatics anal-
ysis and biological signal acquisition in vivo and in vitro, it is crucial to consider the
potential impact of various environmental factors on the properties of organic
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Figure 14. Schematic illustration of healthcare application utilizing OECT

(A) Mobile Internet of Things for OECT technology. Reproduced with permission from Song et al.'®”
Copyright 2020, AAAS.

(B) OECT sensing platform. Reproduced with permission from Kim et al.’*” Copyright 2018, AAAS.
(C) Personalized healthcare. Images of sweat sensors were reproduced with permission from Gao
et al.'®" Copyright 2016, Springer Nature. Images of e-skin were reproduced with permission from
Jiang et al."®” Copyright 2022, AAAS.

(D) Al-powered big data analysis. Data acquisition using smartphone was reproduced with
permission from Min et al.'®® Copyright 2023, Springer Nature. Image of synapse was reproduced
with permission from Waltz.'®* Copyright 2016, Springer Nature.

materials and biorecognition elements. Environmental factors such as chemicals,
temperature, air, water, noise, light, acidity, and alkalinity can influence the perfor-
mance and longevity of these devices. Researchers are conducting chronic stability
testing and implementing systematic characterizations to investigate degradation
mechanisms and provide valuable insights for the development of robust biosensors
capable of withstanding diverse environmental conditions. By improving the lifetime
and long-term stability of OECTs, their commercialization for real medical devices
can be enhanced. This is an important step toward ensuring the reliability and func-
tionality of these devices, enabling their successful integration into practical
applications.

Despite these challenges, the future outlook for flexible OECTs in biosensing is
promising. The development of such devices could lead to personalized healthcare
and improved patient outcomes. With ongoing research and development, flexible
OECTs have the potential to revolutionize the field of biosensing, enabling the cre-
ation of wearable and implantable devices that can monitor and diagnose various
health conditions in real time.
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