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Abstract

Biomarkers in body fluids provide essential chemical information for examining health conditions; however, unlike conven-
tional instrumental approaches, easy-to-use analytical methods have not yet been fully established. This review introduces
extended-gate-type organic field-effect transistors (OFETs) as biosensor platforms for real-sample analysis. OFETs are elec-
tronic devices that show switching profiles when gate voltages are applied. Therefore, the gate electrode of OFET functions
as a sensing unit combined with appropriate molecular recognition materials. Owing to their signal amplification proper-
ties, OFETs enable sensitive biosensing. The extended-gate surfaces are easily functionalized with enzymatic layers using
chemical modification, and these surfaces provide a high discrimination ability for specific biomarkers from their analogs.
This review presents the designs of the extended-gate structures (i.e., integrated and separated styles) and their enzymatic

layers and includes their actual sensing performance.
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Introduction

Chemical species contained in body fluids are essential
biomarkers for examining health conditions, and abnormal
levels indicate significant diseases [1]. Stational analytical
equipment has been widely used for the assessment of body
fluids because of their reliability and accuracy. However,
conventional instrumental approaches have requirements
of complicated sample treatment, trained personnel, large
apparatuses, and long-term measurements. Therefore, port-
able sensor devices are potential candidates for real-sample
analysis in practical situations.

Sensors consist of receptors and transducers, and the
combination of both units defines the sensor abilities such
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as sensitivity, selectivity, and response time [2]. Enzymes
are representative biogenic recognition materials that allow
selective analyte capture based on the lock-and-key detection
principle [3]. Enzymes have already been applied as blood
glucose sensors for diabetes [4]. Although these conven-
tional biosensors have been used in real-world scenarios,
several drawbacks exist. For example, an enzymatic glucose
sensor requires the collection of blood samples and causes
pain to the patients. Therefore, ideal biosensors require not
only selective and sensitive detectability but also the ability
to painlessly collect body fluids. Among body fluids, with
the exception of blood, urine, sweat, saliva, and exudates
are collected painlessly [1]. In this context, glucose con-
centrations are at millimolar levels in blood samples [5],
whereas sensitive detection at micromolar levels is required
in sweat samples [6—11]. Specifically, biomarker concentra-
tions depend on the type of body fluid, which indicates that
the selection of appropriate transducers is needed for each
target sample.

Field-effect transistors (FETSs) are electronic devices that
consist of three electrodes (i.e., gates, sources, and drains)
and dielectric and semiconductor layers [12]. FETs display
current switching profiles corresponding to applied gate
voltages; here, the gate electrode performs as a sensing site

@ Springer


https://orcid.org/0000-0003-4185-569X
http://orcid.org/0000-0001-8331-378X
http://crossmark.crossref.org/dialog/?doi=10.1007/s44211-025-00750-8&domain=pdf

524

Y. Sasaki, T. Minami

by integrating appropriate molecular recognition materials
(vide infra) [13—15]. In the design of chemical/biosensors,
appropriate sensitivity needs to be considered depending on
analyte concentrations. To date, amperometric enzymatic
sensors [16] or colorimetric enzyme-linked immunosorb-
ent assays [17] have been applied for the sensitive detection
of biomarkers. The superior features of FETs over conven-
tional detection methods in chemical/biosensing include
signal amplification abilities [18] and the applicability of
label-free and real-time measurements. Clearly, the favorable
device properties of FETs have been vigorously expanded
for sensor applications [19, 20]. However, among semicon-
ductive materials, the instability of organic semiconductors
in water environments has posed the development of organic
FET (OFET)-based chemical/biosensors that require their
use in aqueous media [21]. To overcome the drawbacks of
OFETs, the focus of this study is on an extended-gate struc-
ture for chemical sensing [22-26]. The OFET device allows
monitoring of time- and concentration-dependent enzymatic
reactions on the gate electrode when changes in transistor
characteristics occur upon analyte capture. This review sum-
marizes the designs of OFET devices and gate electrode
surfaces for sensing in aqueous solutions and their biosensor
performance in human urine and sweat samples.

Principle of extended-gate-type organic
FETs for biosensing

The extended-gate structure is a promising device configu-
ration for obtaining stable sensor signals corresponding to
biomarker detection in body fluids. One of the pioneering
works regarding an extended-gate FET was reported by
Van der Spiegel and coauthors in 1983 [22]. In this report,
a gate electrode of a metal—oxide—semiconductor FET
(MOSFET) served as a sensing unit that was functionalized
with films made of IrOy, LaF;, or AgCl. The sensing unit
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Fig.1 a Schematic illustration of an extended-gate type OFET for
biosensing. The extended-gate surface is functionalized with an enzy-
matic layer. b Time-dependent changes in the transistor characteris-
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was integrated with the MOSFET on a silicon substrate as
a single chip, and the chip could collect the potentiometric
measurements of chloride (C17) and fluoride (F™) ions and
protons (H*). After three decades, another extended-gate
structure was reported as an OFET-based biosensor. Biosen-
sors for body fluids need to possess not only robustness in
assessment environments but also the disposability of the
sensing units owing to hygiene aspects in practical use. To
this end, Minami et al. fabricated an extended-gate elec-
trode on a flexible polyethylene naphthalate (PEN) film, and
arranged to separate it from the OFET unit [23]. Overall,
these works clarified the feasibility of extended-gate FET
structures for biosensing.

The extended-gate FET sensors generally consist of (1) FET
devices, (2) sensing gate electrodes, and (3) reference elec-
trodes, and the arrangements of each element are changed
according to the sensing purpose (Fig. 1a). The operation
principle of OFETs is in accordance with that of MOS-
FETs. The details of FET operation have been summarized
in various review articles [12, 26]; therefore, we describe the
principle of extended-gate-type OFETs for biosensing. As
shown in Fig. 1a, the extended-gate electrode is functional-
ized with an enzymatic layer to detect analyte information
through the changes in transistor characteristics. The addi-
tion of an analyte in an aqueous solution induces an enzy-
matic reaction accompanied by product generation, which
causes electron relay on the extended-gate electrode through
a mediator layer. The change in the surface potential of the
sensing gate electrode is subsequently caused by the electron
relay, followed by the influence of the conductance of the
OFETs. The sensor responses of OFETs upon biosensing
are expressed as varying drain currents (/ngs) and threshold
voltages (Vys). The reference electrode is used to apply a
certain gate voltage (Vg); thus, the extended-gate OFET
sensors depend on potentiometric detection. The relation-
ships among the above factors can be expressed by Eq. (1):
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W 2
Ios = (57 )#C(Vas = Vin) (M)
where the terms W and L are the channel width and length of
the OFET device, respectively, and the terms ¢ and C are the
field-effect mobility and the capacitance of the gate dielec-
tric, respectively. Moreover, biosensing information detected
at the interface between the enzymatic gate electrode and the
aqueous solution containing analytes can be expressed using
Vg of the OFET as follows:
AQ

AVpy = ==

= @

where the Vi change (AVyy) is induced by varying the
charge density O (AQ) according to the electron relay [27].
Consequently, time- and analyte concentration-dependent
enzymatic reactions can be detected as shifts in the transis-
tor characteristics, such as Alg and AV (Fig. 1b).
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Integrated-type extended-gate organic FET
biosensors

The focus of this section is on the biosensor performance
of an integrated structure for extended-gate-type OFETs.
The target lactate is a representative biomarker detected
in human sweat, and monitoring sweat lactate is essential,
especially for athletes, because the lactate levels are cor-
related with physical performance [28-31]. Therefore, a
low-voltage operational biosensor on a flexible substrate is
desirable for real-time monitoring in sports science fields. In
this study, an OFET unit and a sensing electrode were fabri-
cated on one chip made of a PEN film (Fig. 2a, b) [32]. The
dielectric layers of the OFET were constructed of aluminum
oxide and 1H,1H,2H,2H-perfluoro-n-decylphosphonic acid
(FDPA). The thin dielectric layer contributed to low-voltage
operation below 13| V. Dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]
thiophene (DNTT) was used as the organic semiconductive
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Fig.2 a Schematic illustration of the integrated type of OFET-based
biosensor for lactate sensing and the chemical structures of device
components. b Photograph of the fabricated OFET-based biosensor.
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Ingo and Ig indicate the drain currents of the biosensor before and
after the addition of lactate. Reproduced with permission from refer-
ence 32. 2019 Springer Nature
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layer. The surface of the device chip was entirely covered
with a perylene layer for passivation. The extended sensing
unit and a reference electrode were formed in parallel using
Au on the perylene layer. The sensing unit was connected to
the gate electrode of the OFET via holes. The reference Au
electrode was covered with an Ag/AgCl paste. The sensing
electrode surface was subsequently functionalized with a
horseradish peroxidase osmium-redox polymer (as a bot-
tom layer) and lactate oxidase (as a top layer) to detect the
target lactate by enzymatic catalysis. As shown in Fig. 2c,
the fabricated biosensor showed time-dependent I, changes
upon the addition of different lactate concentrations. In the
enzymatic reaction on the extended-gate electrode, pyruvate
and hydrogen peroxide are produced from lactate and oxy-
gen in aqueous media by lactate oxidase. Lactate oxidase
further reacts with the produced hydrogen peroxide, which
generates water molecules. The enzymatic reaction by lac-
tate oxidase causes valence changes in the osmium ions in
the redox polymer layer, resulting in varying channel con-
ductance of the OFET [33, 34]. Overall, the results reveal
that the OFET can successfully read out a time- and analyte
concentration-dependent electron relay that occurred on the
extended-gate electrode.

Separated-type extended-gate organic FET
biosensors

In biosensor devices, especially sensing electrodes, hygiene
aspects need to be considered for real-sample analysis of
human body fluids. For this purpose, the separated struc-
ture of the extended-gate sensing electrode from the OFET
is crucial for its disposability. In this section, extended-
gate-type OFET-based biosensors are described based on
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a separated structure for accurate real-sample analysis [11,
35].

The OFET device was designed to achieve low-voltage
operation for biosensing in body fluids. The combination of
an aluminum oxide layer and a tetradecylphosphonic acid
(TDPA) layer served as the gate dielectric layer [36]. The
organic semiconductive layer was formed by drop-casting
a solution-processable w-conjugated polymer material (i.e.,
poly{2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene }
(PBTTT)) [37]. A fluorinated polymer material was fully
coated on the device surface for passivation. The extended-
gate Au electrode was fabricated on a PEN film, which was
connected to the gate electrode of the OFET unit through a
conductive cable. The gate voltages were applied through
the reference electrode (Ag/AgCl) in OFET operation. The
extended-gate electrode and the reference electrode were
immersed in analyte solutions (such as body fluids) to per-
form potentiometric measurements at the interfaces between
the sensing electrode and the analyte solutions (Fig. 3). [38]

In the design of enzymatic electrodes, the construction
of uniform enzymatic layers is necessary to obtain accu-
rate sensor signals derived from the electron relays on the
extended-gate electrodes. Herein, two sensing examples for
dopamine and glucose are introduced as approaches using
self-assembled linked mediator layers.

Catecholamines such as dopamine, adrenaline, and
noradrenaline play crucial roles as neurotransmitters in the
sympathoadrenal system [39, 40]. Changes in the concentra-
tions of these catecholamines influence the activity of neu-
rotransmitters, causing mental disorders [41]. In addition,
catecholamines are generated by tumors in abnormal states,
which leads to pheochromocytomas and paragangliomas.
In this context, noradrenaline- and adrenaline-secreting
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Fig.3 Schematic illustration and photographs of a separated-type extended-gate OFET-based biosensor and the chemical structures of device
components. Reproduced with permission from reference 38. 2016 Multidisciplinary Digital Publishing Institute
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pheochromocytomas show clinical symptoms, including
panic attacks, elevated blood pressure, and migraine head-
aches, whereas no symptoms are observed in dopamine-
secreting tumors [41]. Therefore, dopamine sensing in urine
is beneficial for the early detection of asymptomatic diseases.
In urinalysis, electrochemically active interferents such as
uric acid and ascorbic acid cause noise signals because of
their oxidation from the application of a high potential to a
sensing electrode [43, 44]. Moreover, high discrimination
ability of dopamine from adrenaline and noradrenaline is
needed for accurate urinalysis, even though the actual con-
centrations of the analog are much lower than those of dopa-
mine [42]. Therefore, the enzymatic catalysis of laccases
is a promising approach for selective dopamine detection.
Considering this, a combination of an N-ethylphenazonium
moiety-linked SAM and a laccase (from Trametes versi-
color) was applied to detect urinary dopamine [43—45]. The
selected N-ethylphenazonium moiety for the mediator unit
provides a low redox potential, which avoids unexpected
interferent effects originating from electrochemically active
species. In this assay, the thiolated mediator unit was immo-
bilized through a thiol—Au bond to uniformly perform an
electron relay of enzymatic catalysis on the extended-gate
electrode (Fig. 4a). Compared with other electrochemical
interferents, such as ascorbic acid, creatinine, uric acid, and
phenylethylamine, the enzymatic OFET sensor showed the
highest response to dopamine (Fig. 4b). In this regard, the
estimated limit of detection for dopamine (0.19 pM) indi-
cated the potential of the OFET-based biosensor for urinaly-
sis [46]. Notably, the obtained sensitivity of the OFET-based
biosensor was greater than that of conventional electrochem-
ical sensors (i.e., differential pulse voltammetry) [47, 48].
A spike-and-recovery test was subsequently performed to
evaluate the applicability of the OFET-based biosensor for

practical analysis without sample pretreatment. In this assay,
a calibration line for dopamine was established by collect-
ing the changes in the transistor characteristics at different
concentrations of dopamine. As shown in (Fig. 4c), four
datasets (red circles) corresponding to dopamine in human
urine were distributed on the calibration line. The recovery
rates of all four datasets were estimated to be 97-104% at
2.55-3.75 pM; these values were comparable to those of a
clinical urinalysis instrument.

The next target biomarker is glucose in human sweat. In
contrast to blood glucose, sweat glucose exists at micro-
molar levels [6-11]. To achieve sensitive and selective
glucose detection in human sweat, the combination of the
SAM-linked N-ethylphenazonium moiety [35], a coenzyme
(flavin adenine dinucleotide (FAD)), and glucose oxidase
(from Aspergillus niger) was employed for the construc-
tion of the enzymatic electrode (Fig. 5a). The transistor
characteristics of the enzymatic sensor were quantitatively
shifted by the addition of glucose (Fig. 5b). The limit of
detection value was estimated to be 2.9 uM based on the
36 method (Fig. 5c). The LoD value of the OFET-based
biosensor was clearly lower than that of conventional
amperometric [49] and colorimetric enzymatic sensors [7].
Notably, the sensitivity of the OFET-based glucose sensor
met the requirements for practical glucose sensing in sweat
[6]. In addition, the extended-gate OFET showed continu-
ous /g changes depending on the glucose concentration.
An 80% response to glucose was reached at 15 s after glu-
cose addition (100 pM). Figure 5d shows a linear depend-
ency between the response time of the enzymatic reaction
and the glucose concentration. Finally, glucose detection in
human sweat without pretreatment was carried out using the
OFET-based sensor. The accuracy of the enzymatic sensor
was evaluated using a reliable analytical instrument (HPLC).
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Fig.4 a Schematic illustration of the extended-gate surface func-
tionalized with a SAM linked to an N-ethylphenazonium moiety and
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Fig.5 a Schematic illustration of the extended-gate surface func-
tionalized with a SAM linked to an N-ethylphenazonium moiety and
glucose oxidase. b Shifts in the transistor characteristics of the enzy-
matic sensor upon the addition of glucose (0—100 uM). ¢ Titration
isotherm for glucose. The terms Vyy, and Vqy indicate threshold volt-
ages before and after the addition of glucose. d Time- and concen-

The obtained spike-and-recovery rates for glucose were
95-105% (Fig. 5e); these results revealed the applicability
of the extended-gate-type OFET for sweat glucose sensing
with high accuracy.

Conclusion

Body fluids contain essential biomarkers, which provide
vital chemical information for examining health condi-
tions. Conventionally, invisible biomarkers in body fluids
have been assessed using reliable instrumental methods;
however, these techniques are not suitable for rapid onsite
analysis. To establish analytical methods for real samples,
organic field-effect transistor (OFET)-based enzymatic sen-
sors were employed as platforms for the selective and sensi-
tive analyte detection in body fluids. The device character-
istics of OFETs are modulated using gate voltages; thus, the
quantitative shifts in drain currents or threshold voltages

@ Springer
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tration-dependent /g changes based on glucose detection. The terms
Ingo and Ipg represent drain currents before and after the addition
of glucose. e Spike and recovery test for glucose in a human sweat
sample without any pretreatment (ethics authorization code: 22-244).
Reproduced from reference 11. Copyright 2024 Wiley—VCH GmbH

provide biosensing information detected on a gate electrode.
The focus of this review is on real-sample analysis using
extended-gate-type OFET-based enzymatic sensors. The
extended-gate structures are classified into integrated and
separated fashions, and their gate elements are functional-
ized with enzymatic layers depending on target biomarkers.
In this review, two device configurations and their sensor
performances are summarized. Although OFET-based enzy-
matic sensors have revealed favorable discrimination abil-
ity for specific biomarkers from interferents owing to the
lock-and-key detection principle of enzymes, the instability
of the biogenic recognition materials to chemical and physi-
cal stimuli is a concern in practical sensing situations. To
overcome this difficulty, robust synthetic receptors designed
based on molecular recognition chemistry are potential
materials [16, 50]. Overall, we describe the potential of the
extended-gate structures for real-sample analysis. Moreover,
other device configurations using gate surfaces (e.g., top-
gate structures) can also be applied for sensing in aqueous
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media and could facilitate sensor development owing to the
simplified structures from the viewpoint of device fabrica-
tion 51. As shown above, some improvement is needed for
realistic biomarker sensing; however, our study has shown
that the combination of OFETs and appropriate molecular
recognition materials enables accurate real-sample analysis
comparable to that of conventional instrumental methods.

Acknowledgements Y. S. gratefully acknowledges the financial sup-
port from the Japan Society for the Promotion of Science (JSPS)
KAKENHI (Grant No. JP24K17667) and JST PRESTO (Grant No.
JPMJPR23H2). T. M. would like to thank JSPS KAKENHI (Grant
Nos. JP23H03864 and JP24K01315) and JST CREST (Grant No.
JPMICR2011).

Funding Open Access funding provided by The University of Tokyo.

Data availability This review article does not contain separate datasets.

Declarations
Conflict of interest There are no conflicts of interest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. S.R. Corrie, J.W. Coffey, J. Islam, K.A. Markey, M.A.F. Kendall,

Analyst 140, 4350 (2015)

A. Hulanicki, S. Glab, F. Ingman, Pure Appl. Chem. 63, 1247 (1991)

D.E. Koshland, Jr., Angew. Chem., Int. Ed. Engl. 33, 2375 (1995)

S.J. Updike, G.P. Hicks, Nature 214, 986 (1967)

D.C. Klonoff, J.L. Parkes, B.P. Kovatchev, D. Kerr, W.C. Bevier,

R.L. Brazg, M. Christiansen, T.S. Bailey, J.H. Nichols, M.A. Kohn,

Diabetes Care 41, 1681 (2018)

6. H. Lee, Y.J. Hong, S. Baik, T. Hyeon, D.H. Kim, Adv. Healthc.
Mater. 7, 1701150 (2018)

7. J.Xiao, Y. Liu, L. Su, D. Zhao, L. Zhao, X. Zhang, Anal. Chem. 91,
14803 (2019)

8. M. Dervisevic, M. Alba, L. Esser, N. Tabassum, B. Prieto-Simon,
N.H. Voelcker, ACS Appl. Mater. Interfaces 14, 2401 (2022)

9. H.Y.Y. Nyein, M. Bariya, L. Kivimiki, S. Uusitalo, T.S. Liaw, E.
Jansson, C.H. Ahn, J.A. Hangasky, J. Zhao, Y. Lin, T. Happonen,
M. Chao, C. Liedert, Y. Zhao, L.C. Tai, J. Hiltunen, A. Javey, Sci.
Adv. 5, eaaw9906 (2019)

10. D. Probst, J. Twiddy, M. Hatada, S. Pavlidis, M. Daniele, K. Sode,
Anal. Chem. 96, 4076 (2024)

Rl

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.
28.

29.
30.

3L
32.
33.
34,

35.
36.

37.

38.

39.

40.
41.

42.
43.

44,

45.

Y. Sasaki, K. Ohshiro, M. Kato, D. Haba, G. Nakagami, T. Minami,
ChemElectroChem 11, €202400292 (2024)

G. Horowitz, Adv. Mater. 10, 365 (1998)

L. Torsi, M. Magliulo, K. Manoli, G. Palazzo, Chem. Soc. Rev. 42,
8612 (2013)

J. Wang, D. Ye, Q. Meng, C. Di, D. Zhu, Adv. Mater. Technol. 5,
2000218 (2020)

J. Song, H. Liu, Z. Zhao, P. Lin, F. Yan, Adv. Mater. 36, 2300034
(2023)

J. Wang, Chem. Rev. 108, 814 (2008)

L. Gao, Q. Yang, P. Wu, F. Li, Analyst 145, 4069 (2020)

Q. Zhou, Y. Sasaki, K. Ohshiro, H. Fan, V. Montagna, C. Gonzato,
K. Haupt, T. Minami, J. Mater. Chem. B 10, 6808 (2022)

S. Yuvaraja, A. Nawaz, Q. Liu, D. Dubal, S.G. Surya, K.N. Salama,
P. Sonar, Chem. Soc. Rev. 49, 3423 (2020)

T. Someya, A. Dodabalapur, J. Huang, K.C. See, H.E. Katz, Adv.
Mater. 22, 3799 (2010)

M.E. Roberts, S.C.B. Mannsfeld, N. Queralto, C. Reese, J. Locklin,
W. Knoll, Z. Bao, Proc. Natl. Acad. Sci. USA 105, 12134 (2008)
J. Van der Spiegel, 1. Lauks, P. Chan, D. Babic, Sens. Actuators 4,
291 (1983)

T. Minamiki, T. Minami, R. Kurita, O. Niwa, S.-I. Wakida, K.
Fukuda, D. Kumaki, S. Tokito, Appl. Phys. Lett. 104, 243703 (2014)
R. Kubota, Y. Sasaki, T. Minamiki, T. Minami, ACS Sens. 4, 2571
(2019)

Y. Sasaki, T. Minami, Phys. Status Solidi A 220, 2300469 (2023)
Z Janicijevié, T.-A. Nguyen-Le, L. Baraban, Next Nanotechnology,
3, 100025 (2023)

T. Goda, Y. Miyahara, Biosens. Bioelectron. 45, 89 (2013)

R.A. Robergs, F. Ghiasvand, D. Parker, Am. J. Physiol. Regul.
Integr. Comp. Physiol. 287, R502 (2004)

M.J. Buono, N.V.L. Lee, P.W. Miller, J. Physiol. Sci. 60, 103 (2010)
B. Falk, O. Bar-Or, J.D. MacDougall, L. McGillis, R. Calvert, F.
Meyer, J. Appl. Physiol. 71, 1735 (1991)

H. Hatta, Y. Atomi, Y. Yamamoto, S. Shinohara, S. Yamada, Int. J.
Sports Med. 9, 429 (1988)

T. Minamiki, S. Tokito, T. Minami, Anal. Sci. 35, 103 (2019)

P. Bergveld, Sens. Actuators B Chem 88, 1 (2003)

T.V. Anh Dam, D. Pijanowska, W. Olthuis, P. Bergveld, Analyst 128,
1062 (2003)

K. Ohshiro, Y. Sasaki, T. Minami, Talanta Open 7, 100190 (2023)
H. Klauk, U. Zschieschang, J. Pflaum, M. Halik, Nature 445, 745
(2007)

1. McCulloch, M. Heeney, C. Bailey, K. Genevicius, I. MacDonald,
M. Shkunov, D. Sparrowe, S. Tierney, R. Wagner, W. Zhang, M.L.
Chabinyc, R.J. Kline, M.D. McGehee, M.F. Toney, Nat. Mater. 5,
328 (2006)

T. Minamiki, T. Minami, Y. Sasaki, S. Wakida, R. Kurita, O. Niwa,
S. Tokito, Sensors 16, 2033 (2016)

J.A. Ribeiro, PM.V. Fernandes, C.M. Pereira, F. Silva, Talanta 160,
653 (2016)

S.R. Snider, O. Kuchel, Endocr. Rev. 4, 291 (1983)

H. Li, G. Zhang, W. Wang, L.- L. Jiao, C.-.B. Chen, J.-.R. Huo, W.
Wu, Biomed. Chromatogr. 36, €5280 (2022)

L.A. Dubois, D.K. Gray, World J. Surg. 29, 909 (2005)

K. Hiraka, K. Kojima, W. Tsugawa, R. Asano, K. Ikebukuro, K.
Sode, Biosens. Bioelectron. 151, 111974 (2020)

G. Kim, H. Cho, P. Nandhakumar, J.K. Park, K.-.S. Kim, H. Yang,
Anal. Chem. 94, 2163 (2022)

J. Manzano-Nicolas, A. Taboada-Rodriguez, J.-.A. Teruel-Puche,
F. Marin-Iniesta, F. Garcia-Molina, F. Garcia-Canovas, J. Tudela-
Serrano, J.-. L. Mufioz-Muifioz, Int. J. Biol. Macromol. 164, 1256
(2020)

@ Springer


http://creativecommons.org/licenses/by/4.0/

530

Y. Sasaki, T. Minami

46. R.Lopez Herrero, R.P. Rodriguez Jiménez, B. Sanchez Quirds, Rev.
Esp. Anestesiol. Reanim. (Eng. Ed.), 69, 249 (2022)

47. G. Xu, Z.A. Jarjes, V. Desprez, P.A. Kilmartin, J. Travas-Sejdic,
Biosens. Bioelectron. 107, 184 (2018)

48. X. Sun, L. Zhang, X. Zhang, X. Liu, J. Jian, D. Kong, D. Zeng, H.
Yuan, S. Feng, Biosens. Bioelectron. 153, 112045 (2020)

@ Springer

49.

50.

S1.

A. Abellan-Llobregat, 1. Jeerapan, A. Bandodkar, L. Vidal, A.
Canals, J. Wang, E. Morallon, Biosens. Bioelectron. 91, 885 (2017)
Y. Sasaki, Y. Zhang, H. Fan, K. Ohshiro, Q. Zhou, W. Tang, X. Lyu,
T. Minami, Sens. Actuators B Chem. 382, 133458 (2023)

C.-H. Chu, I. Sarangadharan, A. Regmi, Y.-W. Chen, C.-P. Hsu,
W.-H. Chang, G.-Y. Lee, J.-1. Chyi, C.-C. Chen, S.-C. Shiesh, G.-B.
Lee, Y.-L. Wang, Sci. Rep. 7, 5256 (2017)



	Biosensing approaches in body fluids using extended-gate-type organic field-effect transistor enzymatic sensors
	Abstract
	Introduction
	Principle of extended-gate-type organic FETs for biosensing
	Integrated-type extended-gate organic FET biosensors
	Separated-type extended-gate organic FET biosensors

	Conclusion
	Acknowledgements 
	References




