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Experimental 

Laser spot size: The diameter of laser spot can be estimated by the following equation 

(1): 

܌ ൎ ૚.૛૛	 ࣅ
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                         (1) 

where λ is the laser wavelength and NA is the numerical aperture. 

 In our study, λ = 785 nm, NA = 0.5, so d ≈ 1.915 µm, giving a laser spot size of 

2.88 µm2. 

 

Number of MB molecules excited for normal Raman (NRaman): 

 For paper substrate without Au NPs, initial bulk MB = 10 mM × 6 µL = 6 × 10-8 

mole of MB molecules. We assumed that these MB molecules are homogeneous 

distribution into a paper (28.274 mm2), possessing the density of MB molecules as ≈ 

2.122 × 10-15 mole per µm2. Concerning the laser spot size at 2.88 µm2, the laser light 

area would cover 6.11 × 10-15 mole of MB molecules by measuring 2.88 µm2 × 2.122 

× 10-15 mole/µm2. Finally, this NRaman ≈ 3.68 × 109 MB molecules is irradiated by the 

laser during normal Raman acquisition on the paper substrate. A following equation (2) 

could be utilized to determine the NRaman of the different analytes. 
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where CNormal is the concentration of MB when used in the pure paper, d is a laser spot 

size, NA is the Avogadro's number, and S is surface area of a paper. 

 

Number of MB molecules excited for SERS with Au NPs (NSERS): 

 Due to the Au NPs in the inner layer of HH substrate was not possible to 

determined according to the SEM image of a surface-related analysis method, an 
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accurate measurement of the molecule number on the Au nanoparticles is pretty 

difficult. Thus, we utilized an analytical enhancement factor (AEF) method to estimate 

the SERS enhancement efficiency.  

 For SERS measurement, 6 µL of MB (100 nM) was equal to 6 × 10-13 mole which 

was added into the HH substrate. Again, it has assumed the homogeneous distribution 

of MB molecules into a paper (28.274 mm2). The density of MB molecules is estimated 

to be ≈ 2.122 × 10-20 mole per µm2, and the laser irradiated area (2.88 µm2) involved 

6.11 × 10-20 mole into a HH substrate. This NSERS ≈ 3.68 × 104 MB molecules was 

determined within the laser light during Raman acquisition on the HH substrate. A 

following equation (3) could be utilized to determine the NSERS of the different analytes. 
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	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3) 

where CSERS is the concentration of MB when used in the HH substrate, d is a laser spot 

size, NA is the Avogadro's number, and S is surface area of a HH substrate. 

 

Calculated analytical enhancement factor (AEF) with MB molecules: 

 The value of AEF is obtained experimentally using following equation (4): 

AEF ൌ ୍౏ు౎౏	 େొ౥౨ౣ౗ౢ

୍ొ౥౨ౣ౗ౢ	 େ౏ు౎౏
                       (4) 

where ISERS ≈ 1203.88 count and INormal ≈ 1635.81 count are the Raman intensity signals 

at 1620 cm-1 of MB that collected using the HH substrate and paper substrate, 

respectively (Fig. S7). CSERS and CNormal are the concentration of MB molecules within 

laser from the measurements of the HH substrate and paper substrate, respectively. So, 

here we can get AEF of HH substrate ≈ 1.36× 105. 

 

 

 



S‐3 
 

Table S1 Comparison of the experimental methods and analytical enhancement factor 

(AEF) values with other studies.  

SERS substrate SERS preparation method AEF Reference

HH-Au SERS 

substrate 

Secondary growth reaction 

of crude SERS substrate via 

a wet-chemistry approach 

1.36 × 105 (MB; 785 

nm; 5 mW; 10 s) 

7.36 × 105 (MG; 633 

nm; 2.5 mW; 10 s) 

This work

Ag NPs 

substrates (Pen­

on Paper)­  

Writing by using a 

nanoparticle ink-filled pen. 

2 × 105 (532 nm; 10 s) 

1.5 × 105 (785 nm; 10 

s) 

1 

Colloidal Au Au 

nanospheres 

Directional assembly of Au 

NPs with cucurbit[n]uril 

3 × 103 (MV; 633 nm; 

20 s) 

2 

Au NPs growth 

on 

mesostructured 

silica film 

substrate 

Repeatedly immersing 

chemicals and Au seeds into 

the mesostructured silica 

copolymer film. 

5 × 101 (R6G; 633 

nm; 20 s) 

3 

Star-shaped gold

nanostructures 

Aggregation of Au 

nanoparticles in HCl 

solution 

5 x 106 (R6G; 633 

nm; 20 s) 

3 

40-50 nm 

Au@citrate 

nanoparticles 

Aggregation of Au@citrate 

nanoparticles in NaCl 

solution 

11 x 105 (R6G; 633 

nm; 20 s) 

3 

Au nanostars 

(AuNSts) on a 

glass substrate 

Chemical deposition of the 

AuNSts onto the 3-

5.7×102 (CV; 532 

nm; 13.5 mW; 1 s) 

4 
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aminopropyltriethoxysilane-

functional glass surface 

Colloidal Au 

nanostars 

Colloid-based seed-

mediated growth process by 

using sodium citrate and HQ 

as both the reducing reagent 

and capping ligand 

104 (4-mercapto 

benzoic acid and MG; 

1064 nm; 373 mW; 5 

s) 

5 
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Fig. S1 a) Low-magnification SEM image (5000 x), b) high-magnification SEM image 

(100000 x), d) high-magnification SEM image (20000 x), and e) TEM image (200000 

x) of Au@TNA NPs in the Au@TNA SERS substrate. The arrows indicate smaller 

particles, which are difficult to observe in the low-magnification SEM image. c) 

Percentage and average particle size of Au@TNA NPs in the Au@TNA SERS substrate 

according to the SEM images in a) and d). Over 100 nm was selected for those particle 

density measurements. f) Percentage and average particle size of the smaller pristine 

Au seeds in the TEM and SEM image (Fig. S1b,d,e) of the initial Au@TNA substrate. 

Below 100 nm was selected for those particle density measurements.   
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Fig. S2 UV-vis spectra for the absorption band6 of HAuCl4 before and after reacting 

with purified Au@TNA substrate. 

 

 

 

Fig. S3 Percentage and average particle size of the HH substrate. 
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Fig. S4 a) XRD pattern and b) XPS analysis of the HH substrate. The high resolution 

c) Au4f peak and d) C1s peak in the XPS spectrum for the HH substrate. 

 

  

Fig. S5 Photograph of the a) purified Au@TNA SERS substrates and b) HH 

substrates. The HH substrates are prepared by a single postreaction process with ten 

purified Au@TNA SERS substrates.  

280 282 284 286 288 290

C-O-C
C=C

C-OHH substrate 

 

In
te

n
si

ty
 

Binding energy (eV)

35 40 45 50 55 60 65 70 75 80

(3
11

) A
u

(2
20

) A
u

(2
00

) A
u

(1
11

) A
u HH substrate 

Filter paper

 

In
te

n
si

ty
 

2(degree)

a) b)

0 200 400 600 800 1000 1200

O

Au

C

HH substrate 

 

In
te

n
si

ty
 

Binding energy (eV)
c) d)

82 83 84 85 86 87 88 89

Au 4f
5/2

Au 4f
7/2

HH substrate 

 

In
te

n
si

ty
 

Binding energy (eV)



S‐8 
 

Fig. S6 Photographs of a) pure filter paper, b) the resulting product after reacting of 

pure filter paper with HAuCl4 and HQ molecules, and c) the supernatant from the 

growth solution after reacting with Au@TNA substrate. d) SEM image of the product 

in Fig. S6b and e) TEM image of the colloidal product (103.6 ± 17.2 nm) in Fig. S6c. 

f) SERS spectrum of MG obtained with the product substrate shown in Fig. S6b.  
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Fig. S7 SERS spectra of a) 10 mM MB on filter paper, 100 nM MB on the HH SERS 

substrates and b) 1000 ppm MG droplet on a Si wafer, 1 ppb MG with the HH SERS 

substrates.  

 

 

Fig. S8 SERS signal data for a) 40 different data points at 1620 cm-1 for 0.01 mM MB 

with the HH substrate. SERS spectra of b) 0.01 mM CV, c) 0.01 mM R6G, and d) 0.01 

mM MG with the Au@TNA substrate and HH substrate. 
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Fig. S9 a) Bright field image, b) SERS mapping signal, and merged results of a) and b) 

for 0.1 mM MBN on the HH substrate by using a confocal Raman scanning system. 

 

 

Fig. S10 SERS spectra of a) 1 ppb and 100 ppb MG on the HH substrate with 633 nm 

and 785 nm lasers. b) SERS detection of 100 ppb MG with the HH substrate, 13 nm 

Au@citrate NPs-SERS substrate, 150 nm Au@CTAB NPs-SERS substrate, and 80 nm 

Ag@PVP NPs-SERS substrate with the 633 nm laser. 
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Fig. S11 Photograph images of a) 13 nm Au@citrate NPs-SERS substrate, b) 150 nm 

Au@CTAB NPs-SERS substrate, and c) Ag@PVP NPs-SERS substrate. 

 

 

 

Fig. S12 SERS spectra of a) 100 ppb MG with the ACAH, ACH, DH-SERS substrate, 

and b) 100, 10 ppb MG with the FPH-SERS substrate with the 633 nm laser. 
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Fig. S13 SEM image of a peeled HH substrate. 

 

 

Fig. S14 UV-vis spectra of AuCl2
-/CTAB complex in the ACAH and ACH solutions a) 

before and b) after reacting with the Au@TNA substrates.  
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Fig. S15 a) SERS spectra and b) SERS intensity at 1615 cm-1 responsed to 100 ppb MG 

by using different HH substrates preared after reacting Au@TNA and HH-based 

solution at 1, 5, 10, 20, and 30 min. Data collected by using a 633 nm Raman system. 

 

 

Fig. S16 SERS spectra of 0.1 mM MB on the different metal-adsorbed filter substrates 

(black curves) and HH-based SERS substrates (red curves) with a 785 nm Raman 

system. A sputtered Au substrate prepared by directly depositing gold nanocrystals onto 

a filter paper with a JFC-1100 fine coat ion sputter (U = 2.5 kV, I = 10 mА, and t = 3 

min). Au@citrate NPs (~50 nm) and Ag@PVP NPs (~80 nm) are prepared according 

to the previous methods in the literature.7,8  
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Fig. S17 Batch-to-batch SERS reproducibility (at 633 nm) of 100 ppb MG on the HH 

substrates. Data represent as mean with standard deviation (SD) of five independent 

measurements. 

 

 

Fig. S18 Photographs of 10 μL MB droplet (0.01 mM MB) dried on the (a) filter paper, 

(b) glass substrate, and (c) silicon wafer. The red arrows indicate the coffee ring stains.  
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Fig. S19 The mean SERS signals recorded at 1620 cm-1 for 0.01 mM MB into the 

individual slides from the HH substrate in different proportion: whole, half, quarter, 

eighth HH substrtaes (from left to right).  
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