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Experimental methods

Preparation of the nanosheets. The precursor layered materials were synthesized by the
intercalation of the guest molecules in the layered niobate (Table 1). The synthetic procedure
was described in our previous reports.’>>* The resultant layered composites (60 mg) were
dispersed in 24 cm® of purified water or ethanol (Fuji-Wako, 99.5 %) in a glass vial (50 cm® in
volume) and then sonicated using an ultrasonic homogenizer (Branson, 250 W, output 50 %).
The probe was set 1 cm below the liquid interface. The sonication was performed for 30 min in
a water bath. The temperature was kept below room temperature in water bath. After the
unexfoliated and bulk objects were filtered using a commercial cotton, 5—-150 mm? (Vxs) of the
resultant dispersion liquid containing the surface modified nanosheets were dropped on a piece
of cleaned silicon (Si) substrate heated at 7s = 100—180 °C using a temperature-controlled stage.
A commercial polished Si substrate was rinsed with immersion in the mixture of 11.3 mol dm™
HCI aqueous solution and methanol (1/1 by volume) and sulfuric acid for 1 h. Then, the

substrate was rinsed with purified water and acetone.

Structural characterization. = The morphologies of the nanosheets were observed by
transmission electron microscopy (TEM, FEI Tecnai G2) operated 120 or 200 kV and atomic
force microscopy (AFM, Shimadzu SPM-9700HT). Optical microscopy (Keyence VHX-970F),
laser microscopy (Keyence VK-X1000), and scanning electron microscopy (SEM, FEI Inspect
F50) were used to observe the thin-film coatings. The layered crystal structures of the precursor
and nanosheet coating were analyzed by X-ray diffraction (XRD, Bruker D8-Advance) with
Cu-Ka radiation. UV-Vis spectra were measured by a spectrophotometer using an integrated
sphere (JASCO, V-670). The diffuse reflectance spectra were measured for the coatings on Si
substrate after the background was collected using solid powder of magnesium oxide. UV-Vis
spectra with changing (6i = 6r) was carried out using another spectrophotometer (JASCO V-
650/ARSV-732).

Sensing of biogenic amines. The following amines were purchased and used without further
purification: histamine dihydrochloride (Hst, TCI 98.0 %), 1,4-diaminobutane (Put, TCI
98.0 %), 2-phenylethylamine (Phm, TCI 98.0 %), tyramine (Tym, TCI 98.0 %), 1,5-
diaminopentane (Cad, TCI 98.0 %), and 4-aminobutyric acid (Aba, TCI 99.0 %). Aqueous
solutions of these amines and their mixtures were prepared with purified water in the
concentration range of 10> and 102 mol dm>. The thin film exhibiting the structural color was
heated at 60 °C. The initial x value of the nanosheet thin film was estimated from the photograph
of optical microscopy (Keyence VHX-970F) under the magnification of x50. After taking the
photograph at the initial state, 20 mm?> of the amine solution was dropped on the film. The

movie was taken for 6 min after dropping the solution. The photograph was taken 5 min after
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the evaporation of water. The Ax value was calculated using RGB values on the trimmed optical

microscopy image 0.5 x 0.5 mm by the following (Egs. S1 and S2).

X1 [0.4124 03576 0.1805][R
Y| =102126 0.7152 0.0722||G| ... (Eq.S1)
zl' l0.0193 0.1192 0.9505/1B

(X Y
(6 y) = (X+Y+Z'X+Y+Z) - (Eq.82)

The XRD patterns of the films were measured before and after the exposure to the amine

solutions.
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Previous reports about sensing biogenic amines
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Fig. S1. Detection rages of biogenic amines in previous reports. The diagram in our previous

was modified.*®

The lower limit of the detection was improved for Hst, Put, Tym, and Phm (circle in Fig. S1)

compared with that in our previous work (18).* In addition, our present device has no

selectivity to these biogenic amines. As the total amount of the amine mixtures caused the health

damage, the nonselective detection is important.
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Lateral size and thickness of the nanosheets
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Fig. S2. Histograms of the lateral-size (upper panels) and thickness (lower panels)
distributions. (a) CN-BA-modified niobate nanosheets exfoliated in water. (b) API-modified
niobate nanosheets exfoliated in water. (¢) DAMN-modified niobate nanosheets exfoliated in
water. (d) CN-BA-modified niobate nanosheets exfoliated in ethanol. (¢) DEA-modified
niobate nanosheets exfoliated in ethanol. The coefficient of the variation (Lcv) was calculated

by dividing mean by average to compare the polydispersity of the lateral size.

The lateral size and thickness were measured on the TEM and AFM images with the number of

samples (n) noted in the panels, respectively.
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Relationship between the coating conditions and colors
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Fig. S3. Chromaticity of the thin films based on the CN-BA-niobate nanosheets prepared

under the different coating conditions.

The brightest blue color was obtained at Cns=2.5 gdm >, Ts =180 °C, and Vas = 10 mm? (filled
blue plot in Fig. S3). The coating conditions were optimized by changing 7s and Vxs after the
concentration was fixed to Cns = 2.5 g dm > (the range (i) in Fig. 3a). The coating condition

with the shortest distance to the white color was suitable to achieve the brightest color.
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References of the thin films

Fig. S4. Laser microscopy (a,b) and surface (c,d) and cross-sectional SEM (c—f) images of
the nanosheet thin films. (a,c,e) Sample A: the thin film exhibiting the structural color at the
initial coating conditions Cns = 2.5 g dm™>, Ts = 140 °C, and Vas = 50 mm?® before the
optimization of the coating conditions. (b,d,f) Thin film without the structural color at Cns = 2.5

gdm™, Ts =100 °C, and Vs = 50 mm’.
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Additional data for sensing of biogenic amines
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Fig. S5. Colorimetric detection of the other biogenic amine Phm (a,b), Tym (c,d), Cad (e,f),
Aba (g,h), and mixture of Hst and Cad (i,j). (a,c,e,g,1) Molecular structures and changes in the
optical microscopy images before and after dropping the aqueous solutions containing the
amines. (b,d,f,g,i) Relationship between the amine concentration, Ax calculated from the optical

microscopy images (left axis), and Ado measured from the XRD patterns (right axis).
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XRD patterns of the amine intercalation for sensing
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Fig. S6. XRD patterns of the thin film coatings before (black) and after (blue) the exposure to
the biogenic amines, namely Hst (a—c), Put (d,e), and the mixture of Hst and Put (f,g) at 102
(a,f), 107 (b,d,g), and 10 (c,e) mol dm™.

In the XRD patterns (Fig. S6), the samples with the blue arrows showed the significant changes
in Ax and Ado in Fig. 5, whereas the changes in Ax were only observed for the sample with the
white arrow. The peak shift corresponds to the expansion of the interlayer space depending on
the amount of the intercalated amines.
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XRD patterns of the Hst- and Cad-intercalated layered niobate
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Fig. S7. XRD patterns of the pristine potassium-ion, Phm-, and Cad-intercalated niobates,

These guest-intercalated niobates were synthesized by the same method as that for CN-BA-
niobate. In the intercalated states, do was 2.99 nm for Phm and 2.15 nm for Cad.
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Reference experiments for sensing
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Fig. S8. Optical microscopy images of the thin-film coatings before (left) and after (right)

dropping purified water (a), hexane (b), and hexane solution containing Cad (b).

Aqueous solutions containing the biogenic amines was used for the sensing experiments (Fig.
5 and Fig. S5). The reference experiments were performed by dropping only water and hexane
(Fig. S8a,b). No visible color changes and distinct changes in the average Ax, namely (2.63 +
1.24) x107 for water and (4.60 = 6.01) x10* for hexane, were observed.

When the amine (Cad) solution was prepared with hexane instead of water, the color change
was not induced by dropping the hexane solution (Fig. S8c). The average Ax was (5.13 = 7.92)
x10™*. The results imply that Cad is preferred to be solvated in hexane rather than intercalated
in the interlayer space of the CN-BA-modified niobate. Therefore, the affinity of the biogenic

amines to water, hexane, and CN-BA is calculated using HSP distance in Table S1.
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HSP distance of biogenic amines to solvents

Table S1. HSP distance of biogenic amines to water, hexane, and CN-BA.

Water Hexane CN-BA

(solvent) (solvent) (guest)
Histamine (Hst) 31.16 18.32 5.85
Cadaverine (Cad) 34.72 11.57 7.56
Putrescine (Putr) 33.66 12.64 7.59
Tyramine (Tym) 31.71 16.89 7.16
2-Phenylethylamine (Phm) 37.54 10.86 6.38

HSP distance was calculated using HSP in practice as a commercial software (HSP-ip). In all
these amines, the HSP distance between amine and interlayer CN-BA was significantly smaller
than that between amine and water. The fact implies that these amines are preferentially
introduced in the interlayer space from the aqueous solution. In contrast, the HSP distance
between amine and interlayer CN-BA was not so significantly smaller than that between amine
and hexane. As the HSP distances have no distinct differences, the amines are not introduced
into the interlayer space but dissolved in hexane. The calculation supports the experimental
results in Fig. S8.
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