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Abstract: In this paper, the enhancement effects of three kinds of nano-silver sol substrates with dif-
ferent morphologies on Bacillus subtilis, Bacillus cereus and Closiridium perfringens were prepared
and investigated, and the flower-shaped nano-silver (AgNF) with the best enhancement effect was se-
lected for surface enhanced Raman scattering (SERS) analysis. The results showed that the peak in-
tensity of calcium pyridine dicarboxylate (Ca®~DPA) in Raman spectra of three kinds of spores was
obviously different, which was the main characteristic peak to distinguish three kinds of food-borne
spores. Based on SERS data, the structures of the above three kinds of spores were analyzed, and
the rapid identification of the three kinds of spores was realized by combining cluster analysis and K
nearest neighbor algorithm. Finally, by constructing the digital quantitative equation of the linear re-
lationship between the logarithm of different concentrations of Bacillus subtilis and the SERS peak in-
tensity at 1 537 cm™, the rapid quantification of food-borne spores was realized.

Key words: surface enhanced Raman scattering; food-borne spores; different shapes AgNPs; rap-
id identification; digital quantification
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1.2 FEXWN=F
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1.3 REUEFREFAERAE
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ZHETF, ¥ Ead AgNO VTR AT MBS NaBH, BN, 2290 min BiPEBAL RV G, 3580
HYE IS . AR AR B T 4 CRE IR T -

AgNH "™ FEERDGAMET, MR 21. 74 mL7K . 50 pL 0. 05 mol/L AgNO,, 500 pL
75 mmol/L AT FRENE AN 2. 5 mL 0. 7 mmol/L PVP, J#IZUHFE 1 minJ5, PN 60 L 30% H,0,, ##
3 min, HJEMA250 uL 0. 1 mol/L NaBH,, ZdFeh B kA “Tofa -k e - TR f-a -
@ WAL, RPN RE RN SE . PRI JT ] L

AgNF BB ZEBAR RN 10 mL 2285 77K . 0. 2 mL AgNO & (1 mol/L)F12 mL PVP(1%),
ZIFABEGEFEIF NN 1 mLPTIRULER (0. 1 mol/L) , FFEEHEFE 15 min BIS BN RN T~ 7E 8 000
r/min FEL0 10 min, PEASIKIGEAT 10 mL REFKH, BEHERGOREER .. 77k L.
1.5 HRMEIRAE

F5 ) 75 5 ) 3 FPERAARAS L, RUE T L /MT WA e T i e ik . AR UV-Vis IE{E 17
EHIWRE S A DOREBAELE; it ZEISS Gemini 300 F14# LS (SEM) BEA TR SARERAE , JF 454 Nano-
measure ZAFXF SEM A TREALGE iH0Ar, iHECESRIAR .
1.6 HFmEl&E

SRR i 2 1) 3 PSR UL, B0, ACEEDLIE R K CREDR 3 IR, il b ks N 3
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AgNFIZHRGRRREG 1 2 LIRG, BRAIRE S min, YRR 5 25 SR A8 W G, A REl
Feai TEIOT B, IFEREIRMEG T BARBET M . 0 RBUR BER 107 efu/mL 1) 3 FP2E A 5 T2k
P EAENZS A IR, B R A . SEER T A B AR SEAE K (Vs © Vie=1 2 3) IR IELIEBE, K
JE R EREFRMNEZIR, DRRER G, BT EH.
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DL 532 nm O AER EIR L BE SRS I B A i R (S S BEA TR IE o R SR AR Bl 4 400 ~
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{81 JH] Excel 2010, Python 3. 6., Origin 2021 L4} LabSpec 6 #4404 4R AL,

2 #HRIGITR
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AgNS FFER IS . AgNHFE331, 477, 750 nm AL 2L SPRUE, 4355 A Ei HANY AR | T A DG AR R T P £
W5 R RS, 2 PR AURAT R L BIFAE . AgNF 7E 275 nm Fl 441 nm ZL I BLSPRIE, 512
BICHR—3 3PPAFITES A ERAUKAT R SEM RAELERIE 1B~D Fi7R, AgNS EIBEERIEAIK G,
AgNH 2INBTELER), AgNF 2IAEIRSEH) , 81T Nano—measure 71515 2] =& 1 FI R ) 0025k
112.56, 124.86. 98.65 nm,
2.2 AREFMMKM BT F A SERS GRS XT LE

3T WFFE AgNS . AgNH FI AgNE 3 PR [ETESR B BN KA R SRR R, LUF= S IENEAR TR 2540 Ak
M5, FHUHAL S G E 2 AR IR, SRR R A SOR SR PR AR I 2RI +NPs” 1R
FER BT R . B 24 R, R EMEHR SR, PRI RN SIS E S5, K
BRIV . FEE A FTEAURAOR BRI, PR PAR A 2R 255 &K 4 T A RIFLER
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Fig. 1 UV-Vis spectra(A) and SEM images(B-D) of AgNS, AgNH and AgNF
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Fig.2 SERS response images of three nanomaterials to C. perfringens spores
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Table 1 SERS enhancement factors of C. perfringens spores of silver nanomaterials with different morphologies

Type I, J/a. u. Igpd/a.u. G/ G- AEF

AgNS 852 48 129 100 5. 64x10°
AgNH 852 13 587 100 2. 10x10°
AgNF 852 218 060 100 2. 56x10°*

2.3 AgNF 3t 37z SERS BN I EE I

HBIE AgNF 76 QIR ZE AT v (R P, IO R AR R S OB IE U IR EE YA 10° cfw/
mL AN AT TR 2R . W AEAT 17 ZF AN P2 SRR I SR RE AL 15 0K, 452 K3 PR, LLAgNEF 2y
SERS FE I RAER 3 Fh & UE M ZE9A) 15 5°F4T SERS Yl LA R IFAO A Mo Al B 1 2R 90 7E 1 024 em™
Qb S VAR A A X AR (R 22 (RSD) A 9. 3%, SEFEAT IR ZE A0 7E 1 024 cm™ AbAY RSD 4 8. 5%, 1M P2/ <, JEHE
MDA ZERITE 1 024 em ™ AbHY RSD 4 3. 7%, I AW LIE Y, PR IA 2E00) RSD e fik, RUHH
TEAH RIS T AhL SR A iR 1k
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Fig. 3 Repeatability test results of AgNF enhancing SERS effects on three types of spores
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1575~1 577 e ¥IFEAER S0 HI A AHIE, 35 Fig 4 SERS average spectra of three food-borne spores in

C. perfringens spores 1295
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TEH AR, KX 5 3 b AR 2RI B AR AU % %
BeAh, fESERS Gl A T LI EERI 3B St - g
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BREE LR, X REN T AFERA 2 s L o :

B R R TG R, MRS 2, ]

FIEREFT T ZEFUAE 666~673 em™ (CRINEEE C—S i

MBGR) | 1047-1 054 e (AUBEENSIREG C—CBr
) A1 537~1 548 em™ (BERE 11 ) 4034 b & w5 1397}'?401 h};l46|—1452 157501577

= > i £y T N aman shift/cm™
TRshik, {EF%%E*& ﬁ}@ﬁj‘:ﬁiﬁ%m Lj_i K5 3R IR ZEH Ca™~DPA ) SERS Hilg
AT ; WEREFF I LA SR PR
FAE 1 235~1 231 em ™ (PBEAZ I ) 1 1 488~1 492 cm™ Fig. 5 Comparison of SERS peak intensity of Ca®*~DPA in
(PpnE s | S s ) 35 [ G E PR 2%, T 829~ three different food-borne spores

838 cm™ CHEHF AL 1 (C—C) ) Ab B0 HAFAE TR AT o 2E F R P2 SRR D 2R i s = [ il WA
FFIA ZEFAE 781 em™ (BE R C—NEEHZEIRNAE) . 896 em ™ (WHIR IR, WLEAZHE) . 1115 em™ (IR
PO, B AT 1 320 em ™ (BRVERS (RZTR ) ) Ab A HFFIERL S IRENE ; P TEREARTH 2FFIAE 634 em™ CEINEL
12 C—CHLMMEIR) | 744 em™ (ZHIRRERKSRBELE M SR TTC) FI 1 672 em™ (BERE T CAMBRIRE ) ) AbA R AEDR
B, HUERT 0L, FETF AoNF AL EHE) SERS B AR BA X/ AR 2R SR 2F A EE 1T .
2.5 3MBIREFRAEMEIRS

AR5 R HCA X 3 AP 2Ef BB S A T 2 X e o, Fadad 32 o 4341 (PCA) Al KNN 2541
e ) BRI SR AR ST AN TR R PN A, XFLL AgNF B ICABHE) SERS HE A I 3 Fh & 54 27
FR) o AR A T PR

HCA 2 —Fp el B iules2: 20 5k, B E T SERS Jeik e 7041, HiAE I MR E
SR A T SEBU BRI SERS g0 43 Hr, v LURBUERZE AT ik, FHA@RRR E R ER,
WIS SRR B AH IV 5 25 e
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Table 2 Tentative attribution of SERS spectral Raman shifts of three food-borne spores'*

Raman shift/cm™

. o
B. subtilis spores  B. cereus spores C. perfringens spores Assignment Raman shift/om " ( Reference)
- - 634 RN C—C HL B 624
666 673 - R C—S R 662~677
- - 744 21 L RE SRR BR A5 R4 2T 740
- 781 - Jig 2R C—N B PR it 785~792
838 - 829 BEAT A (C—C) 830~840
- 896 - WEIR —We, 4N 897
1018 1005 1025 Ca®*-DPA 1017
1054 1047 - A I BENR A C—C PPt 1 047~1 056
- 1078 1088 DNA, 0—P—0 1084
- 1115 ¥ PO, T i 1129
- 1235 1231 b 1235
1297 - 1295 85 CH(AEIE ) 1299
- 1320 - JRNEERS (R TR ) 1322
1397 - 1401 Ca**-DPA 1395~1 403
1452 1 446 1451 Ca>*-DPA 1 440~1 452
- 1492 1 488 BRIEERS SRS 1 486~1 498
1537 1548 - Pz 10 1528~1 547
1575 - 1577 Ca**-DPA 1570~1 580
- - 1672 b 1 ST AIIE ) 1 665

Bl 6 Ht SERS Yk HY R /s Hh 3 AW 32 " g
BRI E R RTCAT . TR 3 AL : : : :
B, 3RS S A 3 A AL TREE, Pl
AT A7 25 0 R S AT 1 24 SO SR 28 B B O 7 I 4 A o —
2K, RXPRISHIG B AE SERS FAER 2638 LY
REARLRE G e o SR BR DA AT T[] e 28 FEAT 1 1 ) 14 2F

L=

O R0

(SN IORR
LLI]

|
!

i, AL RREREONRIL, T SRR e
WSS B S L Rk sy E e B
Al FEFSERS GRHORLE S HCA ST, AR
fe3F03FH, T HIERERIRIRFIOF I 5 i 95
) L 2 e o 290 2 R 22 S (5

SR PCARS 3 FSFIIN RO R SR TR e (2
B, DO TUARIFE . SRES MR, JRREAGIHE (DE
YR FE . PCAME D —FRMCB S ik, HEA (B
WA T B S B — AR R T ey (e

Feor b, SERAHRAE B REAN. X —MRERAERAR 6 3o arififkirfusERs B0 HCA 2 RRHRE
FREEHLOR B B B O 5, MARAESTARAEEE BAE e © e diswram o FTL7 vesulte of SERS mpsof
i BT AT R R i O AR SR A Y GRS 3FIEE A1-A1S: B subiilis spores; B1-B10: B. cereus spores.
FN ST S B A T B S BT R, R 2 CIRC10: € perfringens spore
A FE RS (B DT b Br ([ 8), BB FHtE 4 80 - 100
AT RN HERAE

I FH B4 i () 200 H b T KNI SR , KINN e — it
T W 2 20 Sk, T 2y 2R ] ) ) T,
HAZ O AR @ TR OR PRIC R s 5 C bR IC O
Z I BE B, ) 228 e D0 6 i R AR T A A
20> KNN BA SR EW . 5 T A S A
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90
40
-85
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04/OTIEI OUBLIEA QATJR[NUNY)
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- 80
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KINLERIESE A%, ST RIS KD R, 43 BT Ry RS

Fig. 7  Principal component cumulative contribution rate
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Fig. 8 Sample data distribution after PCA dimensionality re- ) . X s
duction Fig. 9  Recognition rate of KNN with different K values

bl KAELAOBE G, RUBMERR R #T TR, Hb, Y270 )G, REREEE TR, AR K=
1, ZrMr R 2R IR BROR, 45 W3, mRwT B, K=1 89 KNN B ELE IR IR 2528k iR
AR, RBEDT IR 100%,

A3 3P EIRIESON A S ALY KNN AR 2825
Table 3 Classification results of KNN model of three food-borne pathogens

Prediction group

Measured group

= = Total Sensitivity/% Specificity/%
B. subtilis spores B. cereus spores C. perfringens spores
B. subtilis spores 34 0 0 34 100/100 100/100
B. cereus spores 0 46 0 46
C. perfringens spores 0 0 40 40

2.6 REMFRANBFUEERIULE

LR EE 534107, 10, 10°, 107, 10" cfu/mL MR EAF IR 2FH00E T SERS TR, #4542 AgNF 3858 5L IE
AN A BT DA SR B 5 B R AE I 1 537 em ' Ab SERS U EE 2 [B] 1) 26 2 . T 10A FF,
HiEAFPE 1 537 em™ 4011 SERS 5 EERRIR BEREARIM PR, 10" cfu/mL MRS FEFF B ZERIRILE 1 537 em™ AR
TEMEANHA R, o ARG A R 28 A A ) 3 B2 1 X 00 (lge ) AR ARAR (), BL 1 537 em™ Abiiesia BE AR AL b
(y), BEZEHREETLE BITFE y=6 767. 38x—6 240. 21, r=0.92([&10B) ., HMLEI UL, LLAgNF HFEJE
PEHE) SERS B A IRV 2R AU EAT R IFIE BOATEE ST, ARG RAT I 2Rz BR K 10" cfu/mL,

A

B
[ 50000 1537 =6 767.38x-6 24021
' 30,000 =092 }
3 ;
g 5
I =z
z £ 20 000
£ z
-8 g
g
: g ;
k E 10000
=
]
[
04
400 8(‘)() 1 2‘00 1 6‘00 I1 é é 4“ g
Raman shift/cm™! lge/(cfu-mL™)
B 10 AEAT R 2R SERS JEHE (A) B FILE SR (B)
Fig. 10 SERS spectra(A) and digital quantitative model(B) of B. subtilis spores
A
3 # &

AT R T AgNS. AgNH Fll AgNF 3 RS [ T3 ) B IR 2R B1RL, FFx H#E AT 1 UV-Vis Al
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SEM RAE, @5 R BT REHB SOGIE AL 1 3 PR R ARGIRATR B 5858 . 45 R 2R,
AgNF X} &R ZEHLAY) SERS Mo R i o 35 . @ )t AN [RIFh s &R ZE A0 SERS 3%, $8/R TE
Tz 1) i 22 Sk o DX 23 3 Fh 2 U5 27 f () ZEHFAE U5 23 A 7 1 005~1 025 em™, 1397~1401 em™ |
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