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Supplementary Figure 1. Absorption spectra of Pl film and nanopillars.
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Supplementary Figure 2. Top (left) and tilted (right) SEM images of 50, 100, 150, and 200 nm

thick Au nanopillars.
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Supplementary Figure 3. FDTD results of 3D plasmonic nanopillar substrate.
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Supplementary Figure 4. Raman spectra of R6G measured on the plasmonic and Pl nanopillar

substrates.

The SERS EF was evaluated by comparing Raman intensities of R6G measured on the
plasmonic substrate and Pl nanopillar substrate. The EF was calculated using the standard

formula (Le Ru et al. 2007):

IS'ERS NPI
EF = (579 (25) (1)
PI SERS

where Nsegrs and Np represent the number of analyte molecules contributing to the measured
Raman intensities Isers and Ip;, respectively.

Since Isers and Ip; were acquired with laser integration times of 1 s and 10 s,
respectively, the corrected intensities /’sers and I’» were calculated by normalizing each

measured value by its corresponding acquisition time, as shown in the following equation:

<I ,SERS) _ (ISERS/ tSERS) (2)

I'py Ip;/tp;
Under the assumption of homogeneous distributions of R6G over the substrate surfaces, the

average number of molecules (N) can be expressed as:

|74
N = (NA Xc X A—)Alaser (3)

sub

where N4 is Avogadro’s number, c is the dye concentration, V is the volume of the R6G

solution, Asupis the surface area covered by the solution, and Ajsser is the area of the laser spot.



Because identical experimental conditions were used for both the SERS-active and control
substrates, the parameters Na, V, Asup,, and Ajgser could be discarded, allowing Equation (4) to

be simplified as:

C

I'sgrs PI

EF ) (4)
1 PI (CSERS

At 609 cm?, I’pr and I’sers were estimated to be 1,433 and 2,602, respectively, resulting in an

experimental EF value of 3.4 x 107.
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Supplementary Figure 5. (A-E) SERS spectra of (A) influenza A, (B) influenza B, (C) RSV, (D)
SARS-CoV-2, and (E) DW on 3D plasmonic nanopillar substrate. Exposure time varied from 100
to 2000 ms. (F) Peak intensities of 1008 cm™ from 500 SERS spectra of SARS-CoV-2 on 3D
plasmonic nanopillar substrate. Exposure time was 1000 ms. RSD value of 7.02% indicates high

degree of uniformity in signals.
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Supplementary Figure 6. (A, B) Performance evaluation metrics for virus type in the CNN-
based classification model, including accuracy, recall, precision, F1-score, and AUC. (A)
Training, validation, and test data samples are split in the ratio (A) 8:1:1 and (B) 6:2:2,
respectively. All metrics approach 1.00, with the receiver operating characteristic (ROC) curve

being perfect, validating the model's effectiveness.
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Supplementary Figure 7. (A) The results of the PCA for classification of respiratory viruses.
Two principal components are extracted and plotted for visualization. Viruses with different
types, variants, and sublineages are not distinctly identified or segregated in the two-
dimensional space. (B) Cumulative explained variance (CEV) curves for SERS spectra. Even with
additional features considered in PCA, the separation of different types, variants, and
sublineages remains challenging, indicating potential limitations in distinguishing these

categories using PCA alone.
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Supplementary Figure 8. (A) Algorithm of 1D-CNN model for the classification of respiratory
viruses. (B) Confusion matrix for classification of respiratory viruses in DW. It shows the

classification accuracy for each type of sample based on 200 tests per category.
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Supplementary Figure 9. (A, B) SERS spectra of respiratory viruses in (A) DMEM and (B) UTM.
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Supplementary Figure 10. (A-C) Loss curves for training the CNN models on SERS spectra of
respiratory viruses in (A) DW, (B) DMEM, and (C) UTM. The cross-entropy loss function was
used to train the CNNs. The blue line represents the loss for the training dataset, while the
red dotted line indicates the loss for the validation dataset. Although the loss curves exhibit
spikes, the loss ultimately converges to sufficiently small values, enabling accurate predictions

by the models.
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Supplementary Figure 11. SERS spectra of diluted clinical samples obtained from patients
infected with Influenza A (top row) and RSV (second row). Exposure time varied from 100 to

2000 ms. The shaded regions correspond to characteristic viral peaks identified by Grad-CAM.
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Supplementary Figure 12. SERS spectra of 13 respiratory viruses (1 to 10° PFU/mL) on 3D

plasmonic nanopillar substrate.



Supplementary Table 1. Estimated Raman-active viral component number in laser

illumination area.

Expected
Virus Component Components/ Detection number of
concentration density 10 um spot robability (%) positive spots
(PFU/mL) (PFU/cm™) (7.85 x 107cm?) P Y% (In a dataset of
500)
1 5 x 10* 0.04 4 20
10 5x 10° 0.4 40 200
102 5 x 10° 4 100 500
10° 5x 10’ 40 100 500
10* 5x 108 400 100 500
10° 5 x 10° 4,000 100 500




Supplementary Table 2. Raman shift assignments observed in this study.

Raman

SARS-

(i::f:) CoV-2 Assighment Biomolecules | Reference
296 0 Phospholipid Lipids and (Sahin
(C-C skeletal vibrations) phospholipids 2022)
300 Phospholipid Lipids and (Jackson
(C-C skeletal vibrations) phospholipids 1990)
Protein side chain vibrations Prote.lns (Thomas Jr
630 L . . (cysteine,
(sulfur-containing amino acids) - 1985)
methionine)
750 C-S stretching vibrations in Proteins (Mink et al.
amino acids (cysteine) 2012)
784 DNA/RNA backbone vibrations (Thomas Jr
(phosphodiester bond) Nucleic acids 1985)
1008 0 Ring breathing modes in Nucleic acids | (Dijanosic et
adenine and guanine (DNA/RNA) al. 2014)
(Dijanosi¢ et
1176 Symmetric stretching vibrations| Nucleic acids, | al. 2014;
of phosphate groups phospholipids | Pevsner and
Diem 2003)
C-N stretching vibrations in . (Howell et
1208 proteins Proteins al. 1999)
1322 0 CH; bending vibrations in lipids | Lipids and (Abidi and
and proteins proteins, Abidi 2021)
Amide Il band
. Proteins, (Shi et al.
1463 (N-H bendmg and C-N Nucleic acids 2024)
stretching)
1530 0 CHs stretching vibrations in Lipids and (Abidi and
lipids and proteins proteins Abidi 2021)
2949 CHs stretching vibrations in Lipids and (Abidi and
lipids and proteins proteins Abidi 2021)




Supplementary Table 3. Characteristics of SARS-CoV-2 variants and sublineages (Chatterjee et

al. 2023; Xu et al. 2022; Yamasoba et al. 2023)

. First . _

Variant Detected Location Key Characteristics
Alpha Sep. 2020 United |Increased transmissibility and potential increase in severity|

(B.1.1.7) P- Kingdom compared to earlier strains

Delta . Significantly higher transmissibility and increased severity
t. 202 I
(B.1.617.2) | Ot 2020 ndia of illness
Delta Plus Similar to Delta but with additional mutations such as
Jun. 2021 India K417N, potentially impacting transmissibility and immune
(B.1.617.2.1)
escape
Mu Jan. 2021 | Colombia Potential |mmun.e esFape cap:.:\bllltles, Wlth several

(B.1.621) mutations in the spike protein

Omicron High transmissibility and partial immune escape, with over
Original Nov. 2021 |South Africa| & yandpe . ape,

30 mutations in the spike protein
(BA.1)

Omicron Higher transmissibility than BA.1, sometimes referred to as
Stealth Dec. 2021 [South Africa|"Stealth Omicron" due to its mutations making it harder to
(BA.2) detect with certain PCR tests

Omicron BA.5 Apr. 2022 |south Africa Slight increase in transm|55|!c>|llty anc.i potentla‘l immune
(BA.5) escape compared to previous Omicron sublineages
Omicron
o nifi . inth ik . h ol
Centaurus May. 2022 India Significant mutatlofrc1)sr |irr1ntmizzleic[:;ro(;cem, with potentia
(BA.2.75) P
Omicron . . . . .
(XBB.1.9.1) gingasap




Supplementary Table 4. PCR results of clinical samples.

Sample C: value Sample C: value
Patient 1 25.21 Patient 13 30.82
Patient 2 26.27 Patient 14 16.84
Patient 3 15.56 Patient 15 24.76
Patient 4 22.34 Patient 16 35.93
Patient 5 18.58 Patient 17 32.89
Patient 6 24.1 Patient 18 31.91
Patient 7 24.11 Healthy Control 1 Not available
Patient 8 23.51 Healthy Control 2 Not available
Patient 9 20.33 Healthy Control 3 Not available
Patient 10 20.65 Healthy Control 4 Not available
Patient 11 13.48 Healthy Control 5 Not available
Patient 12 24.36




Reference

Abidi, N., Abidi, N., 2021. Lipids and Proteins. FTIR Microspectroscopy: Selected Emerging
Applications, 37-55.

Chatterjee, S., Bhattacharya, M., Nag, S., Dhama, K., Chakraborty, C., 2023. A detailed
overview of SARS-CoV-2 omicron: its sub-variants, mutations and pathophysiology,
clinical characteristics, immunological landscape, immune escape, and therapies.
Viruses 15(1), 167.

Dijanosi¢, A., Miljani¢, S., Piantanida, I., Gonzdlez-Garcia, J., Garcia-Espaia, E., 2014. Revealing
interactions between polyaza pyridinophane compounds and DNA/RNA
polynucleotides by SERS spectroscopy. Journal of Raman spectroscopy 45(10), 863-872.

Howell, N.K., Arteaga, G., Nakai, S., Li-Chan, E.C., 1999. Raman spectral analysis in the C— H
stretching region of proteins and amino acids for investigation of hydrophobic
interactions. Journal of agricultural and food chemistry 47(3), 924-933.

Jackson, M., 1990. Fourier transform infrared spectroscopic characterisation of biomolecules.
University of London, Royal Free Hospital School of Medicine (United Kingdom).

Le Ru, E.C., Blackie, E., Meyer, M., Etchegoin, P.G., 2007. Surface enhanced Raman scattering
enhancement factors: a comprehensive study. The Journal of Physical Chemistry C
111(37), 13794-13803.

Mink, J., Hajba, L., Mihaly, J., Németh, C., Pdlmai, M., Sandstrom, M., 2012. Vibrational
spectroscopic studies of molecules with biochemical interest: the cysteine zwitterion.
Applied Spectroscopy Reviews 47(6), 415-483.

Mitra, S.S., 1969. Infrared and Raman spectra due to lattice vibrations. Optical Properties of
Solids: Papers from the NATO Advanced Study Institute on Optical Properties of Solids
Held August 7-20, 1966, at Freiburg, Germany, 333-451.

Pevsner, A., Diem, M., 2003. IR spectroscopic studies of major cellular components. lll.
Hydration of protein, nucleic acid, and phospholipid films. Biopolymers: Original
Research on Biomolecules 72(4), 282-289.

Sahin, I., 2022. Infrared Spectroscopic and Calorimetric Studies of the Interaction of
Cholecalciferol with Sphingomyelin Model Membranes. Erciyes Universitesi Fen

Bilimleri Enstitlsu Fen Bilimleri Dergisi 38(2), 383-392.



Shi, S., Wen, J., Geng, H., Zhan, X., Liu, Y., 2024. Physicochemical properties, structural
properties and gels 3D printing properties of wheat starch. International Journal of
Biological Macromolecules 261, 129885.

Thomas Jr, G.., 1985. Resolution enhancement in Raman spectra of biological
macromolecules by Fourier deconvolution: applications to single-stranded DNA and
RNA viruses. Spectrochimica Acta Part A: Molecular Spectroscopy 41(1-2), 217-221.

Xu, A., Hong, B., Lou, F., Wang, S., Li, W., Shafgat, A., An, X., Zhao, Y., Song, L., Tong, Y., 2022.
Sub-lineages of the SARS-CoV-2 Omicron variants: Characteristics and prevention.
MedComm 3(3), el172.

Yamasoba, D., Uriu, K., Plianchaisuk, A., Kosugi, Y., Pan, L., Zahradnik, J., Ito, J., Sato, K., 2023.
Virological characteristics of the SARS-CoV-2 omicron XBB. 1.16 variant. The Lancet
Infectious Diseases 23(6), 655-656.



