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Artificial receptor-based protein assays have various attractive
features such as a long-term stability, a low-cost production
process, and the ease of tuning the target specificity. However,
such protein sensors are still immature compared with conven-
tional immunoassays. To enhance the application potential of
synthetic sensing materials, organic field-effect transistors
(OFETs) are some of the suitable platforms for protein assays
because of their solution processability, durability, and compact

1. Introduction
1.1. Current Status of Protein Assays and Their Issues

The development of protein assays is of enormous benefit to
various fields; from basic research in biology to medical
diagnosis™ and drug discovery."™ This is because proteins play
important roles in the composition of the human body and the
administration of biological functions.? Some of the most
general methods for protein analyses are immunoassays
including enzyme-linked immunosorbent assays (ELISAs),”
immunochromatography,” and western blotting (WB) com-
bined with gel electrophoresis techniques.”’ The immunoassay
can sensitively and selectively detect analytes because of the
specificity of antibodies for target proteins." Although the
conventional assays have significantly contributed to protein
analyses in basic research, medicine, and industry, their
applications om the on-site quantitative detection and real-time
monitoring of proteins are practically limited. This limitation
originates from the characteristics of the measurement appara-
tuses and antibody materials in the immunoassay. For instance,
the long-term storage and utilization of antibodies for continu-
ous measurements of protein levels are challenging because of
the instability of most antibodies against chemical or thermal
stimulation.” Furthermore, large-sized equipment (ex., spec-
trometers, microplate readers, etc.) are required for the
quantitative analyses of analytes. Hence, the possible place to
accurate detection of target proteins has been limited to large-
scale facilities (i.e., major hospitals and institutes) with well-
trained operators. In this regard, significant attention is being
devoted to the development of compact transducers for
immunoassays such as surface plasmon resonance (SPR)® and
quartz crystal microbalance (QCM).”’ These transduction plat-
forms can accomplish the on-site determination of biomarker
proteins. However, they have not gained extensive usage owing
to their high costs and low mechanical robustness. Thus, more
suitable sensing materials and transducers are desired for the
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integration. Importantly, OFETs enable the electrical readout of
the protein recognition phenomena of artificial receptors on
sensing electrodes. Thus, we believe that OFETs functionalized
with artificial protein receptors will be a powerful tool for the
on-site analyses of target proteins. In this Minireview, we
summarize the recent progress of the OFET-based protein
assays including the rational design strategies for devices and
sensing materials.

achievement of point-of-care testing and daily management of
health conditions through the quantitative information of
proteins.

1.2. Toward Next-Generation Protein Assays: Combination of
Organic Electronic Devices with Artificial Receptors

As already mentioned, artificial receptors (synthetic sensing
materials) are among the most attractive materials for the
development of easy-to-use protein assays for various situa-
tions. Despite the recent advances in organic synthesis
chemistry and supramolecular chemistry, protein recognition by
artificial receptors is still challenging topics for use in practical
applications. Compared to the naturally-derived sensing
materials for proteins (i.e,. antibodies), artificial receptors are
superior in terms of chemical and physical stabilities, produc-
tion costs, and fine-tuning of the sensing ability in line with the
required targets. While artificial receptors possess such excellent
properties, their applications are still restricted to the purifica-
tion and extraction of proteins (ex., protein purification
columns). This limitation stems from the following reasons. First,
the specificity of the artificial receptors for target proteins is
insufficient for sensing applications. In immunoassays, the
selective detection of proteins can be achieved by an assembly
of a highly-ordered interactive portion (=paratope) of the
antibody for the residual part of the target proteins (=
epitope).”™ Unfortunately, it is difficult to imitate such antibody
structures as the effective protein-recognition field by only
using organic synthetic approaches. Moreover, conventional
artificial receptors convert the sensing information of proteins
into optical signals. In other words, the large-sized apparatus is
also required for the quantitative analysis of the target proteins.

For the realization of on-site protein analyses by utilizing
artificial receptors, we believe that organic field-effect transis-
tors (OFETs) are among the best candidate devices as trans-
ducers for artificial receptors (Figure 1). OFETs have several
attractive features including lightweight, mechanical flexibility
and  durability, compact integration, and low-cost
processability.”) Thes suggest that OFETs are suitable devices
for the preparation of on-site sensing systems. Furthermore,
OFET-based devices can directly read the protein recognition
behavior of artificial receptors as electrical signals, implying that
protein analyses could be performed on a single chip. More
importantly, the artificial receptors integrate as self-assembled
monolayers (SAMs) on the sensing electrode (=the solid/liquid
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interface) of OFETs, which enables the improvement of their
sensing ability for proteins.

Thus far, several types of protein assays utilizing OFETs have
been reported. In this Minireview, we provide a comprehensive
overview of the design strategy for the construction of devices
and materials of OFET-based protein sensors. Furthermore, the
sensing ability of OFETs with concrete demonstrations in
protein detection is discussed in chapters 3 and 4.

2. Device Design of OFETSs for the Accurate and
Reproducible Detection of Proteins

Protein sensing should generally be performed in water;
however, the electrical performance of organic semiconductor
materials is generally deteriorated when exposed to aqueous
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media."” Therefore, to achieve protein detection with OFET
devices, a specific device design is required for exclusive use in
protein sensing with practical accuracy and reproducibility.
Toward this end, low-voltage operatable OFETs (=transducer)
with extended-gate electrodes (=sensing portion) have been
proposed (Figure 2). OFETs are commonly composed of three-
terminal electrodes (=the source, drain, and gate), a dielectric
layer, and an organic semiconductor layer. In the extended-gate
structure, the drive unit including the organic semiconductor
layer and the detection unit (=extended-gate) is separated,
implying that the device can stably detect targets in the water.

The basic operation principle of the extended-gate OFET
device is as follows. The accumulation of electric charges at the
interface between the semiconductor and dielectric layers
occurs due to the voltage impression at the gate terminal (V)
(i.e., the formation of the semiconductor channel). Then, electric
currents will flow through the channel region by applying the

of Compiégne University of Technology
(France) in 2020 on collaborative projects. Her
research interests are molecular self-assemled
systems for chemical sensors.

Koichiro Asano was born in 1995 in Osaka,
Japan. He obtained his B.Sc. at the University
of Tokyo in 2019. He is currently a master’s
course student under the supervision of
Associate Professor Tsuyoshi Minami at the
University of Tokyo. His research fields are
supramolecular chemistry and chemical sen-
sors.

Tsuyoshi Minami was born in Saitama, Japan,
in 1983. He obtained his Ph.D. degree from
Tokyo Metropolitan University, under the
supervision of Prof. Yuji Kubo, in 2011. During
his Ph.D. research, he worked with Professor
Tony D. James of University of Bath on
collaborative researches. Between 2011 and
2013, he was a Postdoctoral Research Asso-
ciate at Bowling Green State University, work-
ing with Associate Professor Pavel Anzenbach-
er, Jr. In 2013, he was appointed as a Research
Assistant Professor at the same university.
Thereafter, he proceed to Research Center for
Organic Electronics of Yamagata University as
an Assistant Professor in 2014. He was
appointed as a Lecturer at the University of
Tokyo in 2016, and then he has been an
Associate Professor since 2019 at the same
university. Currently, he is also Visiting Asso-
ciate Professor at Tokyo Metropolitan Univer-
sity and Yamagata University. His research
interests are  supramolecular  analytical
chemistry, self-assembled materials, gold
nanoparticles and organic transistors for sens-
ing applications.

575 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


http://orcid.org/0000-0001-8331-378X

ChemistryOpen

Minireviews
doi.org/10.1002/0pen.202000025

Chemistry
Europe

European Chemical
Societies Publishing

. : Synthetic
" Biomaterials
Recognition Part Receptors
Selectivity High Middle
D etection time Slow Fast
Stability (Chemical and Physical) ~ LOW High

Semiconductor

OFET Sensors Modified with Artificial Receptors for Proteins

Figure 1. Comparison of the sensing properties of biomaterials and synthetic
receptors for protein.

drain voltage (V). Thus, the OFET devices behave as a switch
in electronic circuits."" Here, the required gate voltage for
exchanging the operation phase between the electrical “on”
and “off” states in the OFETs is called the threshold voltage
(V). The relationship between the currents and voltages is
defined as the following equation (Eqn. (1)):

w
Ips = ﬂ/’tc(VGS - VTH)2 (1)

where W and L are the width and length of the channel, « is the
field-effect mobility, and C is the capacitance of the dielectric
layer at a channel area, respectively.

When target proteins with an electrical charge (Q) are
captured at the surface of the extended-gate electrode, Viy
changes with increasing protein concentration as shown in the
following equation (Eqgn. (2)).1"?

AQ
C

AVTH = (2)
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The proposed equations indicate that the extended-gate
OFET can electrically respond to the protein recognition on the
sensing electrode. Since proteins are positively or negatively
charged depending on pH conditions, the modification of the
gate electrode by protein recognition materials including
artificial receptors can allows the electrical detection of proteins
by OFETs.

To avoid the water-induced degradation of the OFET during
the protein assay, a low-voltage operation of the electrical
device is crucial because the unintentional electrochemical
phenomena might be induced by applying a high voltage to
the aqueous media. According to Eqn (1) and the following
Egn (3), the operation voltage of OFETs depends on the
dielectricity and thickness of the dielectric layer.

_ &
C=-7 (3)

Here, &, is the dielectric constant of the vacuum, ¢, is the
relative permittivity of the dielectric material, and d is the
thickness of the dielectric layer. These indicate that the low-
voltage operation of OFETs for protein sensors can be achieved
by utilizing high-capacitive dielectric elements. For instance, we
have constructed the extended-gate type OFETs for protein
sensing by employing a hybrid-type ultra-thin dielectric film
which consists of an oxide film and a self-assembled monolayer
(SAM) material."® More details of the fabrication process and
applied materials for the extended-gate type OFETs are
summarized in a recent review article."¥

Since the first report of a protein assay utilizing an
extended-gate type OFET," various types of devices have been
reported by many research groups. The representative results of
protein detection by OFETs are summarized for each material
from the next chapter.

3. Protein Detection Based on Organic
Transistors Modified with Biomaterials

3.1. OFET-Based Immunoassays for Proteins

For the comparison of the protein sensing abilities of the
extended-gate type OFETs with the general protein assays (i.e.,

Aqueous Solution

Target

. O Protein
Analyte Solution

Extended-Gate

Q W
Protein
Receptor

PEN film

SAM-Based Dielectric Metal-Oxide-Based Dielectric

Figure 2. Schematic illustration of the typical device structure of extended-gate type OFETSs.
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immunoassays), antibodies were the most benefitical materials
for the preparation of the OFET-based sensor devices." Herein,
we introduce our previous report on the chromogranin A (CgA)
detection by using the OFET modified with an anti-CgA
antibody (Figure 3)." CgA is an acidic glycoprotein that exists
in the secretory granules of many endocrine and neuroendo-
crine cells, and acts on the production and transport of
hormone granules."” Tumors derived from neuroendocrine cells
increase the CgA concentration in the serum and plasma. Thus,
CgA can be utilized as a biomarker for neuroendocrine tumors
such as carcinoid tumors, pheochromocytoma, neuroblastoma,
and small cell lung cancer."® Moreover, mental stress might be
managed by monitoring CgA in real-time because CgA is
associated with mental disorders such as depression."® The
antibody-modified OFET for the detection of CgA was prepared
by the following multi-step procedure. First, the sensing
electrode surface was covered with a carboxy-terminated SAM,
and streptavidin protein was then allowed to react with the
SAM through an amide coupling reaction. Streptavidin is widely
employed as a reaction scaffold for proteins due to its
extremely high binding-constant with biotin (K; ~107'> M).*”
Thereafter, a biotinylated anti-CgA antibody was immobilized
with the streptavidin-coated sensing electrode (Figure 3a).

As shown in Figure 3b, the positive shifts in the OFET
characteristics were observed by increasing the CgA concen-
tration. The positive shifts indicate the accumulation of anionic
molecules on the surface of the extended-gate electrode. CgA
possesses a negative charge at a neutral pH, meaning that the
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Figure 3. (a) The OFET-based immunosensor for the detection of chromogra-
nin A (CgA). (b) Transfer characteristics of the OFET-based immunosensor
with increasing CgA concentration in a PBS solution containing 0.1 wt%
HSA. (c) Changes in the threshold voltage of the OFET due to each
concentration of CgA in the PBS solution. Reproduced with permission from
Ref. 16. Licensed by Creative Commons Attributions 4.0 International (CC BY
4.0).
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obtained shift of the output signal could be derived from the
capture of CgA. In the fabricated OFET, the limit of detection
(LOD) for CgA was estimated to be 0.31 pg/mL (ca. 6 nM)
(Figure 3c). Notably, the required time for the OFET-based
detection of CgA was 0.5 hours, which was much shorter than
that of the typical ELISA (~2.5 hours).”" The reduced detection
time resulted from the unnecessary pre-treatment of the target
proteins. Therefore, the OFET could be applied as the device
platforms for the on-site detection of proteins without any pre-
treatment requirement. However, the calculated LOD value in
the demonstrated OFET modified with the antibody was outside
the practical concentration range of CgA in real samples. (ca.
0.3 nM).?? This might be derived from the long gap between
the protein recognition portion and the electrode surface. In
extended-gate devices, the available region for the electrical
read-out of the charge of the targets is generally limited to
several nanometers from the electrode surface (=the Debye
shielding effect).”® Therefore, large-sized materials for protein
sensing such as the antibody could affect the sensitivity of
OFET-based sensors. The relationship between the Debye
shielding effect and the sensitivity of the OFET sensor was
previously investigated by Bonfiglio et al.** Thus, the molecular
size of sensing materials and the interfacial design for the
extended-gate electrode surface are crucial to improving the
sensitivity of the OFET-based protein assays.

To investigate the benefit of the interfacial design to the
sensing properties of the OFET-based protein sensors, Song
etal. reported a strategy for the surface of the sensing
electrode to improve the sensitivity of the OFET-based
immunosensor.”” To detect glial fibrillary acidic protein (GFAP)
which is known as a biomarker for traumatic brain injuries,”®
the extended-gate surface was treated with an anti-GFAP
antibody along with polyethylene glycol (PEG) layers (Fig-
ure 4a). The PEG modification of the extended-gate electrode
induces changes in the dielectric properties of the interface
between the electrode/aqueous solution. Thus, the electrical
responses on the electrode (=the inner region of the calculated
Debye length) can be enhanced in accordance with molecular
weight of PEGs. The sensing capabilities of the PEG-modified
OFET was investigated by employing PEGs with different
molecular weights. As shown in Figure 4b, the PEGs with high
molecular weights (=PEG 4000, 6000, and 8000) resulted in
significant changes in the drain current, while the changes in
the drain current were not observed in the OFETs modified with
the low-molecular-weight PEGs (=PEG 200, 400, and 1000). The
obtained value for the lowest LOD in the fabricated OFETs was
determined to be 1.0 ng/mL. These investigations support the
fact that the consideration of the Debye shielding effect was
crucial to achieving high-sensitive protein assays based on
OFET devices.

3.2. Aptamer-Functionalized OFETs for Protein Detection
As mentioned above, the improvement of the OFET-based

immunoassays with antibodies is limited by their large sizes. To
achieve more sensitive detections of proteins employing OFETs,

577 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


http://orcid.org/0000-0001-8331-378X

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemistryOpen doi.org/10.1002/0pen.202000025

(a) 7

] 1
Vs Vo Ve : ‘: 12
1
Au Ai i i o pentacene i /-
Pentacene 50 nm NP NN N 1 OH H 5 ?
Si0, 70 nm PS-MA i m " {o V%\o’ H E i 8 /
n
Si i H3C n E § //
i =
i PS-MA PEG 1= !
; 134 il
1 1 -~
LLdLd 4oL | i {
y B | ’
Y N
I ! 0 |
) 1
EENG ? PS-MASPEG ‘\\ GFAP anti-GFAP antibody ! no no PEG PEG PEG PEG PEG PEG
) 4 antibody PEG 200 400 1000 4000 6000 8000

Figure 4. (a) Device architecture of the OFET-based immunosensor for the detection of the glial fibrillary acidic protein (GFAP), and the chemical structures of
the materials in the device. The applied anti-GFAP antibody was labeled with a fluorescent probe [i.e., fluorescein isothiocyanate (FITC)] for the confirmation
of the immobilization of the antibody on the electrode. (b) Changes in the drain current of the OFET devices modified with each polyethylene glycol (PEG) by
adding 100 ng/mL GFAP in the PBS solution. Reproduced and adapted with permission from Ref. 25. Copyright 2017 John Wiley & Sons.

the utilization of small-sized materials for protein recognition is
required. With the described limitations in immunoassays,
aptamers might be the alternative effective biomaterials for the
construction of OFET-based protein assays because of their
small size and high-affinity for targets. Aptamers can be readly
produced by molecular biology-based methods including
systematic evolution of ligands by exponential enrichment
(SELEX).”" Importantly, the aptamer materials demonstrate
higher chemical and physical durability than those of anti-
bodies, meaning that various fabrication processes can be
employed for the introduction of aptamers into OFETs. For
example, Bortolotti et al. produced an aptamer-functionalized
OFET for the detection of the interleukin-6 (IL-6) protein.?®
Since IL-6 is presently regarded as a target protein to inhibit its
variety of pathological processes, the IL-6 levels can be utilized
as biomarkers for the determination of infectious diseases,
cancers, and inflammations.”” To compare the sensing ability of
the OFET modified with both antibody and aptamer, the anti-IL-
6 antibody or the aptamer which possesses specificity for IL-6
were immobilized on the gate electrode of the OFET. Although
the affinities of both sensing materials for IL-6 were almost the
same, the electrical responses in the aptamer-modified OFET
were slightly more sensitive than those in the OFET-based
immunosensor (Figure 5). This suggests that the aptamer-based
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Figure 5. (a) Transfer characteristics of the OFET modified with an aptamer
for each concentration of interlekin 6 (IL-6). (b) Changes in the electrical
parameter (channel conductance; g,,) of the OFET with increasing CgA
concentration. Reproduced with permission from Ref. 28. Licensed by
Creative Commons Attributions 4.0 International.
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OFET can be applied for the sensitive detection of the target
proteins.

Another example of the aptamer-based OFET was demon-
strated by Dorfman et al.®” The OFET functionalized with the
aptamer was designed for the detection of a toxic protein (=
ricin).®" The fabricated device was electrically responsive to
increasing the ricin levels (> 1 pg/mL) (Figure 6). In addition, the
comparative experiment supported the fact that the electrical
changes in the OFET characteristics stemmed from the specific
binding of the aptamer to ricin. While the detection of ricin was
achieved in real samples such as milk and orange juice, the LOD
values obtained in the real samples (ca. 1 ng/mL) were 10 times
higher than those obtained in the buffer solution. This is
because a large amount of electrical charges in aptamers
induces the electrostatic shielding effect to protein recognition
in aqueous media exhibiting a strong ionic strength. Moreover,
although aptamers are much smaller than antibodies, the
electrical responses of OFETs are still restricted by the Debye
shielding effect.

0.54 V.« before Ricin
W, after Ricin
0.4 1
> 0.3
<3 0.2-
0.1 4
00 T T — T T T T
-08 04 00 04 08
VIV

Figure 6. Output signals of the OFET-based aptamer sensor before and after
the addition of ricin. Insets illustrate the aptamer-modified extended-gate
electrodes. Reproduced and adapted with permission from Ref. 30. Copy-
right 2016 The American Chemical Society.
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4. More Effective Materials for OFET-based
Protein Assays: Coordination-Bonding Driven
Artificial Receptors

Aptamers have proven to be useful materials for the prepara-
tion of OFET-based protein sensors. However, the screening of
usable aptamer materials for the detection of target proteins
should be performed at each time. Considering the protein
sensing results obtained from the biomaterial-based OFETs, we
decided to apply artificial receptor materials in the fabrication
of OFET-based protein sensors. Coordination bonds are effective
as the driving forces for protein recognition based on artificial
receptors because they can selectively interact with target
residues in proteins.®? Importantly, metal-complex-based artifi-
cial protein receptors can be readly prepared by simple
synthesis techniques. Furthermore, their advantage is not only
related to their relatively smaller sizes (compared to antibodies
and aptamers); it is also related to their high stability against
chemical- and physical stimulations. Thus, these types of
protein sensing materials can contribute to the practical on-site
protein assays based on OFETs.

To compensate for the limitations of the artificial receptors
in terms of affinity for target proteins, the artificial receptors
were integrated into the form of SAMs onto the electrodes.”™
The selective protein recognition by OFETs can be expected
through the cooperative interactions of the integrated artificial
receptors with the target proteins.®¥ This chapter summarizes
our demonstrative results with the OFET-based protein assays
integrated with SAMs of artificial receptors.

4.1. Artificial Receptor for the Recognition of the Protein
Residue: Nickel(ll)-Nitrilotriacetic Acid Monolayer

Since serum albumin is known as a biomarker protein for
hepatic failure and nephrotic syndrome,***® the development
of an easy-to-use albumin sensor is crucial for medical
diagnoses. Hence, we decided to employ a SAM of nickel(ll)-
nitrilotriacetic acid (Ni'-nta complex) as the sensing portion in
the device (Figure 7a)."” The Ni'-nta complex exhibits a high
binding affinity for consecutive histidine residues in proteins,
meaning that it can be utilized as the sensing portion of the
OFET for the detection of histidine-rich proteins including
albumin.®® For the functionalization of the OFET by the Ni"-nta
complex, the nta ligand containing a thiol terminal group was
immobilized on the Au extended-gate electrode as the SAM.
Thereafter, the nta-modified electrode was immersed in the
aqueous buffer containing Ni" to form the Ni'-nta complex on
the electrode. As a titration result, the electrical response of the
OFET changed with increasing albumin concentration (Fig-
ure 7b). The determined LOD value was 40 pg/mL (ca. 0.6 pM).
In addition, the device selectively responded to albumin (Fig-
ure 7¢c). The obtained sensitivity in our fabricated device was
higher than those of the previous reports using fluorescent
probes and immunoassays for albumin.®**" This increased
sensitivity could be attributed to the following reasons: 1) A

ChemistryOpen 2020, 9, 573 -581 www.chemistryopen.org
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Figure 7. (a) The OFET functionalized with the nickel(ll)-nitriloacetic acid (Ni'-
nta) SAM for the detection of albumin. (b) Changes in the drain current of
the OFET with increasing albumin levels. (c) Changes in the drain current of
the OTFT by adding each protein. Reproduced with permission from Ref. 37.
Licensed by Creative Commons Attributions 4.0 International.
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long hydrophobic alkyl chain can improve the accessibility of
the Ni'-nta terminal to the histidine residues in albumin. 2) The
molecular size of the artificial receptor in the SAM might be
appropriate for capturing the target proteins at the electrode/
liquid interface (vide supra).

4.2. Artificial Receptor for the Protein Residue with Chemical
Modifications: Zinc(ll)-Dipicolylamine Monolayer

To expand the application fields of the OFET-based protein
assays, we carried out the electrical detection of a phosphory-
lated protein by using the artificial receptor-based OFET. The
detection of protein phosphorylation is crucial because it is one
of the key post-translational modifications (PTMs) for proteins
such as metabolic regulation,®” signal transduction,” and
carcinogenesis.* To demonstrate the detectability of PTMs by
OFETs, a zinc(ll)-dipicolylamine (Zn'-dpa) complex was em-
ployed as an artificial receptor for a phosphorylated protein (=
a-casein) (Figure 8a).*"' Because the ingestion of a-casein (as a
component of the cow milk) induces food allergies, the
detection of a-casein is significant for the quality control of the
milk-containing products in food industries.*® The Zn'-dpa
complex can selectively form coordination bonds with the
phosphorylated sites of proteins including a-casein.**¥ To
modify the extended-gate electrode with the Zn'-dpa SAM, we
firstly synthesized the dpa ligand with the thiol moiety. There-
after, the thiol-terminated dpa was immobilized on the surface
of the extended-gate. Finally, the dpa on the electrode was
treated with Zn" to form the SAM of the Zn"-dpa complex. As a
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Figure 8. (a) The extended-gate type OFET modified with the artificial phosphoprotein receptor (=the Zn"-dpa SAM). (b) Time-dependency of the electrical
response of the OFET to a-casein (6 ug/mL) in a HEPES buffer solution (10 mM) with NaCl (100 mM) at pH 7.4. (c) Changes in the drain currents of the OFET
due to the addition of each protein. Reproduced and adapted from Ref. 45. Copyright 2016 The American Chemical Society.

result, we obtained the electrical responses of the OFET to the
phosphorylated a-casein by using the Zn'-dpa SAM. On the
other hand, no change was observed in the OFET when the dpa
monolayer was utilized without Zn". These results suggest that
the electrical responses stemmed from the coordination
bonding between a-casein and the Zn"-dpa complex on the
extended-gate electrode. Notably, the electrical response was
almost saturated in the first few minutes (Figure 8b), indicating
that the rapid detection of a-casein by the OFET could be
achieved compared with conventional protein assays including
ELISAs. Importantly, the fabricated OFET sensor demonstrated a
strong response to the phosphorylated a-casein, whereas its
response to the partially dephosphorylated one was relatively
low (Figure 8c). Furthermore, there was almost no response to
the non-phosphorylated proteins. Thus, the OFET sensor with
the Zn"-dpa complex as a SAM has the potential to detect the
phosphorylation of proteins quantitatively. Overall, these results
will lead to the development of OFET-based protein assays for
the rapid and quantitative determination of PTMs.

5. Summary and Outlook

In this Minireview, we summarized the recent progress of the
development of the OFET-based protein sensors. While OFET-
based immunoassays are the simplest approach to achieve the
selective detection of target proteins, further improvements in
their sensitivity have been deemed difficult due to the Debye
shielding effect that occurs at the sensing electrodes; this is
because of the large molecular size of antibodies. Hence, the
utilization of small-sized materials for protein recognition could
contribute to the enhancement of the sensitivity of the OFET-
based sensors to target proteins. From this perspective, the
aptamers obtained by molecular evolution engineering have
been applied as alternative sensing materials for antibodies to
prepare the OFET-based protein sensors with high sensitivity.
Although the detection of the target protein in real samples

ChemistryOpen 2020, 9, 573 -581 www.chemistryopen.org

was achieved by the aptamer-modified OFET sensor, the protein
detection with the sensitivity of a pM level was successfully
demonstrated by the artificial receptor-functionalized OFET. The
employment of the artificial receptors for the construction of
the OFET-based protein sensors was effective in improving the
LOD value for analytes and also the electrical detection of the
chemical information in proteins such as PTMs (ex., protein
phosphorylation). Thus, we believe that OFET devices combined
with artificial receptors are powerful platforms for the develop-
ment of on-site quantitative assays for proteins including
disposable sensors for the high-throughput analyses of proteins
and wearable sensors for the monitoring of biomarker levels.

While the development of portable protein assays with
high-sensitivity, quantitativity, and accuracy is still at its
beginning stage, the design of the protein assays from both the
“materials” and “devices” viewpoints paved an avenue for the
achievement of novel analytical technologies (since there are
many types of biomarker proteins and various required
situations). In contrast, the accurate discrimination of each
target in a crude analyte solution utilizing the artificial receptor-
based protein assays is still a challenging topic in the achieve-
ment of its practical applications such as in healthcare and
medical diagnosis. Thus, the concept of chemosensor arrays
affords a hint in the realization of the simultaneous detection of
target proteins without any requirement for pre-treatment. In
fact, we have proposed high-throughput detection methods of
various targets utilizing cross-reactive optical chemosensor
systems (i.e., chemosensor arrays) combined with the statistical
analysis techniques.” Hence, the third viewpoint (“analyses”)
might further enhance the value of the OFET-based protein
sensors with artificial receptors. Consequently, we believe that
OFET-based integrated circuits combined with cross-reactive
artificial receptors as an OFET array will lead to the develop-
ment of high-throughput protein sensors that behave as next-
generation electronic devices in the near future.
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