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Flexible organic thin-film transistor immunosensor
printed on a one-micron-thick film
Tsukuru Minamiki 1,3, Tsuyoshi Minami1,2✉, Yi-Pu Chen1, Taisei Mano1, Yasunori Takeda 1,

Kenjiro Fukuda 1,4 & Shizuo Tokito1✉

Flexible and printed biosensor devices can be used in wearable and disposable sensing

systems for the daily management of health conditions. Organic thin-film transistors (OTFTs)

are promising candidates for constructing such systems. Moreover, the integration of organic

electronic materials and biosensors is of extreme interest owing to their mechanical and

chemical features. To this end, the molecular recognition chemistry-based design for the

interface between sensor devices and analyte solution is crucial to obtain accurate and

reproducible sensing signals of targets, though little consideration has been given to this

standpoint in the field of device engineering. Here, we report a printed OTFT on a 1 μm-thick

film functionalized with a sensing material. Importantly, the fabricated device quantitatively

responds to the addition of a protein immunological marker. These results provide guidelines

for the development of effective healthcare tools.
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Related to the global increase in the incidence of lifestyle
diseases, a rise in health awareness, and public hygiene
resulting from globalization, the development of point-of-

care testing (POCT) technologies has attracted attention for the
management of health conditions based on quantitative and
chronological data1,2. In particular, the medical industry is
devoting a lot of effort toward the realization of rapid and dis-
posable assays to detect immunological markers or viruses for
preventing the spread of serious infectious diseases or inflam-
mations. For these purposes, wearable biosensors are of great
interest because they can inspect our bioactivity unobtrusively
and continuously3,4. To achieve the real-time monitoring of
health conditions utilizing wearable sensors, the devices should
fulfill the following requirements: (1) To evaluate bioactivity in
accordance with quantitative data, devices should linearly
respond to changes in biomarker levels. (2) For the qualitative
investigation of health conditions, detection units in wearable
devices must be functionalized with specific recognition materials
for biomarkers. (3) To maintain cleanness on human skin or
tissues, wearable devices should be disposable. This point is also
significant in protecting against the spread of secondary infec-
tions from patients to medical workers. Hence, low-cost processes
should be focused on in the development of biosensing devices so
that biosensors can be realized as a sufficiently low cost for their
regular replacement.

To satisfy the above-mentioned requirements for the develop-
ment of wearable biosensors, organic thin-film transistors
(OTFTs) are used as promising device platforms owing to their
data handling capacity on integrated circuits, mechanical dur-
ability and flexibility, and printing processability5. More impor-
tantly, OTFTs can be integrated with transmitting systems,
meaning that the big-data construction of bioactive data can be
realized by using OTFTs as wearable biosensors. Furthermore, it is
possible to compare and accumulate physiological information
obtained from each person. Therefore, OTFT-based biosensors
can also contribute to the expansion of basic medical research. In
fact, the monitoring of biophysical or biochemical information by
using flexible OTFTs has been widely reported6,7. OTFT char-
acteristics are affected by charges of adsorbed molecules onto the
surfaces of the semiconductor layer or terminal electrodes.
Although the origins of the shifts in threshold voltage (ΔVTH) in
OTFT (FET)-based sensors have still been debatable, the
researchers in the field of OTFT-based sensors have still used
ΔVTH as the sensing parameter. For example, it has been reported
ΔVTH stemmed from the adsorption of gas molecules onto the
metal–ligand complex-based organic semiconductor8. Further-
more, there are many reports that the adsorbed biomolecules (e.g.,
nucleotides) onto the semiconductor or the gate electrode not only
affect ΔVTH but also induce changes in other parameters such as
drain current (IDS), the field-effect mobility (μ), etc.9,10. These
demonstrated results indicate that the parameters of OTFT devi-
ces can be experimentally utilized for the sensing of signals for the
determination of captured analytes. However, the detectable sig-
nals of previously reported devices were restricted to vital signs
and changes in concentrations of small molecules, in spite of the
fact that proteins are important biomarkers related to the onset of
various diseases. To obtain accurate and reproducible sensing
signals of targets, the alignment of analytes on devices should be
tuned by molecular recognition materials. This is because ΔVTH of
OTFT-based sensors by adding target proteins are unstable in the
physical adsorption model of proteins on the electrode surface. In
the physical adsorption model, the adsorbed amount of proteins
onto the electrode fluctuate owing to its non-specificity. In addi-
tion, the variability of ΔVTH is also derived from various charge
distributions of proteins (see Supplementary Fig. 1a). In contrast,
the antibody-modified electrode can detect proteins based on the

specific immune-interaction (see Supplementary Fig. 1b, c), which
means that the adsorbed amount of target proteins on the elec-
trode surface can be defined by the binding affinity and the
immobilized amount of the antibody. Importantly, the distribu-
tion of surface charge on proteins is not homogeneous because
acidic and basic amino-acids are placed on the protein surface
heterogeneously. Hence, the well-ordered immobilization of
the antibody on the electrode (i.e., alignment for the orientation of
the captured protein) is required for achieving the accurate and
reproducible detection of proteins (see Supplementary Fig. 1c).
These suggest that the surface design of sensing electrodes is
crucial to obtain the biomolecule information. Furthermore, self-
assembled monolayer (SAM)-modified electrode can protect the
non-specific adsorption of proteins and interferences on the
electrode. Therefore, this standpoint from molecular recognition
chemistry is important to achieve the accurate quantitative
determination of biomarkers by using OTFTs. Toward
this end, molecular recognition researchers have already estab-
lished a strategy for achieving these requirements of protein
detection11–13; nevertheless, suitable materials and functionaliza-
tion for wearable sensors for the detection of proteins have not
been considered in the field of device engineering. In this regard,
although we have carefully examined the protein sensing ability of
OTFT devices functionalized with several sensing materials14,
further consideration of flexible and printed OTFTs for protein
determination is required. This is because the development of
flexible devices for biosensing is still in its infancy.

Herein, we realize a flexible disposable biosensor that can
electrically detect an immunological marker protein by combin-
ing different standpoints and knowledge of device engineering
and molecular recognition chemistry. In this paper, we propose a
conceptual design of an immunosensor device on an ultra-thin
film with potential applicability to wearable biomedical systems.
The fabricated OTFT with a dual-gate configuration15 (Fig. 1)
showed excellent operation stability under electrical or mechan-
ical loading. More importantly, the designed immunosensing
portion achieved the quantitative detection of proteins on a
printed OTFT with mechanical flexibility. The obtained results
suggest that the proposed device structure, process, and applied
materials will contribute to the achievement of OTFT-based
biosensors with these attractive characteristics. Furthermore, our
OTFT-based immunosensor was fabricated by printing processes,
meaning it could be used in low-cost biomedical systems.

Results
Fabrication of a dual-gate OTFT on an ultra thin-film sub-
strate. The external appearance and schematic of the flexible
OTFT are shown in Fig. 1. The fabrication procedure for the
ultra-thin-film device including printing processes was in accor-
dance with our previous report (see the “Methods” section)16.
The fabricated device was easily peeled from the support substrate
after finishing the preparation process. The thickness of the ultra-
thin-film substrate was 1 μm, resulting in the OTFT device having
a total thickness of <3 μm. In this study, we employed a dual-gate
structure for the OTFT as the basic structure for flexible bio-
sensors. This is because dual-gate OTFTs have a practical con-
figuration for biosensors owing to their excellent robustness to
mechanical stresses and their reproducible operation under
ambient conditions. More importantly, dual-gate OTFTs can
be easily integrated into logic circuitry17. This suggests that the
processing and transmission of biometric information could
be achieved by using an electronic system integrated into a single
chip.

To accomplish the electrical detection of analytes in aqueous
media using the OTFT, the sensing portion should be separated
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from the channel region of the OTFT because the electrical
performance of organic semiconductors is easily deteriorated by
exposure to water. Hence, the sensing electrode was extended
apart from the area just above the semiconductor layer (Fig. 1)18.
Consequently, we obtained excellent performance characteristics
of the OTFT-based sensor as a consequence of this design
strategy for the device (vide infra).

Electrical performance of the dual-gate OTFT. Basic operation
behaviors (transfer and output characteristics) of the fabricated
OTFT with the dual-gate configuration are summarized in Fig. 2
(see Supplementary Table 1). First, we carried out electrical
measurements for the OTFT in the single-gate configuration (i.e.,
a top-gate or bottom-gate OTFT). Notably, the square roots of
|IDS| versus VGS in each device configuration exhibited as the
linear behavior (see Supplementary Fig. 3), supporting that these
analyzed results were highly reliable19. Next, the operation of
the dual-gate OTFT was examined by applying the gate bias at
both the top-gate and bottom-gate terminals (Fig. 2c). Figure 2d
shows the correlation between the threshold voltage (VTH) of the
OTFT and the external sweep bias for the top-gate terminal
(VTG). A linear relationship between the output parameter (VTH)
and the input signal (VTG) was observed, suggesting that the
fabricated OTFT can be applied to the sensitive detection of the
molecular recognition behavior on the top-gate electrode. Nota-
bly, the low-voltage operation of the fabricated OTFT with the
single-gate or dual-gate configuration was observed (Fig. 2d). The
application of high electric fields to water may affect various
electrochemical reactions, such as the electrolysis and electro-
phoresis of charged molecules in the water. These uncontrollable

phenomena in the analyte solution might interfere with the read
out of sensing signals from the solution. Thus, the device can be
utilized for sensing applications because its low operation voltage
can limit the occurrence of undesirable electrochemical reactions
in aqueous media.

To evaluate the operation stability of the OTFT under long-
term use, direct-current (DC) bias-stress measurement was also
carried out for the fabricated device (Fig. 2e). Here, it is
unnecessary for the bottom-gate portion of the designed OTFT to
have stability under long-term continuous bias. This is because
the intermittent operation of the bottom-gate device is sufficient
for the read out of biosensing information from changes in the
electrical potential of the top-gate terminal. Hence, we only
evaluated the operation stability of the bottom-gate device under
the application of continuous bias stress to the top-gate terminal.
The transfer characteristics obtained under stress at a constant
bias voltage (VTG= 0 V) were employed to calculate and evaluate
the changes in threshold voltage (ΔVTH, Fig. 2f), field-effect
mobility (μ/μ0, Fig. 2f), and drain current (IDS/IDS0, Fig. 2g).
Although a slight shift of the transfer characteristic was observed,
the electrical parameters of the fabricated device were almost
unaffected by the bias stress under ambient conditions.

Mechanical durability of the flexible OTFT. To determine the
feasibility of future wearable sensors based on the OTFT, the
mechanical durability of the flexible OTFT (Fig. 3a) was evaluated
with bending and compression stress tests. Initially, bending
stresses were applied to the OTFT as shown in Fig. 3b. The
transfer characteristics of the dual-gate OTFT scarcely changed
during the application of tensile stress (Fig. 3c). Hence, no

Fig. 1 Flexible OTFT-based immunosensor. a Photograph of the fabricated device. The scale bar is 1 cm. b Chemical structures of the utilized materials in
this study. c Schematic illustration of an OTFT-based immunosensor on a 1-μm-thick film.
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changes in VTH and mobility were obtained from the transfer
curves of the ultra-thin-film device when bending stress was
applied at each radius of curvature (Fig. 3d). Secondly, the elec-
trical performance of the OTFT was measured under compressive
strain (Fig. 3e). Although the device exhibited stable operation
when applying stress with compression up to 15% (Fig. 3f, g), the
device was broken under higher compressive stress (>20%). This
phenomenon might be due to the materials employed in the
flexible OTFT (vide infra). Fortunately, the durability observed
upon applying each stress was sufficient for the electrical device to
be mounted on human skin20. In other words, the device struc-
ture of the designed OTFT can be used as a wearable biosensing
platform.

Confirmation of the biotin–streptavidin complexation on the
top-gate electrode. Encouraged by the stable low-voltage opera-
tion of the OTFT, we decided to use the designed device for
biosensing applications. Herein, we constructed a protein-sensing
portion on the top-gate electrode by using the biotin–streptavidin
complex as the sensing scaffold. Owing to the extremely
high affinity of biotin (also known as vitamin B7) to streptavidin
(Kd ~ 10−15 M), the system is often utilized to evaluate the
sensing abilities of newly developed sensors. Furthermore,
immobilized antibodies on substrate surfaces can be aligned by
the biotin–streptavidin system21, which indicates that the accu-
racy of immunosensors could be improved by using a
biotin–streptavidin-complex-based scaffold.

To evaluate the sensing capability of the OTFT for a specific
interaction, the sensing portion (the extended area of the top-gate
electrode) of the OTFT was decorated by a biotin-terminated
SAM (biotin–SAM). Then, a phosphate-buffered saline (PBS)
solution with streptavidin was added dropwise to the top-gate
electrode, and the transfer characteristic of the OTFT was
subsequently measured. To confirm the decoration, we performed
the surface characterization of the top-gate electrode (see
Supplementary Fig. 9). Water contact angle goniometry (WCAG)

measurement revered a marked increase in the hydrophilicity of
the biotin-modified top-gate electrode (ΘW= 26°) upon its
reaction with streptavidin (ΘW= 10°) in comparison with that
of an untreated gold film (ΘW= 43°), indicating that the gold
surface was covered with hydrophilic molecules (i.e., the
biotin–SAM and/or the streptavidin protein) (see Supplementary
Fig. 9). In addition, photoemission yield spectroscopy (PYS)
measurement showed a slight shift in the depth direction for the
work function from the untreated electrode (4.7 eV) to the SAM-
modified electrode (4.8 eV), suggesting that the top-gate surface
was treated with the electronegative group (i.e., the carboxy
moiety of biotin) of the SAM (see Supplementary Fig. 9). The
observed slope change in the PYS spectrum of the electrode after
treatment with streptavidin implies that the emission of
photoelectrons from the gold surface was suppressed by the
adsorbed macromolecules (streptavidin) on the gold film.
Furthermore, we carried out a direct observation of the
functionalized electrodes by atomic force microscopy (AFM)
measurement (see Supplementary Fig. 10). As expected, the
surface topographies of the electrodes showed different expres-
sions with each functionalization. Importantly, the obtained
changes in topography agreed with those in a previous study22.
From these characterization results, we concluded that the
biotin–streptavidin complexation on the electrode was successful.
Then, we carried out titration for streptavidin using the OTFT
modified with the biotin–SAM. The fabricated OTFT responded
predictably to the addition of streptavidin to the PBS solution at
pH 7.0 (see Supplementary Fig. 11). The observed positive shift of
the transfer characteristic with increasing streptavidin level
showed that negatively charged molecules (i.e., streptavidin with
the mildly acidic isoelectric point, pI ~ 5) were captured on the
surface of the top-gate electrode.

Label-free electrical immunoassay for immunoglobulin G
(IgG). Finally, to demonstrate the biosensing ability of the
designed OTFT, we executed an immunoassay for IgG, which is

Fig. 2 Basic properties of the fabricated OTFT. |IDS|–VGS curves (transfer characteristics) of the fabricated OTFTs controlled by applying a single-gate
voltage at a bottom-gate terminal (VBG=+5 to −10 V) and b top-gate terminal (VTG=+5 to −10 V) (VDS= –1 V). c Transfer characteristics of the dual-
gate OTFT (VDS= –1 V). The applied VTG was –1, –0.5, 0, 0.5, or 1 V. d Threshold voltage (VTH) dependence with VTG for the bottom-gate OTFT. e Transfer
characteristics of the OTFT device taken before and after applying a constant bias voltage for 72,000 s (=20 h). f–h Changes in the electrical parameters
[(f) threshold voltage, (g) field-effect mobility, and (h) drain current] of the fabricated OTFT device under DC bias stress.
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known as a biomarker protein for rheumatoid arthritis, infec-
tious diseases, and inflammations23. Although immunoassays
are some of the most general analytical methods for target
proteins due to their high specificity, it is relatively complicated
to use conventional immunoassays (e.g., enzyme-linked
immunosorbent assays) to determine analyte information
because of the necessity to label target proteins. Therefore, the
development of label-free immunoassays utilizing flexible
OTFTs is required to achieve the real-time monitoring of bio-
marker levels. In this study, a biotinylated polyclonal antibody
was utilized as a label-free protein receptor for IgG on the top-
gate sensing electrode treated with the biotin-terminated SAM/
streptavidin complex (Fig. 4a). The protocol for the immu-
noassay is described in the “Methods” section. Figure 4b
exhibits the titration results of the IgG protein, showing the
observed shifts of VTH with increasing IgG level. Note that the
quantification of interfacial states between the top-gate elec-
trode and the aqueous solution in FET-based sensors is difficult.
For example, electrolyte conditions strongly affect the

interfacial potentials at the electrode surface. Although this
point is well understood in the field of surface science, there
may be cases where it differs from actual results24. This is
because the reference plane on prepared electrodes is generally
unclear owing to the complicated distributions in shape and
charge of proteins. Hence, it is difficult to determine the valid
value of the Debye length (i.e., the region influenced by elec-
trolyte conditions) from the electrode unambiguously. Fur-
thermore, the changes in electrical potential at the interface
might also be triggered by the modulation of the dipole
moment in the immobilized complex which consists of anti-
body, streptavidin, and the biotin–SAM on the electrode25.
Nevertheless, the charge of the captured molecules on the
device is one way of determining the driving force of electrical
responses in FET-based sensors. Hence, the shifts of VTH of the
prepared device with increasing IgG level (Fig. 4b and Sup-
plementary Fig. 12) are probably due to the shift of the elec-
trical potential at the top-gate/solution interface. Hence,
a positively charged IgG protein might be captured on the

Fig. 3 Mechanical durability of the flexible OTFT. a Diagram of the flexible OTFT. b Illustration of the flexible OTFT device under tensile strain. c Transfer
characteristics of the fabricated OTFT before, during, and after application of bending stress. The applied VTG was kept at 0 V. d Changes in the threshold
voltage (VTH) of the dual-gate OTFT at each radius of curvature. The number of measurement cycles for each condition was five. e Illustration of the
flexible OTFT device upon applying compressive stress. f Transfer characteristics of the OTFT device before, during, and after application of compressive
stress. The applied VTG was kept at 0 V. g Changes in the threshold voltage (VTH) of the dual-gate OTFT at various compression rates (0%, 5%, 10%, and
15%). The number of measurement cycles for each condition was five.
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top-gate sensing electrode (see Supplementary Fig. 1). More
importantly, the titration experiment was successfully carried
out in the presence of a large amount of bovine serum albumin
(BSA, 0.1 wt%) as a protein interferent. Thus, the obtained
electrical responses were derived from the specific molecular
interaction between the target IgG and the antibody on the top-
gate electrode.

Discussion
The fabricated OTFT was composed of printed materials and an
ultra-thin-film substrate, and the device exhibited both operation
stability and mechanical durability due to its adopted configura-
tion (top-gate structure). First, the channel region of the OTFT
was fully shielded by the top-gate dielectric (parylene film),
resulting in the environmental robustness of the fabricated OTFT
against the diffusion of water or oxygen into the semiconductor
film26. In fact, even though all the measurements were performed
under atmospheric conditions, the fabricated device showed
excellent electrical performance characteristics. Second, the semi-
conductor layer was embedded at a neutral strain position in the
fabricated device, i.e., sandwiched between both parylene layers
(the top-gate dielectric and the substrate). Here, the calculated
distance of the neutral strain position (rn) from the bottom plane
of the parylene film substrate was very close to the bottom-gate
and top-gate channel regions (see Supplementary Fig. 7). In pre-
vious studies27–30, it was demonstrated that an appropriate
sandwich structure can contribute to the suppression of a com-
pressive or tensile strain at the neutral strain position. Therefore,
we concluded that the excellent mechanical durability during the
device operation is owing to the appropriate structure for sup-
pressing mechanical strains on both channel planes (i.e., the
interfaces between the semiconductor and each dielectric layer).
Consequently, we concluded that the designed OTFT has excellent
mechanical stability27–30. Because the maximum compression rate
of human skin is around 20%20,31, our results demonstrate that
the fabricated device has sufficient robustness against compressive
stress, although the device broke above a compressive strain of
20%. Incidentally, the origin of the malfunction of the OTFT
subjected to more than 20% compressive strain might have been
due to the contact between the polycrystalline organic

semiconductor and the dielectric films32. These results show that
the designed OTFT with the top-gate configuration has satisfac-
tory characteristics for the development of wearable biosensors to
monitor biomarker behaviors in real time.

In conclusion, we have successfully demonstrated the biosen-
sing abilities of a printed dual-gate OTFT on a 1-μm-thick film.
Our fabricated device electrically responded to increasing bio-
molecule concentrations on the sensing electrode. The sensitivity
of the ultra-thin-film immunosensor device to IgG (linear
response range: 0–10 μg/mL) was comparable to that of con-
ventional immunoassays including TFT-based immunosensors
(see Supplementary Table 2). Notably, biosensing was accom-
plished even in the presence of a protein interferent, suggesting
that the designed immunosensor can rapidly detect biomarkers in
body fluids without any pretreatments. In addition, while the
ionic compositions of the PBS solution and a biological fluid (e.g.,
sweat) are slightly different, the ionic strength of the PBS solution
is much higher than the concentration of the ionic interferent in
sweat (see Supplementary Table 3). Hence, the obtained result
indicates that the fabricated device can sensitively monitor
changes in marker levels in sweat on the human skin. Moreover,
OTFT-based sensors can detect electrical charges of captured
proteins statically and directly. This suggests that OTFTs are
more suitable platforms for constructing protein-sensing systems
than conventional electrochemical sensors8,10. General electro-
chemical sensors detect electron transfer associated with oxida-
tion or reduction of target molecules. Therefore, these types of
sensors can sensitively detect targets in the ideal electrolyte sys-
tem. However, the electrochemical detection of protein markers is
difficult due to the following reasons: (1) since proteins are
composed of various amino acids with different electrical
potentials, electrochemical peaks derived from these amino-acid
residues interfere with each other. In addition, biological fluids
including proteins contain various types of electrolytes at high
concentrations. From these matters, it is difficult to secure the
selectivity and sensitivity in electrochemical sensors for protein
analyses. (2) Electrochemical stimulation breaks higher-ordered
structures and minute residue sequences in proteins. This means
that the accurate analysis of protein markers by electrochemical
methods is difficult. Whereas, FETs (including OTFTs) can detect

Fig. 4 Label-free immunoassay for IgG. a Schematic illustration of the sensing portion on the top-gate electrode modified with anti-IgG antibody.
b Changes in the threshold voltage (VTH) of the OTFT induced by the IgG protein at each concentration in a PBS solution with 0.1 wt% BSA. The number of
measurement cycles for each condition was five.
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charge of captured proteins without irreversible electrochemical
reactions. (3) Amperometric sensors are incapable of the detec-
tion of redox-inactive proteins. In addition, although sensing
electrodes should cover redox potentials of target proteins, the
electrochemical window of typical electrode materials is narrower
than high-potential peaks derived from proteins. Therefore, we
concluded that OTFT-based sensors are some of the suitable
platforms for the detection of proteins compared to electro-
chemical measurements. On the basis of these points, we believe
that our proposed strategy to develop the OTFT-based immu-
nosensor with printed components could pave the way to a new
approach for disposable and wearable biosensors for the on-site
detection of various biomarkers.

Methods
General. All solvents and reagents employed for this research were used as sup-
plied. More details are given in Supplementary Methods.

Device fabrication. The device structure of the dual-gate OTFT is shown in Fig. 1.
First, an amorphous fluoropolymer (DuPont, Teflon AF1600) in a solution of a
fluorinert solvent (3M, FC-43) was coated on a glass substrate at a rotation speed of
2000 rpm for 60 s. The thickness of the fluoropolymer film was 210 nm. The sub-
strate was baked on a hotplate at 150 °C for 1 h under ambient conditions. In this
study, the fluoropolymer-deposited glass substrate was utilized as a supporting
carrier for the preparation of the ultra-thin film device13. Then, a 1 µm-thick par-
ylene thin film was deposited on the substrate using chemical vapor deposition
(CVD) equipment. Afterward, a cross-linked poly(4-vinylphenol) (c-PVP) solution
was spin-coated at a rotation speed of 4000 rpm for 1 min, and then the substrate
was baked at 150 °C for 1 h in a N2-filled glove box ([H2O]: < 1 ppm, [O2]: < 1 ppm).
The c-PVP solution consisted of PVP (Mw: about 25,000) and a cross-linking agent
[poly(melamine-co-formaldehyde),Mn: about 432] in propylene glycol monomethyl
ether acetate. The c-PVP film was not only employed as a planarization layer for the
surface of the parylene film, but also contributed to controlling the surface energy
(droplet wettability) of the underlayer, enabling uniform and stable formation of
laminated materials (i.e., a silver (Ag)-nanoparticle ink) on the substrate. Next, the
c-PVP-film surface was treated with an O2 plasma cleaner (Samco, PC-300). The
treatment duration was 2min and the plasma power was 100W. Subsequently, a
water-based Ag-nanoparticle ink (DIC, JAGLT-01) was used as the bottom-gate
electrode and deposited on the substrate by using inkjet printer equipment (Fujifilm
Dimatix, DMP-2831) with a 10 pL nozzle head. The dot-to-dot spacing for the
droplet deposition was fixed at 60 µm, and the substrate temperature was kept at
30 °C during printing to form the bottom-gate layer. To planarize the electrode
surface, the substrate was then stored in an environmental control chamber (ESPEC,
SH-221) at 95% RH (=relative humidity) and 30 °C for 30min33. To sinter the Ag
nanoparticles, the printed bottom-gate layer was annealed at 120 °C for 1 h under
ambient conditions. Next, a second c-PVP film was deposited on the printed gate
electrode by the spin-coating (rotation speed: 2000 rpm). The second c-PVP film
was utilized as the bottom-gate dielectric layer (film thickness: 450 nm). A
tetradecane-based Ag-nanoparticle ink (Harima Chemicals, NPS-JL) was applied as
the drain and source electrodes and patterned on the c-PVP dielectric film by the
inkjet printer. These electrodes were deposited under the same conditions as the
bottom-gate electrode. The printed electrodes were sintered at 120 °C for 30min in
ambient air. To improve the carrier injection efficiency from the source to the
semiconductor, the surface of the printed electrodes was dipped in a 2-propanol
solution of perfluorobenzenethiol (PFBT, 30 mM) for 5 min, and then the substrate
was rinsed with 2-propanol and dried with N2 gas34. After this, a blend ink con-
sisting of 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-
ADT, 2 wt%) and polystyrene (PS, Mw: ~280,000, 0.5 wt%) in mesitylene was used
as an organic semiconductor layer and deposited in the aperture region between the
drain and source electrodes (channel area) by using dispensing equipment (Musashi
Engineering, IMAGEMASTER 350). The diF-TES-ADT material was synthesized in
accordance with the literature35. A parylene-based top-gate dielectric was then
formed on the substrate (thickness: 500 nm). We utilized the parylene film as the
top-gate dielectric because the CVD process can completely cover the rough surface
of the underlayer, i.e., the crystalline semiconductor (diF-TES-ADT). Next, a gold
(Au) film was formed on the parylene dielectric layer by resistance heating eva-
poration at a rate of 0.1–0.5 Å s−1 under a pressure of 10−4 Pa (thickness: 50 nm).
The Au thin film was utilized as extended top-gate and control-gate (pseudo-
reference) electrodes. The control gate was covered with Ag/AgCl paste. Finally, the
completed device was peeled from the glass substrate. Importantly, the parylene film
can be easily peeled from the supporting carrier owing to the high release perfor-
mance of the amorphous fluoropolymer film (surface energy: about 8.1 mNm−1).

Modification of the immune-sensing electrode. First, an ethanol solution con-
taining 1mM biotin–SAM formation reagent (Dojindo, B564) was added dropwise on
the Au top-gate electrode at room temperature (reaction time: 1 h). After washing the

top-gate electrode with ethanol and water, a PBS (Sigma-Aldrich, D8537) solution of
500 μg/mL streptavidin was casted on the biotin-modified electrode for 15min at
room temperature. Afterward, a PBS solution of the biotinylated antibody for IgG
(30 μg/mL) with 0.1 wt% bovine serum albumin (BSA) protein and 0.05 wt% Tween
20 surfactant was cast and incubated on the top-gate electrode modified with strep-
tavidin at room temperature (incubation time: 30min). Then, the sensing electrode
was washed with the PBS solution. The characterization results for the extended top-
gate electrode are summarized in Supporting Information.

Label-free immunoassay. The PBS solution of the IgG (0–80 μg/mL) with the BSA
additive (0.1 wt%) was added dropwise on the extended top-gate electrode and
incubated at 37 °C (incubation time: 1 h). Then, the IgG was electrically detected by
the dual-gate OTFT without further treatment.

Characterization of the fabricated device. The electrical properties of the fab-
ricated device were analyzed using a semiconductor parameter analyzer (Keithley,
4200-SCS). All measurements were performed under atmospheric conditions. The
basic characteristics of the fabricated OTFT were measured before the peeling of
the device from the supporting substrate. To investigate the mechanical durability
of the fabricated OTFT, the tensile strain or compressive stress was applied to the
device by using a support stick or rubber (Fig. 3b, e). Here, the flexible OTFT was
carefully peeled from the support substrate (the glass plate). However, ΔVTH of the
OTFT was slightly different before (Fig. 2d) and after (Fig. 3d) the peeling process
of the device from the supporting substrate. Although the OTFT device might be
slightly damaged by the process, the peeled OTFT operated reproducibly in this
study. The work function of the Au-sensing electrodes was analyzed by photo-
emission yield spectroscopy in air (PYS, Riken Keiki, AC-3). The surface wettability
of the Au films was determined using a contact angle goniometer (CAG, Biolin
Scientific, Theta T200). The surface topography of the sensing electrode at each
modification step was collected by AFM (Shimadzu Corp., SPM-9700).

Data availability
The datasets that support all the findings of this study are available from the
corresponding authors upon reasonable request.
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