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Fig. 1 Phase-contrast microscopic image of three food-borne pathogenic bacteria spores
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Fig. 2 UV-Vis absorption spectrum (a) , particle size distribution (b) and TEM image (¢) of AgNPs

2.3 HFEMHBFEFER SERS B XK @i

i SERS #ARXT AgNPs, 3 M2/l fl 3 Fh2i Ml 5 Ag-
NPs B #52 G 9040 B JEAT 12 IHEHL B 8 B R &, &5
LKL . H— L FF- 3 AL H . AgNPs X 3 Fi e 54 0k 7 2F
i) SERS MR L 3 Bl IR P BOR B 2F fL ) SERS 1y
&SP A SERS 63 hi & 47 8 1 2 V1 Jm A 3L B 4
RK1FR, 3 M EEEBONE 5 AgNPs &5k 17
SERS Kzl (i &5 R 4n [l 3 i . fEJC AgNPs IS T
3 B P BO B 2 T A B0 O T PR BAT: ] o 2 R AL 0
W, %t AgNPs B C. perfringens spores, C. dif fi-
cile spores 1 B. cereus spores ¥ i 7~ H B 5 396 55 %5 0 1 7 8
ek, H3MFRMNEFES Rz EERNR., Bk,
FIALL AgNPs #0618 1Y SERS A A I F1IX 431X 3 b
I BOR T 2F A AT AT .

40 000 -
350001

30000 4 B ceres spores FAEKPS
25000 A
C. difficjle spores+AgNPs

20 000 A
15000 A

Raman intensity/a.u.

C. perfringens spores+AgNPs

10 000 A

B_ cereus spores

C_difficile spores

,_m‘_,w,»-\____,\/\_/\,—\'__
5000 -
_’_\—V’N—\_“_'Wa
0 AgNPs

400 600 800 1000 1200 1400 1600 1800
Raman shift/cm!

3 AgNPs 3t 3 fi iR 4 B9% B F 7 i SERS M2 R
Fig. 3 SERS enhancement effect of AgNPs on three

food-borne pathogenic bacteria spores




XUMEARAE . HE T SERS AR £ U5 A%k B0 B8 25 07 S 6 3% 5 1 2544 20 B bR U

2777

1091

~
=)

B. cereus spores

12 000
8000 o
40007 < S
04 I~

= C. difficile spores §
< 16 500
2
g 11 000
g
§ 5500
g
51
o~

C. perfringens spores —

12 900

8600 1

4300

0.
400 600 800

1000 1200 1400 1600 1800
Raman shift/cm’!

4 =MRREEBREF AN SERS FHiEL EiE
Fig. 4 SERS average fingerprints of three food-borne

pathogenic bacteria spores

TE 3 R EC IR PEBOR B 2 0 SERS JB % i Ca®' -DPA # 4L
5 Pk gl W K BN 0 R S R E AL, R R AP Ca -
DPA e B8 it 2R TR 520 ~150%0) . HAr & diksh

W3 B K 7E 657 ~663, 818~820, 1 017, 1 389~1 393,
1441~1 449 F1 1 572~1 576 cm™ ' B, ¥ Ca®" -DPA 5
ARV SR 45 Co—Co s FEXT C—Co 43 RI7E 3 27 4
1t U B RE EAT XS LG, SERINEE 2 PR, R 1 AT, Catt -
DPA 8 M RHAEIETE 3 Fp2F f1 SERS St 2B . C.
dif ficile spores SERS Jgifrft Ca®" -DPA ) 7S A 45 AiF 1 064 55
FEYIE T C. perfringensspores Fl B. cereus spores, C. per-
fringens spores IRZ. . 3 M ZE L) Ca® -DPA £ 1 017 em ™!
(Ca®" -DPA) fb i & 0 53 B ¥y e e H 22 701 . & Ca® -DPA
1 32 BERFAE R . AR X = 2 A Y SRR 0

3 AP VR BUR T AEALAE 425 ~ 434, 553~559, 774~
778, 1 091~1 098, 1 233~1 236, 1 327~1 331 fI 1 661~
1669 cm '"JEEAEH B SIENE, BR 1094 cm ' 7E B.
cereus spores VTR FE W W T H AW BT RN 2F 150, HAH A
P B 2 YR B U Y o 0 SR R AE 3 B R AR — B, X gk
SR S 08 43 B U B T RE R h ok (b S e E AR L B a
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Table 1 Tentative attribution of Raman shift of SERS spectra of three food-borne pathogenic bacteria spores
e e U )1 oS ot
425~434 481 TRk A& 0 B SR S G + + +
553~559 540~560 S—S R fd (& H D ++ ++ ++
657~663 662 Ca?*-DPA + ++ +
774~778 776 i e e B I E A% R ++ ++ ++
818~820 810~827 Ca?*-DPA + + +

890 880~900 —C—O—C—Hiff - + -
936 930~957 Wifg N—C Hifip + - -
1017 1017 Ca?"-DPA ++++ ++++ ++++
1091~1 098 1092 O=P—0 45 4% 3h ) ++ ++ +++
1233~1 236 1220~1 248 C—H, Bt 3h + + +
1271 1273 i e 111 2 A D + - -
1294 1297 CH, 28B4 3 I 5D ++ - -
1327~1 331 1 323~1 334 C—H B4R 3h (R A D + + +
1389~1 393 1393, 1397 Ca?*-DPA ++ ++ +
1 441~1 449 1445, 1448 Ca’" -DPA ++ ++ ++
1572~1 576 1570~1 576 Ca?' -DPA +++ +++ +++
1609 1616 1% & R G A 5D + - -
1649 1655 FEfE T CGRE A D ++ - -
1661~1 669 1665 Bkt 1 CAS A AR I3 ++ ++ ++
1768~1 772 1745 fafg C=0 3l b4 + + —
TE: 7 RORTEE DA AT, U EE 2R 2R A /N . — RN OGS B i
Note: “+” indicates that there is a band on the spectrum, and the number of “+” indicates the intensity of Raman peak; “— ”represents no

spectral peak on the spectrum
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Table 2 Comparison of six characteristic peaks of Ca’t -DPA in SERS spectra of three spores
FRAE I 2 5 C. perfringens spores C. difficile spores B. cereus spores
C 691.56+111. 44° 3 203.564+114. 32 514.07+164. 20¢
Cy 1627.82+£110.73° 2 961.784116.63* -
Cs 12 848.734122. 95 16 867.774129. 82° 11 035. 274174. 48°
Cy 2 364.93+135. 98" 3 536.54+141.93* 760. 334200. 46¢
Cs 5252.114+137. 85 7 083.814145.53* 4 860.83+201.51°¢
Cs 8 317.114136. 46" 8 849. 84+ 151. 83" 6 924.894197. 80°¢

TE: TE AR FATEBEA IR EARE R R R ZER AR (p>>0.05); FATEEA AR _EARFRE KRR 25 8% (p<<0.05); “—"FKmok

SR A

Note: Mean= Standard deviation; There were no significant difference in the values of peers with the same superscript on the same row (p>

0.05); There were significant differences in the values of peers with different superscript letters on the same row (p<Z0. 05); “—"repre-

sents no spectral peak on the spectrum
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Fig. 5 Repeatability test of SERS spectra of three

food-borne pathogenic bacteria spores
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Raman Spectroscopic Characteristic Structure Analysis and Rapid
Identification of Food-Borne Pathogen Spores Based on
SERS Technology
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Abstract In order to explore the Raman fingerprint of food-borne pathogenic bacteria spores for rapid identification. In this
study, the spores of C. perfringens, C. dif ficile and B. cereus were used as the research objects. The SERS technology of
AgNPs synthesized by the sodium citrate reduction method was used to detect the Raman spectroscopy of food-borne pathogenic
bacteria spores and analyze the similarities or differences among different spores. The SERS spectra of three kinds of food-borne
pathogenic bacteria spores were combined with principal component analysis (PCA) and hierarchical cluster analysis (HCA) for
comparative analysis to identify different species of food-borne pathogenic bacteria spores. The results showed that the SERS
spectra of different food-borne pathogen spores had sufficient specificity and reproducibility. In the SERS spectra of spores, the
number and intensity of Raman vibration peaks of Ca’" -DPA were dominant, and the Raman vibration peaks were located at
657~663, 818~820, 1 017, 1 389~1 393, 1 441~1 449 and 1 572~1 576 cm '. The intensity of six characteristic peaks of
Ca*"-DPA in SERS spectra of C. difficile spores were higher than that of C. perfringens spores and B. cereus spores,
followed by C. perfringens spores. The Raman peak intensity of Ca’"-DPA at 1 017 em ™' (Ca’®" -DPA) of the three spores was
the highest, and the difference was noticeable, which was the main characteristic peak of Ca’”-DPA and the main characteristic
peak of the three spores. In addition, C. perfringens spores showed unique Raman peaks at 936 cm™' (N—C stretching of
phospholipid), 1 294 cm™ ' (CH, deformation vibration of lipid), 1 609 cm ' (tyrosine of protein) and 1 649 cm ' (amide [ of
protein). C. dif ficile spores showed unique Raman peaks at 890 cm™ ' (—=C—QO—C— stretching). PCA analysis showed that
the variance contribution rates of PC1 and PC2 were 51.10% and 39.70% , respectively, and the cumulative contribution rate
was 90. 8% , which could effectively distinguish all samples. HCA analysis indicated that the SERS spectra of the three spores
were divided into three clusters, and each cluster of the three spores had no cross-interference. The combination of multivariate
statistical analysis effectively realized the distinction among the three spores and distinguished the distinction between

Clostridium spores and Bacillus spores, providing an effective means for food safety control.
Keywords Food-borne pathogenic bacteria spores; SERS; AgNPs; Spectral analysis; Rapid identification
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