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1. Fabrication and electronic characteristics of the OFET device 

 
Fig. S1 Schematic illustration of the fabrication process of the OFET device. 
 

 
Fig. S2 (a) Transfer and (b) output characteristics of the OFET device. 
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2. Synthesis of 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane 

Reagents 
All reagents and samples were used without further purification. N,N’-dimethylformamide, ethyl acetate, 
sodium sulfate, and silica gel 60 (spherical) were purchased from Kanto Chemical Co. Ltd. Cesium carbonate 
was obtained from Tokyo Chemical Industry Co. Ltd. Tetra-n-butylammonium iodide was purchased from Sigma 
Aldrich Co. Iodomethane was purchased from Fujifilm Wako Pure Chemical Co.  
 
Apparatuses 
MALDI-TOF-MS: A JEOL JMS-S3000 SpiralTOF spectrometer was performed for matrix-assisted laser 
desorption/ionization time-of-flight type mass spectrometry (MALDI-TOF-MS). The sample was prepared by 
mixing 5 μL of a DMSO solution with 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane (1 mg/mL) and 20 
μL of a DMSO solution with 2,5-dihydroxybenzoic acid as a matrix (10 mg/mL). The obtained sample solution 
and polyethylene glycol 400 as a standard sample for calibration were deposited on a 384-spots hairline-type 
plate with PEG400. 
NMR: NMR measurements were conducted using a JEOL ECZ-600 spectrometer with solvent peaks or 
tetramethylsilane (TMS) as internal standards.  
Melting point: Thermal analysis was performed by using BUCHI Melting Point B-545.  
 
Synthesis of 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane 
Under an N2 atmosphere, cesium carbonate (0.820 g, 2.5 mmol) and tetra-n-butylammonium iodide (0.93 g, 
2.5 mmol) were dissolved in N,N’-dimethylformamide anhydrous (13 mL) in a 50 mL two-necked round bottom 
flask. In this step, the freeze-pump-thaw method and N2 replacement were applied to the solution three times. 
Afterward, 4,4'-thiobisbenzenethiol (0.63 g, 2.5 mmol) was added to the mixture and then cooled under 0 °C. 
After the dropwise addition of methyl iodide (390 mg, 2.75 mmol), the mixture was stirred for 1 h at 0 °C. 
Subsequently, the following procedure was carried out under ambient conditions. After the solution was 
quenched with 30 mL of deionized (DI) water at r.t., the product was extracted with 30 mL of ethyl acetate 
three times. In this process, the organic layer was washed with 30 mL of DI water three times. The obtained 
organic solution was dried over sodium sulfate. After the removal of the solvent in vacuo, the crude product 
was purified by using silica gel column chromatography (n-hexane:dichloromethane = 4:1–1:1, v/v). After the 
solvent was removed in vacuo, 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane (0.08 g, 12.1 %) was 
obtained. The collected product was further purified by using preparative thin-layer chromatography (silica gel 
0.2 mm thickness, n-hexane:dichloromethane = 2:1, v/v). 
1H NMR (600 MHz, CDCl3): δ(ppm) 7.35 (d, 4H, J = 8.4 Hz, -S-ArH-S-S-ArH-S-), 7.29 (d, 4H, J = 7.8 Hz, -S-ArH-S-
S-ArH-S- ), 7.19 (d, 4H, J = 8.4 Hz, CH3S-ArH), 7.14 (d, 4H, J = 8.4 Hz, CH3S-ArH), 2.47 (s, 6H, CH3S-); 13C NMR 
(151 MHz, CDCl3): δ(ppm) 139.08, 136.82, 135.14, 133.10, 130.16, 129.99, 128.75, 127.17, 15.68; 
HR MS (MALDI, +) m/z: Calcd. for C26H22S6 526.0040; Found: 526.0065, Δerror 4.75 ppm; m.p. 112–113 °C. 
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Fig. S3 1H NMR spectrum of 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane (600 MHz, CDCl3) at 293 K. 

 
Fig. S4 13C NMR spectrum of 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane (151 MHz, CDCl3) at 293 K. 

 
Fig. S5 MALDI-TOF-MS spectrum of 1,2-bis(4-{[4-(methylthio)phenyl]thio}phenyl)disulfane. The inset shows a 
calculated isotope pattern for C26H22S6. 
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3. Characterization of the extended-gate electrode  

 
Fig. S6 FT-IR(ATR) spectrum of the 4,4’-thiobisbenzenethiol-modified extended-gate Au electrode.  
 

4. Time-dependency test  

 
Fig. S7 (a) Transfer characteristics of the OFET device functionalized with 4,4’-thiobisbenzenethiol upon adding 
H2O2 (100 μM) in a HEPES (100 mM) buffer solution containing NaCl (100 mM) at pH 7.4. (b) Time-course 
change of the threshold voltages.  
 
As shown in Fig. 5, the shifts of transistor characteristics were caused by the conversion of the thiol group into 
a disulfide structure shown in equation (1). Thus, we estimated an apparent reaction rate constant according 
to the following hypotheses; 1) an elementary reaction of equation (2) is assumed as the rate-determining step 
in the oxidation process,S1 and 2) the concentration of H2O2 is much higher than that of R-SH ([H2O2]>>[R-SH]).   
2R-SH + H2O2 → R-S-S-R + 2H2O (1) 
R-SH + H2O2 → R-SOH + H2O (2)  

𝑑𝑑[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0([𝑅𝑅- 𝑆𝑆𝐻𝐻]0 − 2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]) 

In [R-S-S-R], when t = 0 and [R-S-S-R] = 0, 

�
1

[𝑅𝑅- 𝑆𝑆𝐻𝐻]0 − 2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]𝑑𝑑
[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅] = �𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑑𝑑𝑑𝑑 

1
2

(𝑙𝑙𝑙𝑙[𝑅𝑅- 𝑆𝑆𝐻𝐻]0 − 𝑙𝑙𝑙𝑙([𝑅𝑅- 𝑆𝑆𝐻𝐻]0 − 2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅])) = 𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑑𝑑 
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ln (1 −
2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]

[𝑅𝑅- 𝑆𝑆𝐻𝐻]0
) = −2𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑑𝑑 

1 −
2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]

[𝑅𝑅- 𝑆𝑆𝐻𝐻]0
= 𝑒𝑒−2𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑡𝑡 

2[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]
[𝑅𝑅- 𝑆𝑆𝐻𝐻]0

= 1 − 𝑒𝑒−2𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑡𝑡 

[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅] =
[𝑅𝑅- 𝑆𝑆𝐻𝐻]0

2
(1 − 𝑒𝑒−2𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑡𝑡) 

when t = 0, [R-S-S-R]0 = 0,  
and when t = ∞, [R-S-S-R]∞ = [R-SH]0/2 

ln (1 −
[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]

[𝑅𝑅- 𝑆𝑆- 𝑆𝑆-𝑅𝑅]∞
) = −2𝑘𝑘𝑎𝑎[𝐻𝐻2𝑂𝑂2]0𝑑𝑑 

Therefore, a linear line by ln (1 − [𝑅𝑅-𝑆𝑆-𝑆𝑆-𝑅𝑅]
[𝑅𝑅-𝑆𝑆-𝑆𝑆-𝑅𝑅]∞

) can be obtained.   

Using the time-course change of the threshold voltages (Fig. S7b), the correlation between the reaction time 
and the concentrations (Fig. S8) was obtained. By a linear fitting analysis, a slope was estimated to be 
−4.77×10−3. Judging by a reaction rate constant in a previous report related to disulfide oxidation,S1 the 
estimated ka is a reasonable value.  

 
Fig. S8 The correlation between reaction time and concentrations. 
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5. Selectivity test  

 
Fig. S9 Transfer characteristics of the OFET functionalized with 4,4’-thiobisbenzenethiol before and after adding 
benzoyl peroxide (BPO) (1 μM) in a HEPES (100 mM) buffer solution containing NaCl (100 mM) at pH 7.4. 

 
Fig. S10 Transfer characteristics of the OFET functionalized with 4,4’-thiobisbenzenethiol before and after 
adding 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1 μM) in a HEPES (100 mM) buffer solution 
containing NaCl (100 mM) at pH 7.4. 

 
Fig. S11 Transfer characteristics of the OFET functionalized with 4,4’-thiobisbenzenethiol before and after 
adding tert-butyl hydroperoxide (TBHP) (1 μM) in a HEPES (100 mM) buffer solution containing NaCl (100 mM) 
at pH 7.4. 
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Fig. S12 Transfer characteristics of the OFET functionalized with 4,4’-thiobisbenzenethiol before and after 
adding sodium hypochlorite (1 μM) in a HEPES (100 mM) buffer solution containing NaCl (100 mM) at pH 7.4. 

 
Fig. S13 Transfer characteristics of the OFET functionalized with 4,4’-thiobisbenzenethiol before and after 
adding sodium nitrate (1 μM) in a HEPES (100 mM) buffer solution containing NaCl (100 mM) at pH 7.4. 
 

6. Surface analysis  

 
Fig. S14 Result of the molecular density estimation by using LSV. The evaluation of the extended-gate electrode 
functionalized with 1,4-benzenedithiol was performed in a KOH solution (0.1 M). The potential was applied 
from 0 V to −1.5 V, and the scan rate was set to 20 mV/s. The molecular density of 1,4-benzenedithiol on the 
extended-gate electrode was determined based on Faraday’s law with the integration of the peak area. The 
molecular density of 1,4-benzenedithiol was estimated to be (8.70 ± 1.52) ×10-10 mol/cm2 (n = 5).  
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Fig. S15 Result of the molecular density estimation by using LSV. The evaluation of the extended-gate electrode 
functionalized with 4-{[4-(methylthio)phenyl]thio}benzenethiol was performed in a KOH solution (0.1 M). The 
potential was applied from 0 V to −1.5 V, and the scan rate was set to 20 mV/s. The molecular density of 4-{[4-
(methylthio)phenyl]thio}benzenethiol on the extended-gate electrode was determined based on Faraday’s law 
with the integration of the peak area. The molecular density of 4-{[4-(methylthio)phenyl]thio}benzenethiol 
was estimated to be (7.70 ± 0.42) ×10-10 mol/cm2 (n = 5).  
 

7. EI MS analysis  

 
Fig. S16 EI MS spectra of 4-{[4-(methylthio)phenyl]thio}benzenethiol (2 mM) with TCEP (5 mM) in DMSO before 
H2O2 treatment. (a) A wide range of the MS spectrum. (b) MS (EI, +) m/z: 264 M+• (c) Calculated isotope 
patterns for C13H12S3 264.01. 

 
Fig. S17 EI MS spectra of 4-{[4-(methylthio)phenyl]thio}benzenethiol (2 mM) with TCEP (5 mM) in DMSO after 
H2O2 (100 mM) treatment. (a) A wide range of the MS spectrum. (b) MS (EI, +) m/z: 526 [2M−2H]+•. (c) 
Calculated isotope patterns for C26H22S6 526.00. 
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8. DFT calculations  

The DFT calculations were operated by using Gaussian 16 Revision C.01.S2 The structures of Fig. S18(a) and (b) 
were optimized and calculated at the B3LYP(D3BJ)/def2SVPS3-S6 level for generating the wave function files, which 
was further analyzed with Multiwfn 3.8.S7,S8 The calculated dipole moments were visualized by Visual Molecular 
Dynamics (VMD) 1.9.4.S9 

 

Fig. S18 DFT calculation results of the dipole moment of (a) 4,4’-thiobisbenzenethiol and (B) the oxidized 
structure. 
 

9. XPS analysis  

 
Fig. S19 XPS spectra of O 1s region for the extended-gate Au electrode functionalized with 4,4’-
thiobisbenzenethiol before (black line) and after H2O2 treatment (red line). The relative atomic concentration 
ratio of ([O] / [S] + [O]) was determined to be ca. 56% and ca. 77% before and after H2O2 treatment, respectively. 
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10. Real-time monitoring of transistor responses in the absence of lactate oxidase 

 
Fig. S20 Real-time monitoring of transistor responses upon adding lactate in the absence of lactate oxidase in 
a D-PBS solution.  

 
Fig. S21 Real-time monitoring of transistor responses upon adding lactate in the presence of lactate oxidase in 
a D-PBS solution. [Lactate oxidase] = 0.03 mg/L, [lactate] = 0−1 μM, [human serum albumin] = 20 mg/L.VGS = 
VDS = −2 V. 
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