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Fig. S1: Change in SPR with varying AgNO3 volume added. 
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Fig. S2: (A) SEM image, (B) UV-Vis, (C) size distribution histogram, and (D) FTIR 

spectrum of as-synthesised SiO2. 
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Fig. S3: XRD diffractograms of the bare FTO (black) and the Au-modified FTO-SiO2-

AuNPs surface. 

Calculations of Enhancement Fator (EF):

The Raman scattering feature and subsequent SERS enhancement properties of the 

as-synthesized AuNRBs@ATP@Ag nanostructures were evaluated using the 

following equation (S1)[1]:

𝐸𝐹 =  
𝐼𝑆/𝑁𝑆

𝐼𝑅/𝑁𝑅

Where, , represents the integrated intensity of the SERS, , is the normal Raman 𝐼𝑆 𝐼𝑅

mode of the 4-ATP at the same peak. , and , are the numbers of the adsorbed 4-𝑁𝑆 𝑁𝑅

ATP molecules on the surface of the as-synthesized AuNRBs@ATP@Ag and the 

numbers of the ATP molecules alone excited at the engaged laser spot. 
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 (4.26 x 106) was calculated using the equation S2 below;𝑁𝑆

𝑁𝑠 =  𝑁𝐴 𝑥 𝐴 𝜎

Where, , is Avogadro’s constant, A is the effective area occupied by the Raman 𝑁𝐴

molecules under the laser irradiation , and  is the per mol area of the molecules’ 𝜎
monolayers (1.26 x 109 cm2 mol-1)

The diameter of the laser spot was determined to be 1.1 μm using equation S3 
below;

𝐷 = ( 𝜆
𝑁𝐴)𝑥 1.22

Where,  and NA are 785 nm and 0.9 as the Normal function, assuming a 𝜆
magnification of 100X, respectively. Start with diameter

LOD determination for SARS-CoV-2 S2 spike protein

For the calibration curve of the SERS assay shown in Figure S4, the limit of detection 

(LOD) for the SARS-CoV-2 S2 spike protein was determined using the slope (S) and 

y-intercept (c) of the calibration line, along with the standard deviations (σ) of the blank 

signal, as illustrated in Fig. S4 below.
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Fig. S4. Illustration of the LOD calculation for the SARS-CoV-2 S2 spike protein.

The calibration curve for the SERS intensity (Y) vs. spike protein concentration (X) is 

represented as a semi-log plot (Y, Ln X), the corresponding LODs were defined using 

(Khoris et al., 2021 [2]): [LOD] = 𝑒3.3𝜎/𝑆, according to the Eqs below. 

(S4)𝑌 = 𝑆 ×  𝐿𝑛(𝑋) + 𝑐

Where Y is the measured SERS intensity, X is the protein concentration (ng/mL), S is 

the slope of the calibration curve and c is the y-intercept.

The SERS signal corresponding to the LOD ( ) is defined based on the blank signal 𝑌𝐿𝑂𝐷

and its standard deviation according to the equation below.

(S5)𝑌𝐿𝑂𝐷 ≤ 𝑌𝑏𝑙𝑎𝑛𝑘 + 3.3 ×  𝜎

Equating Eq. (S4) and Eq. (S5) gives:

(S6)𝑆 × 𝐿𝑛(𝑋𝐿𝑂𝐷) + 𝑐 =  𝑌𝑏𝑙𝑎𝑛𝑘 + 3.3 ×  𝜎
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The constant c is eliminated during the transition from Eq. (S6) to (S7) because the 

blank signal (Yblank) is equivalent to the y-intercept (c) of the calibration curve. When 

substituting Yblank = c into Eq. (S5) and equating it with the model in Eq. (S4), the c 

terms on both sides of the equation cancel out, leaving the LOD dependent solely on 

the sensitivity (slope, S) and the noise (standard deviation,  σ).

Solving for :𝑋𝐿𝑂𝐷

) (S7)
𝑋𝐿𝑂𝐷 = exp (

𝑌𝑏𝑙𝑎𝑛𝑘 + 3.3 ×  𝜎

𝑆

Fig. S5: SERS-based dual nanotag/sensor chip biosensing system for SARS-CoV-2. 

Representative Raman spectra for the specific detection of SARS-CoV-2 S2 in the 

presence of other viruses. 
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Fig. S6: SERS spectra of 4-ATP induced by 50 ng/mL of SARS-CoV-2 S2 collected 

at random spots on the sensor chip (n = 10). 
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Recovery analysis in Human Serum

The recovery value was obtained by back-calculating the concentration from the 

serum calibration equation . The calibration curve was constructed 𝑌 = 𝑎𝑙𝑛⁡(𝑋) + 𝑏

directly in spiked human serum; therefore, matrix effects were inherently accounted 

for. Using a log-linear fit on all measured points, the calibration equation is:

    (S7)𝑌 = 78.8ln (𝑋) ‒ 26.9 

(where S = 78.8 and c = -26.9)

Back-calculation recovery (single representative concentration)

Measured intensity at 2.5 ng/mL:

𝑌 = 42.187

Back-calculate concentration:

𝑋calc = 𝑒𝑥𝑝⁡(𝑌 ‒ 𝑐
𝑆 ) = 𝑒𝑥𝑝⁡(𝑌 ‒ 26.9

78.8 )
𝑋calc = exp (0.8768) = 2.4 𝑛𝑔/𝑚𝐿

Recovery (%) =
2.4
2.5

× 100 = 96 %

Table S1: Analytical recovery of SARS-CoV-2 protein from spiked human serum

samples.

Nominal 
concentration (ng 

mL⁻¹)

Measured SERS 
intensity (a.u.)

Back-calculated 
concentration 

(ng mL⁻¹)

Recovery %

2.5 42.19 2.4 96
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