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Herein, we report an extended-gate-type organic field-effect 
transistor (OFET) sensor for oxytocin. The fabricated OFET-based 
immunosensor has successfully detected oxytocin at a ppt level in 
human saliva with high recovery rates (96–102%). We believe our 
sensor would pave the way for the realization of portable sensors 
for healthcare monitoring.

Oxytocin yielded in neurosecretory neurons is a representative 
peptide hormone consisting of nine types of amino acid 
residues, which plays a crucial role in biological systems as a 
neurotransmitter.1 To date, versatile roles of oxytocin as an 
anabolic bone hormone,2, 3 an age-specific circulating 
hormone,4 medicine for chronic abdominal pain,5 etc. in 
peripheral tissue have been reported. In addition, the 
psychological association with peripheral effects of oxytocin 
has also been vigorously investigated, whereas the 
mechanisms in biological systems are still unclear.6, 7 
Therefore, easy-to-detection of oxytocin can facilitate 
fundamental research in the fields of diagnosis, maternity 
nursing, pharmacology, and molecular biology. In particular, 
quantitative detection of oxytocin levels in human saliva would 
be an indicator to monitor the relationship between 
psychological changes and peripheral effects.8 Oxytocin has 
been conventionally analyzed utilizing large analytical 
apparatuses (e.g., liquid chromatography-mass spectrometry 
(LC-MS) 9-12 and capillary electrophoresis,13-15 while such 
methods have considerable issues such as the requirement of 
expensive large instruments and trained personnel, and time-
consuming. In the context of the above, the development of a 
rapid and facile sensing system is desirable.

As a sensing platform for oxytocin detection, we have 
focused on an organic field-effect transistor (OFET).16, 17 By 

employing appropriate organic semiconductors, the OFET 
devices can be easily fabricated utilizing high-throughput 
printable methods (e.g., robotic dispensers and inkjet printers 
18-20). Furthermore, the OFETs enable molecular recognition 
combined with detection portions (e.g., enzymes,21-24 
antibodies,21, 25 molecularly imprinted polymers,26-28 and 
artificial receptors29-31), allowing electrical detection in 
aqueous media. Among them, the potential changes at an 
interface of a separated-gate electrode (connected to the 
OFET) and an analyte solution, which are induced by the 
capturing of charged chemical species, vary the conductance 
of the OFET. Thus, modifying the detection portion on the gate 
electrode can endow the OFET devices with molecular 
detectability.32-34 Indeed, we firstly detected various chemical 
species including anions,24, 35 amino acids,26 and proteins18, 36 
in aqueous media using the extended-gate-type OFETs. 
However, the realization of OFET-based hormone sensors is 
still in its infancy. To this end, we designed the printable 
extended-gate-type OFET for oxytocin detection and applied it 
for real sample analysis in human saliva (Fig. 1). 
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Toward ultra-sensitive and selective oxytocin detection, an 
immunosensing method has been employed.9 Notably, we 
have succeeded in the functionalization of the antibody-
attached self-assembled monolayer (SAM) on the extended-
gate electrodes for chemical sensing.18, 36 A short alkyl chain-
based SAM could contribute to the highly sensitive detection 
based on chemical sensing within Debye length.37 In this 
regard, amide bonds of the SAM could form intermolecular 
hydrogen bonds, which allow uniform membrane even with 
short alkyl chains. Moreover, a modified streptavidin on the 
SAM has been utilized to immobilize a biotinylated anti-
oxytocin antibody through biotin-avidin interaction.38, 39 The 
changes in transistor characteristics by chemical sensing 
significantly depend on the alignment status of charge 
distribution on the extended-gate electrode.18 In other words, 
the well-ordered immobilization of the antibody by the biotin-
streptavidin could allow the accurate and reproducible 
detection of oxytocin. Based on the above strategic design, we 
successfully quantified oxytocin at ppt levels (equivalent to 
pg/mL) in human saliva with the extended-gate-type OFET 
functionalized with the biotinylated-oxytocin antibody.

The extended-gate-type OFET possessing an operation part 
(i.e., OFET) and a sensing portion (i.e., extended gate) was 
designed for chemical sensing in aqueous media.36 As shown in 
Fig. 1, the newly designed OFET on a silicon substrate (i.e., Si 
(n++)) consists of SiO2 as a gate dielectric, gold (Au) as source 
and drain, and 3,9-dihexyldinaphtho[2,3-b:2,3-d]thiophene 
(C6-DNT-VW)40 as a semiconductor. The p-type 
semiconductive material, C6-DNT-VW was employed because 
of high solubility in various types of organic solvents, resulting 
in the high-throughput printing process by the robotic 
dispenser system. In this study, a mixture of C6-DNT-VW and 
polystyrene was applied to obtain reproducible uniform 
semiconductive layer.41 For an interfacial chemical treatment 
between the silicon substrate and the Au electrode, (3-
mercaptpropyl)triethoxysilane (MPTES) was utilized to 
facilitate the ability of adhesion at the interface of different 
materials.42 Moreover, the channel region was fully coated 
with triethoxy(pentafluorophenyl)silane (PFBTES) to increase 
hydrophobicity for printing the organic semiconductive layer. 
Furthermore, the Au electrode was treated using 
pentafluorobenzenethiol (PFBT) for alleviation of carrier 

injection barriers between the Au electrode and the organic 
semiconductive layer.43 Finally, a fluorinated polymer (i.e., 
CytopTM) was spin-coated onto the OFET to passivate the 
organic semiconductive layer. The gate electrode of the OFET 
and the extended gate functionalized with the oxytocin 
detection scaffold were connected by a copper cable, and gate 
voltage (VGS) was applied from an Ag/AgCl reference electrode 

The transistor characteristics upon the addition of chemical 
species were evaluated under ambient conditions using a 
semiconductor parameter analyzer. A constant drain voltage 
(VDS = −1 V) was applied to the drain electrode, and the sweep 
voltage (VGS) was applied to the gate electrode from 0.5 V to 
−3 V for transfer characteristics. The VDS was swept from 0 V to 
−3 V, while VGS was set from 0 V to −3 V at |1| V steps for 
output characteristics. The OFET was stably operated under 
the low-voltage conditions even in several repetitive 
measurements, indicating that the fabricated OFET can be 
used as a chemical sensor for molecular detection in aqueous 
solutions (Fig. S7, ESI†). Further details of the fabrication 
process and electrical measurements were described in the 
electronic supplementary information (ESI).

As the sensing part, we fabricated an oxytocin detection 
portion on a flexible plastic film (i.e., polyethylene naphtalate 
(PEN)) toward ultra-sensitive and selective detection of 
oxytocin. The Au electrode was firstly treated with 3-
mercaptopropionic acid. Subsequently, the coupling reaction 
using N-hydroxysulfosuccinimide and N, Nʹ-
diisopropylcarbodiimide was carried out to form the amide 
bond on the extended-gate electrode. Next, streptavidin was 
modified on the obtained monolayer, followed by 

Fig. 1. Schematic illustration of the extended-gate-type OFET sensor 
for oxytocin detection.

Fig. 2. (A) Transfer characteristics of the biotinylated anti-oxytocin 
antibody modified OFET upon the addition of oxytocin in D-PBS buffer 
solution containing Tween 20 (0.05wt%) and human serum albumin 
(0.1wt%). (B) Titration isotherm of the oxytocin detection. [Oxytocin] 
= 0–15 pg/mL. The errors at 0−15 pg/mL were 3−12 %.
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immobilization of the biotinylated anti-oxytocin antibody 
through the biotin-streptavidin interaction.44 The step-by-step 
functionalized electrodes were evaluated by linear sweep 
voltammetry (LSV),45 photoelectron yield spectroscopy (PYS) 
measurements in air46 and wettability measurements. 

The Au electrode modified by 3-mercaptopropionic acid 
was characterized to estimate the density of the monolayer 
using LSV, which resulted in (3.1±0.1) × 10−9 mol/cm2 (Fig. S3, 
ESI†). The reproducible uniform monolayer was successfully 
obtained on the extended-gate electrode even though the 
short-alkyl chain for the linker unit. Next, PYS measurements 
showed a deeper work function of the treated Au electrode by 
3-mercaptopropionic acid (5.10±0.02 eV) than that of the 
untreated Au electrode (4.69±0.04 eV), which was probably 
due to an electronegative functional group originating from 3-
mercaptopropionic acid-based monolayer on the Au electrode. 
In this regard, results of the wettability investigation exhibited 
a dra stic change in contact angels on the Au electrodes from 
51±2.0° to 6.4±0.5° based on the modification of 3-
mercaptopropionic acid. In contrast, no photoelectric effect in 
the PYS measurement was observed by the streptavidin-
immobilized electrode because the surface of the electrode 
was presumably fully covered by the protein (Fig. S4 and S5, 
ESI†). As shown, step-by-step modification of SAM on the 
extended-gate electrode was successfully evaluated, the 
electrode combined with the OFET was thus applied to 
electrical detection.

With the characterized electrode, the modification of anti-
oxytocin antibody was subsequently performed in Dulbecco's 
phosphate-buffered saline (D-PBS) solution containing Tween 
20 (0.05wt%) and human serum albumin (HSA) (0.1wt%) at 37 
°C. As shown in Fig. S8(A)†, transfer characteristics of the OFET 
displayed a gradual negative shift with increasing the antibody 
concentration up to 50 µg/mL, indicating that the biotinylated 
antibody was immobilized on the streptavidin-modified 
electrode. Next, the OFET-based chemical sensor was applied 
to oxytocin detection, the response time of which was 
saturated at most within 10 min. The OFET functionalized with 
the anti-oxytocin antibody negatively shifted upon the 
addition of oxytocin (Fig. 2(A)), and the corresponding titration 
isotherm exhibited a non-linear curve that implied successful 
quantitative detection (Fig. 2(B)). Indeed, a negligible change 
in a subthreshold swing with (0.24±0.01 mV/dec) was 
observed even in nine times repetitive measurements, while 
the transfer curves negatively shifted upon the addition of 
charged species. Thus, the observed negative shift attributed 

to the changes in carrier concentration in the OFET channel 
affected by the charged species (i.e., oxytocin) on the 
extended-gate electrode. 47 Very importantly, the limit of 
detection (LoD) was estimated to be 0.57 pg/mL according to 
the 3σ method,48 which suggested that the OFET successfully 
detected oxytocin with high sensitivity even in the presence of 
the excess amount of interferents (Fig. 2(B)). Certainly, the 
estimated LoD was overwhelmingly lower than other detection 
methods such as enzyme immunoassay or optical sensor 
devices (Table S1, ESI†), which implied the capability of the 
OFET-based sensor for practical detection in human saliva at a 
physiologically normal range (0−10 pg/mL).49, 50 Furthermore, 
the selectivity test was performed using eight types of 
chemical species containing in saliva (i.e., D-glucose (10 
µg/mL), creatine (0.3 µg/mL), L-lactic acid (18 µg/mL), uric acid 
(8 µg/mL), potassium ion (K+) (547 µg/mL), calcium ion (Ca2+) 
(48 µg/mL), vasopressin (10 pg/mL), and oxytocin (10 pg/mL)). 
Among them, vasopressin showing a chemical structural 
similarity with oxytocin1 was employed to evaluate the 
discriminability of the OFET-based sensor. Fig. 3 obviously 
displayed the highest response of the OFET to oxytocin (10 
pg/mL), which suggested that the OFET-based sensor 
succeeded in selective detection of oxytocin. 

As the next trial, we performed oxytocin detection in 
artificial saliva. To prepare the artificial saliva, D-glucose (10 
µg/mL), creatinine (0.3 µg/mL), L-lactic acid (18 µg/mL), uric 
acid (8 µg/mL), and albumin (1.78 mg/mL) were additionally 
added into artificial medical saliva (Saliveht�aerosol) to mimic 

Fig. 3. Result of the selectivity test against eight types of chemical 
species (i.e., D-glucose (10 µg/mL), creatine (0.3 µg/mL), L-lactic acid 
(18 µg/mL), uric acid (8 µg/mL), potassium ion (K+) (547 µg/mL), 
calcium ion (Ca2+) (48 µg/mL), vasopressin (10 pg/mL), and oxytocin 
(10 pg/mL)).

Fig. 4. (A) Titration isotherm of the oxytocin detection in human saliva 
at pH = 7.5. [Oxytocin] = 0–50 pg/mL. The errors at 0−50 pg/mL were 
2−12 %. (B) Spike recovery test for oxytocin using human saliva.
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human saliva. Even in such a complicated environment, the 
transfer characteristics of the OFET shifted toward a negative 
direction with increasing oxytocin concentration as shown in 
Fig. S16†. Thus, we decided to apply the oxytocin sensing 
system for real sample analysis to examine the detectability of 
the OFET-based sensor in real-world scenarios.

The real sample analysis was carried out using human 
saliva sample taken from a healthy volunteer that was 
authorized by the Ethics Committee of the University of Tokyo 
(ethics authorization code: 20-108). Informed consent was 
obtained for any experimentation with human subjects. The 
step-wise shift of transistor characteristics was observed upon 
the addition of oxytocin at the range of 0–50 pg/mL in human 
saliva, and the non-linear titration curve corresponding to VTH 
changes was thus obtained (Fig. 4(A)). The LoD in human saliva 
was determined to be 3.9 pg/mL. For a spike recovery test, a 
calibration line was established by a linear least-squares 
method using a dataset of transistor characteristics collected 
in artificial saliva. The values of the root-mean-square errors of 
calibration (RMSEC) and prediction (RMSEP) represent the 
accuracy of the built calibration model and its predictive 
capacity. The estimated recovery values using human saliva at 
20 and 25 pg/mL showed 96% and 102% (n = 3) (Table S2, 
ESI†), which implied the highly accurate analytical results by 
the OFET-based sensor (Fig. 4(B)). In this regard, a regression 
analysis provided a low value of RMSEP in Fig.S17†, indicating 
that the OFET-based sensor enabled the prediction of 
unknown concentrations of oxytocin with high accuracy. Given 
the fact that the oxytocin levels of pregnant and lactating 
women’s saliva (10−40 pg/mL),51 the OFET would be applied to 
practical diagnostics.

In summary, we designed the facile chemical sensor using 
OFET for oxytocin toward highly sensitive and selective 
detection. The uniform anti-oxytocin antibody-attached SAM 
on the extended-gate electrode allowed reproducible 
detection. With the functionalized extended-gate electrode, 
the OFET quantitatively responded to oxytocin even in the 
presence of the excess amount of interferents. Moreover, the 
anti-oxytocin-antibody modified OFET showed the 
discriminatory power of slightly different chemical structures 
of hormones. Furthermore, the OFET-based sensor achieved 
accurate oxytocin detection with a low LoD value (0.57 pg/mL). 
Furthermore, the spike recovery test in human saliva achieved 
96% and 102% of recovery rates, revealing that the high 
detectability of the OFET- based oxytocin sensor in real-world 
scenarios. Importantly, many layers of the OFET were 
fabricated by wet processes, meaning that the OFET would be 
fabricated by using printing methods such as inkjet printers.18 

We believe that our proposed sensor based on organic 
electronics would pave the way for the realization of portable 
hormone sensors.
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