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Figure S1. The optical images of AuNPs-cellulose paper substrates prepared with various Au3+ 

precursor concentrations: (A) 1, (B) 50, (C) 100 (blue box indicating our desire substrate), and (D) 

200 mM, respectively. Arrows indicate the completion of continuous working steps (precursor 

adsorption → plasma reduction (DPR) → rinsing with DI water → final drying under nitrogen 

gas). 
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Figure S2 (A) Scheme of 16 layers of AuNPs considered in FDTD simulations for optical 

properties of AuNP-cellulose paper substrates. (B) Top-view images of the 16 layers of AuNPs 

considered for the paper substrates prepared with precursor concentrations of 50 mM. (C) 

Histogram of AuNP set used in the FDTD simulation for optical properties of AuNP-cellulose 

paper substrate of the Au precursor concentration of 50 mM. The insets show top-view images of 

some random layers in 16 AuNP layers that show in B. The scale bar demonstrated 50 nm. (D) 

Transmission, Reflection and Absorption spectra of the simulated (dashed line) and experiment 

data (solid line) AuNP-cellulose substrate 50 mM in the wavelength range of 300 to 1100 nm. (E) 

Top-view images of the 16 layers of AuNPs considered for the paper substrates prepared with 

precursor concentrations of 100 mM. (F) Histogram of AuNP set used in the FDTD simulation for 

optical properties of AuNP-cellulose paper substrate of the Au precursor concentration of 100 mM. 

The insets show top-view images of some random layers in 16 AuNP layers that show in E. The 

scale bar demonstrated 50 nm. (G) Transmission, Reflection and Absorption spectra of the 

simulated (dashed line) and experiment data (solid line) AuNP-cellulose substrate 100 mM in the 

wavelength range of 300 to 1100 nm. 
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Fig. S3. Comparison of SERS sepectra of a monolayer benzene thiol on an AuNP-cellulose 

substrate performed using laser wavelengths of 514 nm, 633 nm and 785 nm.   
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Fig. S4. Plots of (black line) ε[Laser]  ε[Stoke-shift] and (blue line) SERS intensity, according to 

the precursor concentration for various Raman bands of BT: (A) 989, (B) 1021, (C) 1071, and (D) 

1571 cm-1. 
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Fig. S5. Raman mapping analysis of the SERS intensity of the peak at 1071 cm−1 from 4 different 

AuNP-cellulose substrates with the respect SERS intensity histograms. 
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Principal Component Analysis (PCA) processing: 

Baseline-corrected SERS spectra were organized into a matrix, where each row represented the 

SERS intensity, and each column represented the Raman shift. The matrix is centered and scaled 

to remove the mean and standardize the data. The covariance matrix of the centered and scaled 

data is then calculated, and the eigenvalue decomposition is performed on this matrix. This results 

in a set of eigenvectors and eigenvalues, which represent the direction of maximum variance in 

the data and the amount of variance and represent the amount of variance corresponding to each 

eigenvector. The principal components, PC1 and PC2, are chosen based on their corresponding 

eigenvalues. The eigenvalues indicate the principle components that capture significant variance 

in the data. Then, original SERS spectra are projected onto the selected principal components to 

obtain the PC scores. By analysing these scores, patterns and variations in the data can be identified. 

Each PC score corresponds to a specific combination of spectra features contributing to the overall 

variance.   



 9 

 

Fig S6. Highlighted PCA scores of SERS spectra from 7 different type of untreated milk contained 

melamine with the concentration of A. 5 ppm, B. 1 ppm and C. 0.2 ppm. 
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Fig S7. PC1 and PC2 loading plot 
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Fig S8. Represented SERS spectra of various concentration of melamine contaminated in different 

type of milk. A-G. Milk type 1-7 
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Determination of SERS enhancement factor (EF) 

The EF of the AuNPs-cellulose paper substrate was determined using the following equation [1]. 

[EF = (ISERS/NSERS) / (IRaman/NRaman)] 

where ISERS and IRaman are the SERS intensity and the normal Raman intensity, and NSERS and 

NRaman are the number of molecules probed in SERS and Raman measurements. The values of ISERS 

and IRaman were calculated as 0.26 and 0.00014, respectively. In the NSERS calculation, we used a 

reference value for the surface coverage of BT [1]. Using the reference surface coverage value of 

about 3.3  1014 cm-2, the NSERS was calculated to be 3.8  107. For the NRaman calculation, the 

detection volume was calculated to be 23.1 m3, considering the microscope objective (10×, NA: 

0.25) and the Raman reservoir (depth: 2 m). Using the density of BT (1.073 g/cm3), the value of 

NRaman was calculated to be 1.4  1011. The EF was then estimated to be 6.5  106. 
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Table S1. SERS EF of AuNPs-cellulose paper substrates estimated from BT SERS signals at 

various Raman bands 

Plasma Power  
(W) 

Peak Position  
(cm−1) 

EF value 

50 

989 5.3 × 106 

1021 4.8 × 106 

1071 5.9 × 106 

1571 3.8 × 106 

100 

989 5.8 × 106 

1021 4.9 × 106 

1071 6.5 × 106 

1571 3.9 × 106 

150 

989 1.5 × 107 

1021 1.3 × 107 

1071 1.7 × 107 

1571 1.2 × 107 
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Table S2. Comparison of EF value and RSD of paper-based SERS substrate using plasmonic 

nanoparticle  

Material Method Analyte EF RSD Reference 

Au/AgNP on filter 
paper 

Spraying R6G 9.0 × 107 7.1 % (24 points, random) Ref. (2) 

AgNPs on filter 
paper 

Dipping and 
reducing 

Acyclovir 3.0 × 105 4.2% (10 points, random) Ref. (3) 

AuNPs on 
bacterial cellulose 

Immersing Thiram 2.8  × 105 11% Ref. (4) 

AlNPs on paper Drop-casting R6G 2.0 × 103 8.70% Ref. (5) 

AuNRs on filter 
paper 

Immersing 
1,4-

benzenedithiol 
5.0 × 106 - Ref. (6) 

AuNPs on 
wrinkled PDMS 
film 

Thermal 
evaporation 

R6G 1.2 × 105 6.3% (10 points, random) Ref. (7) 

AgNPs on printing 
grade paper 

Drop-casting MG, R6G 5.0 × 106 8% (10 points, random) Ref. (8) 

AuNPs on 
cellulose paper 

Dry Plasma 
Reduction 

Thiolphenol 6.5 × 106 7.8% (625 points, mapping) This work 
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