Smiall

Supporting Information

for Small, DOI 10.1002/sml.202308317

Multiplex Detection of Foodborne Pathogens using 3D Nanostructure Swab and Deep
Learning-Based Classification of Raman Spectra

Hyunju Kang, Junhyeong Lee, Jeong Moon, Taegu Lee, Jueun Kim, Yeonwoo Jeong, Eun-Kyung
Lim, Juyeon Jung, Yongwon Jung, Seok Jae Lee, Kyoung G. Lee*, Seunghwa Ryu* and Taejoon
Kang*



WILEY-VCH
Supporting Information

Multiplex Detection of Foodborne Pathogens using 3D Nanostructure Swab and Deep

Learning-based Classification of Raman Spectra

Hyunju Kang, Junhyeong Lee, Jeong Moon, Taegu Lee, Jueun Kim, Yeonwoo Jeong, Eun-
Kyung Lim, Juyeon Jung, Yongwon Jung, Seok Jae Lee, Kyoung G. Lee*, Seunghwa Ryu*,
and Taejoon Kang*



WILEY-VCH

1250 cm™  1105cm™ 763 cm!
1713 cm”! PO /
I 14

Absorbance (a.u.)

1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure S1. FT-IR spectrum of 3D nanostructure swab. The peak at 1713 cm™! is indicative of
deformations in the benzene and quinone rings. The peak at 1250 cm™ is attributed to the
stretching vibrations of the C-N group in the secondary aromatic amine. The peaks at 1105 and
763 cm’! are representative of the C-H in-plane bending and the C-H aromatic out-of-plane

bending modes, respectively.
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Figure S2. (a, b) SEM images of bare nanopillar, Au-coated nanopillar, and 3D nanostructure

swab (a) before and (b) after the capture of E. coli O157:H7 and S. aureus.
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Figure S3. (a, b) SEM images of (a) E. coli 0157:H7 and (b) S. aureus on 3D nanostructure
swabs. FIB milling process was performed for cross-section view of foodborne bacteria the

swabs. The nanotopological interactions between 3D nanostructure swab and bacteria were

marked as red arrows.
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Figure S4. SEM images of foodborne bacteria on 3D nanostructure swabs. Red shaded circles
indicate 633 nm laser spot (10 um). The images ensure that the laser spot covers the bacteria
on the 3D nanostructure swab. A portable Raman system with a 20 objective lens was used to

collect Raman spectra with a laser power of 8 mW for 0.2 s.
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Figure S5. (a, b) Classification results of Raman spectra (a) with and (b) without SG filter.
Classification performance was evaluated using metrics such as accuracy, precision, recall, F1-

score, and area under the curve (AUC).
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Figure S6. (a, b) Classification results of Raman spectra (a) with 9:1 train-to-test ratio and (b)
8:2 train-to-test ratio. Classification performance was evaluated using metrics such as accuracy,

precision, recall, F1-score, and AUC.
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Figure S7. Loss curves depicting the training process of individual neural networks for

classifying the presence or absence of each bacterial species.
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Figure S8. (a, b) Reproducibility result. For the (a) batch-to-batch experiment, 2,000 Raman
signals of bacteria were obtained from 10 spots within a single sample. For the (b) sample-to-
sample experiment, four samples of each bacterium were prepared on each of four nanostructure
swabs. 2,000 data points were collected by measuring 500 points at different times for each

sample.
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Figure S9. (a) Raman spectra of biomolecules and E. coli O157:H7 (80,000 ng/uL), outlining
the profiles for the bare swab, E. coli O157:H7, nucleic acid, protein and mixture. The nucleic
acid used was plasmid DNA, 8,484 bp in length, while the protein was neutravidin. (b) ID CNN

results of E. coli O157:H7 with and without the biomolecules.
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Figure S10. (a) Raman spectra of E. coli O157:H7 before and after washing. (b) 1D CNN

results of E. coli O157:H7 before and after washing.
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Figure S11. (a) Grad-CAM results of Raman spectra reflecting only positive gradient values.

(b) Grad-CAM results of Raman spectra reflecting positive and negative gradient values. (c)

Band intensities of 500.75 cm™, 1164 cm™, 1218.25 cm™!, 1465 cm™, and 1591 cm™! increase

as the concentration of E. coli O157:H7 increases (1: 8 ng/uL, 2: 80 ng/uL, 3: 800 ng/uL, 4:

8,000 ng/uL, and 5: 80,000 ng/uL). These Raman bands are in close alignment with Grad-CAM

reflecting positive and negative gradient values.
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Figure S12. Comparison of Grad-CAM results between Gram-negative and Gram-positive

bacteria.
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Figure S13. (a, b) Raman spectra of (a) dual and (b) multiple mixed population of bacteria (2
species: E. coli O157:H7 + B. cereus, 3 species: E. coli O157:H7 + B. cereus + L.
monocytogenes, 4 species: E. coli O157:H7 + B. cereus + L. monocytogenes + S. Enteritidis, 5
species: E. coli O157:H7 + B. cereus + L. monocytogenes + S. Enteritidis + S. aureus, 6 species:
E. coli O157:H7 + B. cereus + L. monocytogenes + S. Enteritidis + S. aureus + Y.

enterocolitica).

14



WILEY-VCH

0.2
@ Bare
® E coli
® B cereus
N L monocytogenes
® S Enteritidis
E ® S aureus
@ Y. enterocoliica
(] E. coli + B. cereus
C 01 E. coli + L. monocytogenes
o B E. coli + S. Enteritids
O E.coli +S. aureus
Q. O E. coli + Y. enterocolitica
E 3 species
® 4species
(@) @ 5species
o @ 6 species
© 0.0 '
Q.
(&S]
c &
= #
o -
L]
-0.1 1
T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Principal Component 1

Figure S14. PCA results for Raman signals of all bacterial combinations (3 species: E. coli
O157:H7 + B. cereus + L. monocytogenes, 4 species: E. coli O157:H7 + B. cereus + L.
monocytogenes + S. Enteritidis, 5 species: E. coli O157:H7 + B. cereus + L. monocytogenes +

S. Enteritidis + S. aureus, 6 species: E. coli O157:H7 + B. cereus + L. monocytogenes + S.

Enteritidis + S. aureus + Y. enterocolitica).
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Figure S15. (a, b) Classification results of Raman spectra with (a) single test data and (b) all
test data. Classification performance was evaluated using metrics such as accuracy, precision,

recall, F1-score, and AUC.
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Figure S16. (a) Algorithm of deep learning-based binary classification of Raman spectra

using multiple 1D CNNSs for blind test and (b) the corresponding results.
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Figure S17. (a, b) PCA results for Raman signals of blind test using (a) knife and (b) tongs.
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Figure S18. (a, b) PCR results of foodborne pathogens. (a) Analysis result and (b)

corresponding fluorescence curves for the PCR-based detection of foodborne pathogens.
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Table S1.

10% with a score value of 0.5 or higher were selected.

WILEY-VCH

Raman bands used for distinguishing foodborne pathogen based on Grad-CAM results. For each bacterial species, the top

L.
E. coli P Y.
0157:H7 B. Cer_'fzus Monocytogen | S. Entel_‘lltldls S. am—‘fus enterocolitica Proposed Assignment Referen
(em™) (cm™) es (cm™) (cm™) (em™) ce
(em™)
492 495.5
495.5 497.25
497.25 534 49'9 C-S-S-C
499 535.75 507.75 S-S stretching [1-3]
500.75 541 . Carbohydrates (Gram-negative)
509.5
502.5 513
504.25
737 Tryptophan ring breathing
747.5 Tryptophan [4, 5]
749.25 N-acetyl-d-glucosamine >
751 glycosidic ring.
114125 1120.25
1143 1122 Dextrose
1144.75 1123.75 C—N stretching (Amide III) 6, 7]
114 6 5 1125.5 C—C stretching (lipids) >
; 1127.25 C—C/C—N (proteins)
1148.25
1129
115325 1150 1150 C—H stretching
1157 1151.75 115175 dipalmitoyl phosphatidylcholine [8, 9]
1158.75 ’ 1153.5
11116620'255 11116650'755 1165.75 1165.75 C—C- conjugated stretching
1 16'4 1167. s 1167.5 1169.25 1167.5 —C=C- stretching [5, 10]
1165.75 116925 1169.25 1169.25 C-N, C—C stretching
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L.
E. coli - Y.
0157:H7 B. Cer_'fzus Monocytogen | S. Entel_‘lltldls S. aur_‘fus enterocolitica Proposed Assignment Referen
(em™) (ecm™) es (cm™) (cm™) (em™) ce
(cm™)
1171 1171
1171 1172.75 1172.75 C—H vibrational motion of tyrosine
1172.75 1174.5 1174.5 Guanine and Cytosine [11, 12]
1178 1176.25 1176.25 Fatty acids ’
1179.75 1178 1178 Stearic acids
1179.75 1179.75
1181.5 1181.5
1183.25 1181.5 1185 . .
1185 1183.25 1188.5 (Lp'rAOifi‘;‘)me’ Phenylalanine
1186.75 1185 1190.25 P=0, C=O stretching [9, 13]
1188.5 1186.75 1192 . .
N-H bending (amide IIT)
1190.25 11885 1193.75 Methylhexadecanoic acid (17Aiso)
1195.5 1190.25 1195.5 Y
1199 1197.25
C—N and N-H stretching (amide
1218.25 . . >
1213 IIT) Thymine, adenine (ring
1293.5 1223.5 .
1288.25 breathing) [4, 13,
1295.25 1228.75 . .
1290 CH: lipid deformation 14]
1297 1230.5 .
129875 1295.25 Saccharides
’ CHo, fatty acid deformation
11330020'255 1438.75 CH,/CH3 twisting
130'4 1321.5 1440.5 149475 CH»/CH; bending
1333.75 1442.25 ) CH,/CH3 scissoring
1305.75 1496.5 - ) [13, 15]
1463.25 1335.5 1451 1498 25 =CH deformation
146.5 1337.25 1452.75 ' C—C stretching
1468.5 1454.5 CH; bending
1552.5 1515.75 1501.75 1500 Ring C=C stretching
1584 1517.5 1503.5 1549 Adenine, Guanine (ring stretching) [10, 13
1585.75 1519.25 1505.25 1550.75 —C-0 vibration modes 15 ,16 ’
1587.5 1521 1514 1552.5 Phenylalanine , 16]
1589.25 1589.25 1515.75 1554.25 Hydroxyproline
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(55;01[_117 B. Cer_'fzus Monocytogen | S. Entel_‘litidis S. am—‘fus en teroI(?o litica Proposed Assignment Referen
(em™) (ecm™) es_1 (cm™) (ecm™) (em™) ce
(em™)
1591 1592.75 1517.5 1556 C—N bond stretching in the double-
1592.75 1594.5 1519.25 ring structure for dATP
1594.5 1596.25 1521
1601.5 1610.25
1603.25 1612 1619 C=0 vibration
1605 1613.75 1620.75 1661 C=C vibration
1664.5 1606.75 1615.5 1622.5 1662.75 Membrane lipids [14, 15]
1608.5 1617.25 1624.25 ' Cholesterol and cholesterol ester
1634.75 1619 1626 Triacylglycerols
1636.5 1620.75
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