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Abstract

Polymer field-effect transistors (PFETs) are among the most fascinating electronic devices because of their attractive
properties, such as durability, environmental friendliness, and solution processability. To date, PFETs have been employed
for the development of flexible displays, radio-frequency identification tags, flexible non-volatile memories, among others.
Moreover, due to the above advantages, PFETs can be applied to disposable on-site analytical devices. In that regard, we
have developed extended-gate type PFETs with molecular recognition biomaterials for protein sensing in aqueous media.
The fabricated PFETs were used to successfully detect glycoproteins (immunoglobulin A, immunoglobulin G, and
chromogranin A) without any complicated labeling processes. Since our proposed immunoassay, which is performed on the
basis of extended-gate type PFETs, is rapid and easy-to-use, PFET will be an attractive platform for on-site monitoring

devices in healthcare applications in the near future.

Introduction

Biosensors consist of detection and transducer parts, and
their capturing methods for target analytes rely on bioma-
terials, such as immunoproteins, enzymes, DNA, among
others. The first biosensor device was reported by Clark and
Lyons in 1962 [1], with Updike and Hicks also reporting
“The Enzyme Electrode” at almost the same time [2]. These
authors invented an amperometric oxygen electrode mod-
ified with glucose oxidase for the continuous monitoring of
the glucose concentration in biological solutions (e.g.,
blood). To date, various types of biosensor devices have
been developed and applied for preventative healthcare and
rapid diagnoses of incipient diseases. In particular, bioassays
for proteins are widely researched and developed because
proteins are abundant in the human body and significantly
correlate with mental, allergic, and lifestyle diseases, among
others. In this regard, protein—protein interactions, such as
immune-interactions, have been used to analyze biological
fluids containing biomarkers because of their highly specific
recognition ability for target analytes. For example, enzyme-
linked immunosorbent assay (ELISA), which is a popular
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assay, has been widely used for protein determination in
diagnostic applications. However, complicated processes,
such as labeling and pre-treatment reactions, are necessary,
while ELISA can detect target proteins specifically and
sensitively. Thus, many research groups worldwide have
also attempted to develop biosensor devices that utilize an
electrochemical analyzer [3], quartz crystal microbalance
(QCM) [4], or surface plasmon resonance (SPR) [5] due to
easier detection systems for target proteins (Fig. 1a). How-
ever, conventional biosensors require relatively large and
expensive systems for high throughput measurements,
which means that development of on-site and easy-to-use
assays based on these platforms can be challenging. By
contrast, field-effect transistor (FET)-based biosensors [6]
can enable one to easily miniaturize the sensing system. In
particular, development of polymer FET (PFET)-based
biosensors has attracted considerable attention because their
features can be used to develop wearable and disposable
healthcare monitoring systems.

PFETs are among the most fascinating devices in the
field of electronic engineering owing to their mechanical
durability and flexibility, solution-processability, and com-
pact integration [7]. According to these advantages, light-
weight, rollable (or stretchable), enlargeable, environmen-
tally friendly, and low-cost electrical systems can be
developed by utilizing PFETs. Therefore, PFET-based
rollable active-matrix displays [8], radio-frequency identi-
fication (RFID) tags [9], and flexible non-volatile memories
[10] have been successfully made. Among such
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Fig. 1 a Illustrated concept of immunosensors. b Device structure of
the extended-gate type PFET. ¢ Schematic illustration of the fabricated
PFET utilizing a polymeric semiconductor (poly{2,5-bis(3-hex-
adecylthiophene-2-yl)thieno[3,2-b]thiophene}; PBTTT) and a self-

applications, development of PFET-based bioassays for
proteins is in its early stage because the design of devices
and molecular recognition materials for PFET-based bio-
sensors is not fully established. Hence, we propose a design
for protein sensors based on PFET devices, which has
potential to be a new attractive biosensing platform in
various research fields. Our recent approaches for the
development of protein sensors based on PFETs are sum-
marized in this focus review, including the design strategy
for developing PFET devices for protein sensing, as well as
the problems that we have encountered.

Device design of the PFET-based protein
sensor

Principally, PFET-based biosensors can detect target bio-
molecules captured on the surface of semiconductors or
electrodes because the carrier concentration in the semi-
conducting layer (i.e., channel conductance) is affected by
the surface charge of the target proteins [11]. In previous
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assembled dielectric monolayer (tetradecylphosphonic acid; TDPA).
d Transfer and output characteristics of the fabricated PFET device,
which can be operated under low applied-voltage conditions (<I31 V)

reports, capture of analytes using PFET biosensors depends
on non-specific physical-adsorption [12], which means that
selective detection of biomolecules using PFET biosensors
is not fully understood. In addition, sensing of biomolecules
with PFET biosensors is usually performed under dry
conditions because organic semiconductor materials are
sensitive to moisture; degradation of PFETs by water can
readily occur [13]. Needless to say, biomolecule sensing
should be carried out in aqueous media. We thus designed
an extended-gate type PFET to use as a sensing system in
water with high accuracy and reproducibility (vide infra).

A low-voltage operable extended-gate type PFET
used as a protein sensing platform

The fundamental operation principle for PFETs follows that
of metal-oxide-semiconductor field-effect transistors (MOS-
FETs). In typical MOSFETSs, amorphous silicon (a-Si) or
polycrystalline silicon (p-Si) is utilized as the semiconductor
material. Although Si-based FETs are prevalent components
in electrical circuit systems, fabrication of ultra-flexible
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electronic systems based on Si-FETs is difficult because of
their rigidity. On the other hand, PFETs are widely studied in
the field of flexible and conformable electronics (vide supra).
In addition, the fabrication process for PFETS is much simpler
compared to that for Si-FETs [7]. Hence, PFETs are suitable
devices for disposable sensing platforms. More importantly,
polymer semiconductors have high durability against
mechanical strain [14] and high uniformity in thin-film
deposition, meaning that polymeric-material-based devices
are suitable for flexible sensors with high reproducibility and
stability. The device structure includes three terminal elec-
trodes (source, drain, and gate) and dielectric (capacitor) and
semiconductor layers. Charge transport (i.e., hole and/or
electron density) in the semiconductor layer is controlled by
changing the applied voltage at the gate terminal. Thus,
PFETs can function as switching devices in electrical circuits.
To employ PFETs as protein sensor platforms, the channel
conductance should be directly or indirectly affected by
charged proteins captured on the devices. In addition, the
sensor devices should be operated under low-voltage condi-
tions to avoid the electrolysis of water and signal noise.
However, operation of conventional PFETSs requires a rela-
tively high applied voltage (>10 V) due to their low carrier-
mobility and/or high contact resistance [7].

Ultimately, we decided to employ an extended-gate type
structure for the fabrication of PFET-based protein sensors
[15] (Fig. 1b). PFET (=the transducer) is separated from the
extended-gate (=the sensing portion), meaning that degra-
dation of PFET by water can be prevented. Additionally, the
extended-gate part can be easily modified with various
molecular recognition materials, such as antibodies. To
reduce the operation voltage of the device, we used a
bilayered capacitor that consisted of aluminum oxide and a
tetradecylphosphonic acid (TDPA) self-assembled mono-
layer (SAM) as the gate dielectric in PFET [16] (Fig. 1c).
This ultra-thin capacitor enabled us to generate high carrier
concentrations in the channel region, which means that the
operation voltage of the PFET device could be reduced.
Moreover, a m-conjugated polymer (i.e., poly{2,5-bis(3-
hexadecylthiophene-2-yl)thieno[3,2-b]thiophene}, PBTTT
[17, 18]) was employed as the semiconductor in PFET
(Fig. 1c). PBTTT analogues have been widely applied to
PFETs because of their high-carrier mobility, solution-
processability and high uniformity in thin-film formation.
Given these advantages, PBTTT is a suitable material for
developing PFET-based protein sensors.

The basic electrical characteristics of the fabricated PFET
are shown in Fig. 1d. The fabricated PFET exhibited
excellent characteristics, with no hysteresis in the linear and
saturation regions. The representative field-effect mobility
and the on/off drain current ratio were estimated to be 102
cm?/Vs and 210°, respectively. The observed performance
for the low-voltage operable (<13 V) PFET was

reproducible under ambient conditions, indicating that the
designed device could be applied to the detection of target
proteins in water.

Working principle of PFET-based sensor devices for
protein detection

Electrical detection of various proteins was realized using
the fabricated extended-gate type PFETs functionalized
with biomaterials (e.g., streptavidin, antibodies, etc.). As
shown in Fig. 1b, we immersed the extended-gate and
reference (=Ag/AgCl) electrodes into the target solutions.
The extended-gate electrode acted like a floating-gate
electrode, which means that the charge of the proteins
captured on the electrode affected the electrical character-
istics of PFET. These characteristics (e.g., transfer char-
acteristics) should follow Eq. (1) [19],

Ips = <%>ﬂC(VGS — V), (1)
where Ipg is the observed drain current; W and L are the
channel width and length, respectively; u is the field-effect
mobility; C is the capacitance of the gate dielectric; Vry is
the threshold voltage; and Vg is the gate voltage.
Moreover, AVry, which is derived by adding the charged
proteins (=the charge density, Q), can be expressed in the
following Eq. (2),
AQ

AVry = ol (2)
meaning that the transfer characteristics are influenced by
the charge strength of the proteins captured on the
extended-gate electrode [20]. The shift of the interfacial
potential between the analyte solution and extended-gate
electrode can be triggered by a partial charge in the target
protein (=residues in the protein adjacent to the electrode).
Therefore, the stacking property and density of the
molecular recognition materials should be controlled to
secure a reproducible response in the PFET sensor. In this
regard, we employed a SAM as the anchor layer for the
receptors because the spontaneous formation of SAMs is
highly reproducible. Here, concrete examples of protein
sensing using the fabricated PFET are shown in the
following chapters.

Electrical protein detection using PFET

Detection of immunoglobulin G (IgG) with or
without biotin-labeling

To evaluate the sensing ability of the fabricated PFET, we
first attempted to detect a biotin-labeled IgG through a

SPRINGER NATURE



T. Minamiki et al.

biotin-streptavidin interaction. Due to the extreme low-
dissociation constant of the biotin-streptavidin interaction
(Kg~10""M) [21], the biotin-labeling process for the
detection of target proteins is occasionally employed. IgG is
a representative major player in the humoral immune sys-
tem and is ubiquitous, which means that monitoring the IgG
concentration in biological fluids can reveal human health
conditions [22]. In that regard, IgG is widely utilized as a
biomarker for several illnesses (e.g., connective tissue dis-
eases [22], food allergy [23], etc.) in diagnosis tests. To
recognize biotin-labeled IgG, streptavidin was immobilized
through multi-step reactions at the sensing portion in the
device. The surface of the gold extended-gate was first
covered by 10-carboxy-1-decanethiol, followed by fixation
of streptavidin through amide formation using N,N’-diiso-
propylcarbodiimide (DIC) and N-hydroxysulfosuccinimide
(sulfo-NHS). To quench unreacted sulfo-NHS esters, 2-
aminoethanol was subsequently added (Fig. 2a). Char-
acterization of the sensing electrode is important in advance
of the sensing application. Thus, the surface properties of
the functionalized gold electrode were investigated step-by-
step using contact angle goniometry (CAG) and photo-
emission yield spectroscopy (PYS) in air. The CAG mea-
surement showed a slight increase in the hydrophobicity of
the gold electrode treated with 10-carboxy-1-decanethiol
(42.8°) in comparison with that of the untreated electrode
(39.7°), indicating that the hydrophobic decyl chain was
introduced onto the gold electrode (Fig. 2b). In addition, the
PYS measurement exhibited a deeper shift for the work
function of the electrode before (4.53 eV) and after (5.02
eV) the formation of SAM (Fig. 2¢), meaning that the gold
surface was decorated with the electronegative group (i.e.,
the carboxy group) [24]. After the amide coupling reaction,
a dramatic decrease of the contact angle (16.3°) with no
photoelectric effect was observed, probably because the
gold extended-gate was fully covered by the charged mac-
romolecule (i.e., streptavidin). According to the above-
mentioned results, it is noted that fabrication of the sensing
electrode for the biotin-labeled IgG was successfully carried
out. We then performed a titration experiment for biotin-
labeled IgG in Dulbecco’s phosphate-buffered saline (PBS)
in the presence of a 0.1 wt% bovine serum-albumin (BSA)
interferent. As expected, the PFET device with the sensing
electrode responded to the addition of the biotin-labeled IgG
(Fig. 2d). The observed negative shift of the transfer curve
with the increasing IgG concentration indicated that the
positively charged molecule (i.e., the biotin-labeled IgG)
was captured on the surface of the extended-gate electrode
[25]. The limit of detection [26] (LOD) estimated from the
relationship between the IgG levels and threshold voltage
was approximately 8 nM (Fig. 2e). Notably, the electrical
response of the PFET device was observed in the presence
of a large amount of BSA interferent, suggesting that the
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electrical changes were derived from the specific interaction
of the biotin-labeled IgG and streptavidin on the extended-
gate electrode.

The above results encouraged us to develop a label-free
electronic assay for IgG [27]. The labelling process is not
only one of the rate-limiting factors for protein determina-
tion assays but also alters the surface properties and natural
activities of the target proteins. Hence, the development of a
label-free assay for an analyte is desirable in a high-
throughput sensing platform for various applications. The
fabricated device can be used to directly detect the charge
property of the protein captured on the electrode (Eq. 2),
meaning that PFET is a suitable platform for an easy-to-
handle and rapid immunoassay for proteins. We used a
polyclonal antibody (pAb) against unlabeled IgG as the
molecular recognition biomaterial, which was immobilized
on the gold electrode in a similar way as the above proto-
cols. Figure 3a shows a schematic structure for the elec-
tronic label-free immunosensor based on PFET. A shorter
alkyl-chain (n = 5) based SAM was employed for label-free
detection. The transfer characteristics of the PFET device
were shifted upon addition of unlabeled IgG (Fig. 3b). This
was the first example of electronic label-free immune sen-
sing using PFETs.

Demonstration of label-free immunoglobulin A (IgA)
sensing in simulated saliva

Blood and mucous secretions (i.e., saliva and tears) contain
IgA [28]. In particular, secretory IgA in mucous secretions
constitutes a part of mucosa-associated lymphoid tissue.
Since a significant relationship between the IgA levels in
saliva and psychological stress [29, 30] has been widely
investigated, the detection of IgA can be not only useful as a
marker for infection risk but also as a marker for mental
stress. Although IgA is potentially an important marker for
healthcare in daily life, conventional methods for IgA
detection, such as ELISA, are complicated. Hence, we
decided to develop an easy-to-use sensing system utilizing
the PFET-based immunosensor for the IgA detection [31].

Practically, the non-invasive detection of IgA using
PFET should be achieved in saliva. We thus carried out IgA
titration in a simulated saliva solution containing inter-
ferential proteins, such as myeloperoxidase, lactoferrin,
lysozyme, and amylase. The concentration of the inter-
ferential proteins simulated the actual conditions of human
saliva [32-35] ([myeloperoxidase] = 3.6 ug/mL; [lacto-
ferrin] = 1.0 pg/mL; [lysozyme] = 0.4 ug/mL; and [amy-
lase] = 0.4 ug/mL). To achieve selective IgA detection
under such competitive conditions, a biotinylated mono-
clonal antibody (mAb) against IgA (clone code: IgA5-3B)
[36, 37] was immobilized on the extended-gate sensing
electrode. Monoclonal antibodies possessing highly specific
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Fig. 2 a Reaction scheme for the immobilization of streptavidin on the
surface of the extended-gate electrode. b Water contact angle gonio-
metry measurements on Au electrodes. ¢ Photo-emission yield spectra
for Au electrodes in air. Untreated Au (blue circle), 10-carboxy-1-
decanethiol-treated Au (red diamond) and streptavidin-immobilized
Au (white circle). d Transfer characteristics for PFET upon titration

with biotin-labeled IgG in a PBS solution with 0.1 wt% bovine serum
albumin. [IgG]=0, 1, 5, 10, 20, and 50 pg~mL_1. e Changes in the
threshold voltage (Vy) of the PFET device due to biotin-labeled IgG
at various concentrations in a PBS solution with 0.1 wt% bovine serum
albumin
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Fig. 3 a Schematic illustration a
of the extended-gate type PFET
functionalized with pAb for
unlabeled IgG detection. b
Transfer characteristics of PFET
upon titration with unlabeled
IgG in a PBS solution with 0.1
wt% bovine serum albumin.
[IgG] = 0-100 ug mL~"

pAb

PFET _—

Fig. 4 a Schematic illustration a
of the extended-gate type PFET
functionalized with mAb for
unlabeled secretory IgA
detection. b Changes in the
threshold voltage (Vry) of the
PFET device due to unlabeled
secretory IgA at various
concentrations in a PBS solution
with amylase (0.4 ug mL ™),
lysozyme (0.4 ug mL 1),
lactoferrin (1.0 ugmL™"), and
myeloperoxidase (3.6 ug mL ")

affinity for target proteins are produced by identical immune
cells, meaning that the mAb-modified electrode was able to
recognize the target IgA in the presence of an interferent.
Moreover, in consideration of the large molecular size of
IgA (320kDa), we employed a SAM with a shorter alkyl
chain (n = 3) spacer (Fig. 4a) because the distance from the
electrode could affect the sensitivity and reproducibility of
the assay. The influence of the charge of the captured
molecules at the extended-gate/analyte solution interface on
the FET characteristics is limited by the Debye screening
effect [38]. Therefore, the interface design at the sensing
electrode/analyte solution crucially affects the sensitivity of
the device. As a result, the threshold voltage of the fabri-
cated PFET was changed with the increasing IgA con-
centration in simulated saliva (Fig. 4b), suggesting that
selective IgA detection without any labeling processes was
successfully achieved. The linear-response range of the
PFET-based immunosensor for IgA was estimated to be
0-10 pg/mL. Although the IgA levels in saliva are generally
higher than 40 pg/mL, this sensing ability could be useful
for healthcare monitoring because the low concentration of
IgA in saliva is related to psychological stress or infectious
diseases (e.g., dental caries [39], upper respiratory infection
[40], etc.).
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Sensitive label-free detection of chromogranin A
(CgA)

CgA, which is expressed in neuroendocrine and neuronal
tissues, is involved in the production of secretory granules
and is cleaved to form small peptides by endogenous pro-
teases [41]. The CgA-derived peptide contributes to the
secretion of various hormones that belong to the neu-
roendocrine system (e.g., inhibition of insulin release [42]).
CgA in serum is known to be a biomarker for various
diseases, such as endocrine tumors [43], heart failure [44],
hypertension [45], neuro diseases [46], among others. In
addition, CgA in saliva can be utilized as a metal stress
marker for anxiety [47] and depression [48]. To date,
although label-free detection of CgA using a carbon nano-
tube (CNT)-based FET has been previously reported [49],
the development of electrical device based biosensors for
CgA detection is in its early stage. Toward that end, we
demonstrated label-free CgA sensing based on the PFET-
based immunosensor [50].

CgA detection was demonstrated in a commercially
available artificial saliva (Sa]iveht® Aerosol, purchased from
Teijin Pharma Co. Ltd., Chiyoda-ku, Tokyo, Japan) con-
taining many types of ionic species, such as NaCl, KCI,
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CaCl,, MgCl,, and K,HPO,. We utilized a biotinylated mAb
(clone code: LK2H10) against CgA [51], with the surface of
the extended-gate electrode functionalized using the mAb-
streptavidin complex. An increase in the CgA concentration
caused electrical changes in the PFET characteristics (Fig. 5),
suggesting that the fabricated PFET could be applied for
selective detection of CgA in saliva. Notably, the LOD for the
PFET-based immunosensor was estimated to be approxi-
mately 2 nM, implying that this value was comparable to that
for a reported CNT-FET sensor for CgA [49]. The observed
sensitivity was a few fold lower than the actual biological
level of CgA (~0.3 nM) [52]. However, the main advantage of
using PFETs in comparison with other types of electro-
chemical sensors is that its sensitivity is potentially improved
by chemical approaches (the molecular design of the sensing
portion) as well as device physical approaches (the design of
the device structure). Thus, the detection signal can be
enhanced by employing FET-based electrical circuits, such as
a differential amplifier [53]. More importantly, the assay time
for the fabricated immunosensor for CgA (~0.5 h) is less than
the time required for ELISAs (~2.5h) [54].

Conclusion and outlook

In this focus review, we summarized the development of
extended-gate type PFETs for immunoassays. The fabri-
cated PFET was able to be operated under low-voltage (<I3|
V) conditions. Molecular recognition biomaterials (i.e., pAb
and mAb) were introduced onto the electrode of the PFET,
which offered label-free, rapid detection of target proteins,
such as immunoglobulins in pseudo-biological fluids. The
substrate of the sensing portion is made of a plastic film
(PEN film), which means that our PFET biosensors can be
used in a disposable and hygienic fashion.

In some cases, it was found that the sensitivity of the
PFET immunosensors should be improved. To solve the
above problem, device approaches, such as differential
amplifiers, can be used [53]. In addition, molecular inter-
actions between SAM and target proteins could be
enhanced by conformational changes of SAM by external-
stimuli [55]. Moreover, we preliminary succeeded in
improving the sensitivity using chemical approaches, i.e.,
employment of artificial receptors instead of immune-
proteins [56]. For example, sub-femtomolar detection of
serum albumin was achieved by an extended-gate PFET
with a coordination-bonding-based artificial receptor [57].
Moreover, the assay time in artificial receptor-attached
PFETs was sped up compared to that of conventional
bioassays that included the above PFET-based immuno-
sensors. Since the development of PFET-based protein
sensors is undergoing rapid progress, we believe that PFETs
will be an attractive tool for on-site monitoring devices in
healthcare applications in the near future.
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