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Figure S1. SEM analysis showing the morphological changes in plasmonic nanostructures at different 

Au thicknesses. The image visually details the intricate structural changes resulting from different Au 

deposition levels, highlighting how variations in thickness affect the overall morphology of the 

nanopillars.  
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Figure S2. (a) Transmittance spectra of PI film and nanopillars. (b) Dark-field microscopy images of PI 

nanopillars and nanoplasmonic substrates with different Au thicknesses showing the Rayleigh 

scattering colors vividly.  
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Figure S3. (a-d) Optimization of SERS immunoassay conditions for SARS-CoV-2 (5 × 104 pfu/mL) 

detection. Systematic analysis of the optimization process for the concentrations of (a) D5 and (b) R2 

antibodies, (c) MGITC, and (d) Au NP size illustrates the determination of optimal conditions: 25 nM 

for D5, 6.4 nM for R2, 50 µM for MGITC, and 10 nm for Au NP. Each assay was repeated 25 times and 

the average intensity is shown as a bar. Error bars represent standard deviation, and individual points 

represent raw data from each experiment. (e) Reproducibility of the nanoplasmonic biosensor. Plot 

of 1174.5 cm-1 band intensity as a function of the number of measurement. The nanoplasmonic 

biosensor detected SARS-CoV-2 (1 × 104 pfu/mL). The numbers of measurement were sorted by the 

intensity. Red dotted line is the mean of intensities. 
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Figure S4. FDTD results of the nanoplasmonic biosensor before (right) and after (left) the detection of 

SARS-CoV-2.  
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Figure S5. Diagnostic results of COVID-19 using LFA kits from clinical samples. 
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Figure S6. (a, b) Top view (left) and tilted (right) SEM images of nanoplasmonic substrate (a) before 

and (b) after 80 bending cycles. (c) Detection results of SARS-CoV-2 (5 × 104 pfu/mL) using the 

nanoplasmonic biosensor before and after bending cycles. (d) Plot of 1174.5 cm-1 band intensity as a 

function of nanoplasmonic substrate before and after bending cycles (0, 20, 40, 60, and 80). Blue 

points represent the intensity from 25 measurements of each samples after bending. Each point's 

average intensity is depicted by a horizontal line within a box, representing the 95% confidence 

interval. Error bars represent standard deviation. (e) Plot of 1174.5 cm-1 band intensity as a function 

of virus. The nanoplasmonic biosensor detected the different types of SARS-CoV-2 (WT, alpha, beta, 

gamma, and delta) and distinguished SARS-CoV-2 from influenza viruses (pH1N1, H3N2, H5N2, and 

IBV). Each assay was repeated 25 times and the average intensity is shown as a bar. Error bars 

represent standard deviation, and individual points represent raw data from each experiment. 
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Table S1. Hospital results of clinical samples. 

No. Date Ct RdRP Ct E Ct IC 

Q4 2020-01 2020-12-11 25.29 23.81 N/A(1) 

Q4 2020-02 2020-12-11 12.98 13.87 N/A 

Q4 2020-03 2020-12-11 13.67 12.88 N/A 

Q4 2020-04 2020-12-11 16.07 15.91 N/A 

Q4 2020-05 2020-12-11 18.68 17.33 N/A 

Q4 2020-06 2020-12-11 11.72 9.36 N/A 

Q4 2020-07 2020-12-11 23.92 22.72 26.82 

Q4 2020-08 2020-12-11 11.36 11.40 N/A 

Q4 2020-09 2020-12-11 28.43 27.05 N/A 

Q4 2020-10 2020-12-11 28.27 26.61 29.49 

Q4 2020-11 2020-12-14 11.06 11.75 N/A 

Q4 2020-12 2020-12-14 18.26 15.20 N/A 

Q4 2020-13 2020-12-21 27.22 25.17 27.01 

Q4 2020-14 2020-12-21 36.19 35.78 36.34 

Q4 2020-15 2020-12-21 13.32 11.52 N/A 

Q4 2020-16 2020-12-21 33.00 30.97 32.58 

Q4 2020-17 2020-12-21 16.87 17.31 N/A 

Q4 2020-18 2020-12-21 21.44 21.88 N/A 

Q4 2020-19 2020-12-21 31.48 31.29 N/A 

Q4 2020-20 2020-12-21 11.88 12.04 N/A 

Q4 2020-21 2020-12-21 13.43 14.23 N/A 
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No. Date Ct RdRP Ct E Ct IC 

Q4 2020-22 2020-12-21 23.42 21.95 24.28 

Q4 2020-23 2020-12-21 18.64 16.50 19.95 

Q4 2020-24 2020-12-29 16.98 18.56 N/A 

Q1 2021-01 2021-01-04 19.60 21.54 N/A 

Q1 2021-02 2021-01-04 10.43 11.30 N/A 

Q1 2021-03 2021-01-04 28.27 27.97 27.45 

Q1 2021-04 2021-01-04 8.51 9.73 N/A 

Q1 2021-05 2021-01-04 20.65 21.05 N/A 

Q1 2021-06 2021-01-05 20.51 20.30 N/A 

Q1 2021-07 2021-01-05 18.78 18.02 16.72 

Q1 2021-08 2021-01-05 18.80 19.83 N/A 

Q1 2021-09 2021-01-05 28.60 27.02 25.95 

Q1 2021-10 2021-01-05 17.14 17.64 N/A 

Q1 2021-11 2021-01-05 23.18 22.43 N/A 

Q1 2021-12 2021-01-11 20.83 21.64 N/A 

Q1 2021-13 2021-01-11 16.89 16.78 N/A 

Q1 2021-14 2021-01-11 15.83 15.33 N/A 

Q1 2021-15 2021-01-11 17.00 13.73 12.52 

Q1 2021-16 2021-01-11 23.33 22.09 22.63 

Q1 2021-17 2021-01-11 17.38 17.80 17.36 

Q1 2021-18 2021-01-11 18.19 18.04 N/A 

Q1 2021-19 2021-01-12 28.74 29.18 N/A 
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No. Date Ct RdRP Ct E Ct IC 

Q1 2021-20 2021-01-12 31.35 32.16 30.95 

Q1 2021-21 2021-01-12 22.19 23.02 22.93 

Q1 2021-22 2021-01-12 24.89 24.77 25.11 

Q1 2021-23 2021-01-12 14.38 13.52 N/A 

Q1 2021-24 2021-01-12 12.75 11.29 N/A 

Q1 2021-25 2021-01-12 34.27 34.00 35.13 

Q1 2021-26 2021-01-12 26.36 27.52 N/A 

Q1 2021-27 2021-01-12 20.76 21.37 N/A 

Q1 2021-28 2021-01-13 10.93 11.12 N/A 

Q1 2021-29 2021-01-13 24.98 25.46 26.03 

Q1 2021-30 2021-01-13 7.96 9.46 N/A 

Q4 2021-01 2021-10-03 25.24 25.27 N/A 

Q4 2021-02 2021-10-03 19.21 19.56 N/A 

Q4 2021-03 2021-10-03 23.79 20.82 N/A 

Q4 2021-04 2021-10-03 22.02 20.11 N/A 

Q4 2021-05 2021-10-05 19.65 16.41 N/A 

Q4 2021-06 2021-10-10 18.37 16.37 N/A 

Q4 2021-07 2021-10-12 16.83 18.02 N/A 

Q4 2021-08 2021-10-13 28.82 30.81 N/A 

Q4 2021-09 2021-10-19 21.29 20.14 N/A 

Q4 2021-10 2021-10-20 20.04 21.40 N/A 

Q4 2021-11 2021-10-24 19.15 19.00 N/A 
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No. Date Ct RdRP Ct E Ct IC 

Q4 2021-12 2021-10-25 14.25 15.10 N/A 

Q4 2021-13 2021-10-25 13.73 14.02 N/A 

Q4 2021-14 2021-10-26 16.80 16.39 N/A 

Q4 2021-15 2021-10-26 11.59 11.89 N/A 

Q1 2022-01 2022-01-13 20.39 20.21 32.43 

Q1 2022-02 2022-01-13 31.82 32.23 29.5 

Q1 2022-03 2022-01-13 31.53 28.66 28.83 

Q1 2022-04 2022-01-13 16.69 13.91 36.71 

Q1 2022-05 2022-01-13 18.52 16.27 29.82 

Q1 2022-06 2022-01-18 25.52 23.08 26.67 

Q1 2022-07 2022-01-18 33.12 32.53 28.08 

Q1 2022-08 2022-01-18 28.8 25.32 27.35 

Q1 2022-09 2022-01-18 19.81 19.38 33.48 

Q1 2022-10 2022-01-18 20.5 17.3 27.98 

Q1 2022-11 2022-01-18 25.63 22.53 29.29 

Q1 2022-12 2022-01-18 27.35 25.92 29.97 

Q1 2022-13 2022-01-18 29.33 27.41 29.12 

Q1 2022-14 2022-01-21 19.44 17.27 36.46 

Q1 2022-15 2022-01-21 21.4 20.48 33.61 

Q1 2022-16 2022-01-21 26.57 24.6 28.03 

Q2 2022-01 2022-06-02 22.61 22.02 33.08 

Q2 2022-02 2022-06-02 22.65 21.45 29.05 
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No. Date Ct RdRP Ct E Ct IC 

Q2 2022-03 2022-06-02 38.36 38.5 30.1 

Q2 2022-04 2022-06-02 26.2 22.84 27.82 

Q2 2022-05 2022-06-02 25.54 24.16 28.61 

Q2 2022-06 2022-06-02 20.01 17.35 36.15 

Q2 2022-07 2022-06-02 19.73 17.15 29.15 

Q2 2022-08 2022-06-02 36.22 36.32 27.26 

Q2 2022-09 2022-06-02 37.01 37.83 28.5 

Q2 2022-10 2022-06-02 17.36 16.33 32.35 

Q2 2022-11 2022-06-02 20.93 20.78 29.01 

Q2 2022-12 2022-06-02 25.39 23.16 27.07 

Q2 2022-13 2022-06-02 23.01 20.05 28.45 

Q2 2022-14 2022-06-02 20.12 17.84 29.19 

Q2 2022-15 2022-06-02 23 19.71 30.3 

Q2 2022-16 2022-06-02 33.19 29.17 27.18 

Q2 2022-17 2022-06-02 21.34 20.24 29.7 

Q2 2022-18 2022-06-02 34.72 33.31 24.13 

Q2 2022-19 2022-06-02 22.15 21.13 23.8 

Q2 2022-20 2022-06-02 16.11 14.94 23.4 

Q2 2022-21 2022-06-03 21.14 19.9 23.35 

Q2 2022-22 2022-06-03 16.57 15.15 23.62 

Q2 2022-23 2022-06-03 16.56 15.43 23.5 

Q2 2022-24 2022-06-03 18.31 17.21 23.18 
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No. Date Ct RdRP Ct E Ct IC 

Q2 2022-25 2022-06-03 20.29 19.3 23.36 

Q2 2022-26 2022-06-03 17.48 16.99 23.21 

Q2 2022-27 2022-06-03 17.31 16.43 23.27 

Q2 2022-28 2022-06-13 18.38 17.25 23.35 

Q3 2022-01 2022-08-22 19.88 18.57 27.16 

Q3 2022-02 2022-08-23 21.68 21.29 26.7 

Q3 2022-03 2022-08-23 19.1 17.71 26.35 

Q3 2022-04 2022-08-23 17.83 16.23 27 

Q3 2022-05 2022-08-24 17.17 14.02 28.93 

Q3 2022-06 2022-08-24 18.18 17.09 26.07 

Q3 2022-07 2022-08-24 17.98 15.92 26.84 

Q3 2022-08 2022-08-24 20.07 18.41 26.44 

Q3 2022-09 2022-08-25 22.76 20.72 27.21 

Q3 2022-10 2022-08-26 17.49 16.04 27.65 

Q3 2022-11 2022-08-26 17.16 15.95 27.11 

Q3 2022-12 2022-08-29 26.75 23.6 27.68 

Q3 2022-13 2022-08-29 17.14 14.3 37.42 

Q3 2022-14 2022-08-29 21.35 18.58 31.68 

Q3 2022-15 2022-08-29 24.57 21.35 30.03 

Q3 2022-16 2022-09-20 16.32 15.1 23.43 

Q3 2022-17 2022-09-21 20.61 19.55 23.31 

Q4 2022-01 2022-10-13 18.12 16.65 23.29 
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No. Date Ct RdRP Ct E Ct IC 

Q4 2022-02 2022-10-13 27.93 27.02 24.39 

Q4 2022-03 2022-10-13 17.03 15.64 23.3 

Q4 2022-04 2022-10-14 18.57 17.54 23.08 

Q4 2022-05 2022-10-14 16.26 14.99 23.43 

Q4 2022-06 2022-10-14 16.98 16.02 23.16 

Q4 2022-07 2022-10-19 32.7 31.5 23.82 

Q4 2022-08 2022-10-24 35.47 32.69 23.95 

Q4 2022-09 2022-10-24 18 16.85 23.21 

Q4 2022-10 2022-10-25 14.99 13.91 23.34 

Q4 2022-11 2022-10-27 17.61 16.52 23.25 

Q4 2022-12 2022-10-28 17.75 16.61 23.06 

Q4 2022-13 2022-10-28 27.14 26.86 24.04 

Q4 2022-14 2022-10-28 23.65 22.95 23.55 

Q4 2022-15 2022-11-01 17.32 16.54 23.14 

Q4 2022-16 2022-11-02 34.93 34.91 20.65 

Q4 2022-17 2022-11-02 23.74 24.59 19.74 

Q4 2022-18 2022-11-03 20.79 21.63 19.7 

Q4 2022-19 2022-11-07 18.93 19.81 19.65 

Q4 2022-20 2022-11-07 14 15.3 20.84 

Q4 2022-21 2022-11-17 17.46 18.01 20.73 

Q1 2023-01 2023-01-09 16 16.68 22.8 

Q1 2023-02 2023-01-09 20.19 20.8 21.13 
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No. Date Ct RdRP Ct E Ct IC 

Q1 2023-03 2023-01-09 15.01 15.89 24.13 

Q1 2023-04 2023-01-10 15.32 16.18 24.18 

Q1 2023-05 2023-01-10 21.46 22.12 21.63 

Q1 2023-06 2023-01-10 10.28 11.02 30.27 

Q1 2023-07 2023-01-10 16.68 17.25 21.84 

Q1 2023-08 2023-01-25 19.79 21.24 21.41 

Q1 2023-09 2023-02-01 13.36 15.09 24.95 

Q1 2023-10 2023-02-01 15.38 17.01 22.58 

Q2 2023-01 2023-04-20 18.03 17.75 N/A  

Q2 2023-02 2023-04-20 14.81 15.16 N/A  

Q2 2023-03 2023-04-20 24.24 23.99 N/A  

Q2 2023-04 2023-04-20 19.54 19.55 N/A  

Q2 2023-05 2023-04-21 N/A 31.04 24.36  

Q2 2023-06 2023-04-21 N/A 35.17 25.06  

Q2 2023-07 2023-04-21 N/A 19.65 30.65  

Q2 2023-08 2023-04-21 20.94 21.21 N/A  

Q2 2023-09 2023-04-22 26.41 25.51 N/A  

Q2 2023-10 2023-04-22 14.79 14.25 N/A  

Q2 2023-11 2023-04-22 24.04 22.94 N/A  

Q2 2023-12 2023-04-22 19.08 17.72 N/A  

Q2 2023-13 2023-04-23 N/A 33.43 26.62  

Q2 2023-14 2023-04-23 N/A 17.21 30.02 
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No. Date Ct RdRP Ct E Ct IC 

Q2 2023-15 2023-04-23 N/A 29.59 26.31 

Q2 2023-16 2023-04-23 N/A 20.96 25.44 

Q2 2023-17 2023-04-23 N/A 15.28 N/A 

Q2 2023-18 2023-04-23 N/A 29.94 26.54 

Q2 2023-19 2023-04-24 N/A 13.66 32.65 

N1 2022-09-22 N/A N/A 27.7 

N2 2022-09-13 N/A N/A 31.1 

N3 2022-09-13 N/A N/A 31 

N4 2022-09-13 N/A N/A 30.3 

N5 2022-09-13 N/A N/A 31.4 

N6 2022-09-13 N/A N/A 29.9 

N7 2022-09-13 N/A N/A 31.6 

N8 2022-09-13 N/A N/A 30.9 

N9 2022-09-13 N/A N/A 31.3 

N10 2022-09-13 N/A N/A 28.5 

N11 2022-09-13 N/A N/A 29.8 

N12 2022-09-13 N/A N/A 31.6 

N13 2022-09-13 N/A N/A 32.8 

N14 2022-09-13 N/A N/A 28.7 

N15 2022-09-13 N/A N/A 32.7 

N16 2022-09-13 N/A N/A 30.2 

N17 2022-09-13 N/A N/A 30.7 
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No. Date Ct RdRP Ct E Ct IC 

N18 2022-09-13 N/A N/A 28.3 

N19 2022-09-13 N/A N/A 29.5 

N20 2022-09-13 N/A N/A 30.1 

N21 2022-09-13 N/A N/A 31.6 

N22 2022-09-13 N/A N/A 30.1 

N23 2022-09-13 N/A N/A 28.3 

N24 2022-09-13 N/A N/A 29.4 

N25 2022-09-13 N/A N/A 33 

N26 2022-09-14 N/A N/A 28.9 

N27 2022-09-14 N/A N/A 30.9 

N28 2022-09-14 N/A N/A 29.3 

N29 2022-09-14 N/A N/A 27.9 

N30 2022-09-14 N/A N/A 29.5 

N31 2022-09-14 N/A N/A 28.4 

N32 2022-09-14 N/A N/A 27.5 

N33 2022-09-14 N/A N/A 29.1 

N34 2022-09-14 N/A N/A 29.6 

N35 2022-09-19 N/A N/A 28 

N36 2022-09-19 N/A N/A 28.9 

N37 2022-09-19 N/A N/A 28.4 

N38 2022-09-19 N/A N/A 27.6 

N39 2022-09-19 N/A N/A 27.8 
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No. Date Ct RdRP Ct E Ct IC 

N40 2022-09-19 N/A N/A 30.2 

N41 2022-09-19 N/A N/A 29.5 

N42 2022-09-19 N/A N/A 30.7 

N43 2022-09-19 N/A N/A 31.2 

N44 2022-09-19 N/A N/A 28.9 

N45 2022-09-19 N/A N/A 28.5 

N46 2022-09-19 N/A N/A 29.3 

N47 2022-09-19 N/A N/A 29.8 

N48 2022-09-19 N/A N/A 27.8 

N49 2022-09-19 N/A N/A 27.6 

N50 2022-09-19 N/A N/A 27.4 

N51 2022-09-19 N/A N/A 30.6 

N52 2022-09-19 N/A N/A 28.7 

N53 2022-09-19 N/A N/A 28 

N54 2022-09-19 N/A N/A 32.5 

N55 2022-09-19 N/A N/A 30 

N56 2022-09-19 N/A N/A 31.8 

N57 2022-09-20 N/A N/A 31 

N58 2022-09-20 N/A N/A 30.4 

N59 2022-09-20 N/A N/A 29.4 

N60 2022-09-20 N/A N/A 28.3 

N61 2022-09-20 N/A N/A 28.9 
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No. Date Ct RdRP Ct E Ct IC 

N62 2022-09-20 N/A N/A 30.5 

N63 2022-09-20 N/A N/A 29.5 

N64 2022-09-20 N/A N/A 28.7 

N65 2022-09-20 N/A N/A 29.3 

N66 2022-09-20 N/A N/A 29.6 

N67 2022-09-20 N/A N/A 29.5 

N68 2022-09-20 N/A N/A 31.3 

N69 2022-09-20 N/A N/A 29.2 

N70 2022-09-20 N/A N/A 30.4 

N71 2022-09-20 N/A N/A 28.3 

N72 2022-09-20 N/A N/A 29.2 

N73 2022-09-20 N/A N/A 27.3 

N74 2022-09-20 N/A N/A 28.3 

N75 2022-09-20 N/A N/A 28.9 

N76 2022-09-22 N/A N/A 29.6 

N77 2022-09-22 N/A N/A 28.3 

N78 2022-09-22 N/A N/A 30.6 

N79 2022-09-30 N/A N/A 29.5 

N80 2022-09-30 N/A N/A 30 

N81 2022-10-04 N/A N/A 30 

N82 2022-10-04 N/A N/A 29.5 

N83 2022-10-04 N/A N/A 29 
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No. Date Ct RdRP Ct E Ct IC 

N84 2022-10-04 N/A N/A 29.3 

N85 2022-10-04 N/A N/A 31.3 

N86 2022-10-04 N/A N/A 30.6 

N87 2022-10-04 N/A N/A 28.4 

N88 2022-10-04 N/A N/A 29.3 

N89 2022-10-05 N/A N/A 29.2 

N90 2022-10-05 N/A N/A 30.9 

(1) Not available  
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Table S2. Comparison of SARS-CoV-2 detection methods. 

Antigen Method Bioreceptor Variants Reference 

S protein SERS aptasensor Aptamer N/A(1) [S1] 

S protein SERS aptasensor Aptamer N/A [S2] 

N protein SERS immunoassay 
Monoclonal antibody 

(commercial) 
N/A [S3] 

S protein 
SERS-based lateral flow 

immunoassay 

Mouse monoclonal 

antibody (commercial) 
N/A [S4] 

S protein SERS immunoassay Antibody (commercial) N/A [S5] 

S protein SERS immunoassay 
Rabbit antibody 

(commercial) 
N/A [S6] 

Receptor 

binding 

domain 

mAb-functionalized 

plasmonic metasurfaces 

Recombinant 

monoclonal antibody 

(developed) 

Alpha, beta, gamma, delta, 

epsilon, eta, theta, iota, 

kappa, lambda, and omicron 

[S7] 

N protein digital p-FLISA 
IL-6 monoclonal 

antibody (commercial) 
WT, alpha, and beta [S8] 

N protein SERS-ELISA 
Mouse monoclonal 

antibody (commercial) 
N/A [S9] 

N protein 
SERS-based 

microdroplet sensor 

Monoclonal antibody 

(commercial) 
N/A [S10] 

N protein SERS-based LFA 
Monoclonal antibody 

(commercial) 
N/A [S11] 

N protein SERS-based LFA 
Monoclonal antibody 

(commercial) 
N/A [S12] 

N protein SERS-based LFA 
Mouse monoclonal 

antibody (commercial) 
Alpha, beta, delta, omicron [S13] 

N protein SERS immunoassay 

Recombinant 

monoclonal antibody 

(developed) 

N/A [S14] 
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Antigen Method Bioreceptor Variants Reference 

N protein SERS immunoassay 

Recombinant 

monoclonal antibody 

(developed) 

WT, alpha, beta, gamma, 

delta, delta+, epsilon, zeta, 

eta, iota, kappa, mu, and 

omicron 

This work 

(1) Not available  
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Table S3. Comparison of KD values of bioreceptors for SARS-CoV-2. 

Bioreceptor KD (nM) 

Mouse Monoclonal 7E1B (Bioass) 0.9 

SARS coronavirus monoclonal antibody A03070041P (Biospacific) 1.2 

SARS coronavirus monoclonal antibody A03080041P (Biospacific) 2.0 

SARS-CoV-2 Nucleocapsid Antibody N338 (Genescript) 5.56 

MonoRab™ SARS-CoV-2 Nucleocapsid Antibody N34 (Genescript) 0.673 

MonoRab™ SARS-CoV-2 Nucleocapsid Antibody N66 (Genescript) 0.641 

hACE2 receptor mimic peptide[S15] 6.2 

Aptamer[S1] 5.8 

Antibody[S7] 3.125 

Antibody[S14] 0.66 

D5 antibody (this work) 0.0487 
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