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Abstract: By comparing the model performance of random forest (RF) , support vector machine
(SVM), principal component analysis support vector machine (PCA-SVM) , and convolutional neu-
ral network (CNN), the optimal model for rapid microbial limit prediction based on surface enhanced
Raman spectroscopy (SERS) technology was obtained, providing a new method for rapid microbial
limit prediction of intermediates in traditional chinese medicine (TCM) formulations. First,
Au@A¢@Si0, composite nanomaterials were synthesized as SERS reinforcement substrates. Second-
ly, a double—layer membrane filtration method was used to prepare the intermediate test sample of
TCM preparations, and the antibacterial activity of the sample was investigated. Finally, SERS
spectra of 30 batches of intermediate samples from TCM preparations were collected, and RF, SVM,
PCA-SVM, and CNN fast prediction models based on ResNet architecture were established, respec-
tively. The results showed that the accuracy, precision, and recall of the established CNN model
were all 100. 0%, with an F1 score of 1. 0. The receiver operating characteristic(ROC) curve showed
that the CNN model had higher rapid prediction ability for the total aerobic bacterial count (TAMC) ,
total mold and yeast count(TYMC) of TCM intermediates than the other three algorithms. It can effec-
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tively predict the microbial limit of the test sample, provide effective risk warning for unqualified
samples, and improve the quality control level of intermediate microorganisms in the production pro-
cess of TCM.

Key words: surface enhanced Raman scattering (SERS) ; machine learning; microbial limit test-

ing; rapid prediction
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FILAZE S 2 B AR Y 0K, OB 2 2 BIAEYrTa e, TR AT 20k 5 24tk

HET, R yi et 8uk i) R, (HHALAE 2 3~7 REEERIRMNE, 5. 75
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ARWEFE LA 25 R Tl R A G, R SRR . 3ECEE 30 ALY 2l
R R R AR, S S O AR AR D8 T R BR AR BTG R T, M 2020 Rl
FEl 25 ) DU 1108 2GR R BUEIR BERE AL, WPREARHERT TAMC 55 TYMC R, A1) 5
AP FEZE A B AE YR I B Ol . Hob TAMC W] 252 B 5 R B E0h 2X10° CFU/g, TYMC A HESZ B 5 R
I Eh 2x10° CFU/g, A i) UEIBR BE AR IR, AT & R EYIBR BERTI I REARIR T “54% 7 IR
%, MAFFERRART ARG b, FNDRRE “G/%7 5 A8/ FEARK SERSGIE,
IEFEAHIREE . W PEAE RE. SVM. PCA-SVM HIl CNN SRALa 2% >) B g ar 1 DR A AL PR RE
PEFFBIIVERELS . {ZALBEJT5m IR T rp 2570 550 b (e) Ak TAMC 5 TYMC B A PRI FITA] o

1 SCIGERS
1.1 RFS5EE

F AW = /KA (HAuCL-3H,0) | #FEMR N = /K& (CHNa,0,-3H,0) | 4-37 & 2 FL 1l 12 (4-
MPBA) . TEMRANER . 3-E LN EE- = 2 AR (APTES) FIBTIR MER A B Sigma—Aldrich( i) . #02
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ERZ I (PBS, pH 7. )W B IR SEERHAIR A A 5 AR (AgNO,, 4 99. 9%) Il B Kidtridk
T REAZERFN) 5 $hE: (HCD) W H KRR (KHEL) 5 Luria - Bertani (LB) iz . & 355
AR AR E 5N E LA TAY TREARRSARAR (L) . SCHKE A BAK, |
Millipore 82l KA (5 R 5 28 7] )45 . FrA SERS it 44)5@id (DXR2, Thermo Fisher, USA) R4S
HeiEASCREE
1.2 XWHZE
1.2.1 ShHAHEHFhEEREEEEBRESRMEWRERS 5200 H 255150 ) A A i )1 R
Y. MARERY) . AAKIRY SRS AU RER AT A . AW GE HR 4 oy BAPUATE T
BT 56 2 BRI DA T 4 LA o 0} S A B A A 48 2R . Gl AR R 5 T R v B
PUBETRTE . BAREVE A . BRESRRE 100 65533 500 H AT, i e AR5t B4 73 s Ak 4
RS TS Yl #e,  DARICRVE PRI J7 08 A o 4 L J5 o [ O 2R 4 50%~200% B,
WH O] BT A T A O PR A 5 5 i s T T [ S8 /N T 50%, M B R BGE H 7 VT it
SRS o AT LIS R 2R AT I 5 KR A 3 o R E Y, R BT
A A i iﬁ%ﬁéﬁ$ﬁjiﬁ“ﬁ—%ﬁ%ﬂﬁ@%%i@%iﬁ
PRLTRON IRAZH - 2 P P 25

ZERPURATEPE G O FE A 2 2020 MR R Z5 ) DU S <1105 JETE I P= S i AR P BR BE R Ay,
SIS 24350 Tl ARy AR 3 T TAMC AN TY MC B EEARG 2
1.2.2 SERSEEMAREFNHEREFE #id Lee—Meisel FE H& 290K F(AuNPs) , BEJGL
FrERaVE e R, PR MLERAE AuNPs R TH L JFE AgNO, Hil 3 B AR (Au@Ag) Kb 7. ZJGTE
Au@Ag HMITE Si0, 45, i3 Au@Ag@SiO, kAR, BB IR . e, ZEREFSHRH A 20 mL
AR, RN 0.7 mL AuNPs, 1 mL(1%, FtE20%0) BB IRRENE B 3 mL 1K) 10 mmol/L HTIR IMLER
VW, TR THERES ming ZJ5 MRS EELL0. 15 mL/min B3 BEEATHERMMI0. 7 mL K EEA 10 mmol/L
1) AgNO, L, 100 B R 55 %% IR S (A RIR Au@Ag, 7E 100 mL [BIEESHEH I 30 mL Au@Ag 5 1
mmol/L. APTES I 0. 4 mL, i FIHFE 15 min 5N 3. 2 mLEERR @AW (pH 10. 3, 0.54%, JiiEsy
), ARSEBEHE3 min, BGIEROVIRETFE 90 °C, {RFF45 min, KRR N BILE KK A EILL
&1, BB H) Au@Ag@SiO, WKIAIEAE 5 500 r/min %53 T 850 15 min, il FIABAUKEEEPIRG, B
WEL, FEEHRER TSN Au@A@SiOPKKLI T, T4 CiEfE, FHELIHAE N SERSEEIEL .

BUE SR cp 25 500 b e AR S R, 8T JE R IXPBS LRI 1 100 R . LIBUZ B g 7 1%
MR T AR, B R A TRAR B TR . A, A 500 H UEAR I iR,
B AR R ARV BN R , BB IRIE, RS FLAR R 0. 45 wm B DENSEIE5 5 o 8k BE AE DR AR %
I, a1 mLAY SERS BRI EN G IERE B, SRR EZmAHNEA 7 EH S min 5, £
PRALGE SHIARIET, BUBTELR, REESERS .
1.2.3 HEHIIFEBRE A SERSHHE H Thermo Fisher DXR2 WA S REACINAS, 43 H 785 nm ik
Jeds, 16 1088 T 1T mapping HACRE . HACRESENT . BOLRER 30 mW, 25 nm B4, Bk
R 45 BRG] 5s; FHIREL: 16, E5E 200 pm X 100 pm (Y IXEL,  LL20 pm A5 KRG

A 2020 iz H ) 24 ) B A= W R AR X TAMC A TYMC A BR B BR , B REAS B B Ak o B A A
ZERR N BT 5 UAEHET. Hi, S 5RENGEFEATIA G 154, Bt EEA
PR <1, 2,27 JRERIE 4 NIBACH, B B SISO K, RN EAA BRSO &K
Rk, BIEEAMEIRR 200 50605 . HOREAIAEAIEHE 3 000 55, AHEMEFEALIE 3 000 545, Eit
6 000 5% .
1.2.4 FIFIRBWEL S5EM M H Scikit-learn HEZL ) train_test_split PR ELFT LA IR 4050500+
IREHLIAE ik, $RER T © 3PS ER AR A B SR E . K, IIEEES “G1% HA5
“AEHE” HEARSERSHIER 2 100 4%, MNASEME “G17 HALS “A64" HASERS i 45 900 4% .
LIAH [ A E 8243 5@ ST RF. SVM, PCA-SVM HI CNN AR, RF 55 SVM BRI BT Scikit-learn HEZEH)
i, CNNALBVELT Pytorch 2. O TREES JHELLE A, BERLINZR{L H Tesla V100 GPU (3£E NVIDIA 24 W) )
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i AR 200 558 UIRAIENS RF . SVM DLz PCA-SVM BRI S8t 74k, CNN BRI 23
HIPEACLL Loss FIHERRRE TEbn . LIMERREE . WAL . Al F1 0%, ZilE R ER e 2 (ROC) L
J AUC (Area under curve){EL A AT F8AR%F AR A H 00348 TAMC A TYMC f A= 4 R 34 A b 4]
HERIEREA TR, TR

TP + TN

BB = 5 IN + PP+ PN 0
TP
gk _
I = 2)
TP
7 R =
A [\] 2% TP + FN (3)
F] = o x Precision X recall (4)

precision + recall

Hrp, TP, FP. TN, FNHAEIER, BuEf . Haf, B,
2 HRE5iE

2.1 MEEEERITFN

A 2020 Rig I 25 O M€ T, A PSS I OORE S A T DS 3R S50, R 2 R A 1 ) T g
KA A 829 1 98% ;57 T A [T 23 0301 Fg 809 1 87% ., &% HL 6B, B i AR B i lsnd g
T2 R A T D ) I WS R 38 0 T 80%, R HHZ A A T i I TE I D 1 sl b 7 AR 35, WIR A
T VIR T R D PR ARSI
2.2 HARMEYRERNLER

FZHE 2020 iR (P EZGH YIS “1108 2 R EYI IR BER ik B L , ARPEFEA TAMC
FITYMC BIREINZE SR, AR N B8 5 “AE1” 2], Hdr, TAMC 5 TYMCIFF& R ERR
HERD “HA%”, TAMC B TYMC H8bRA —IATF G IR ERERD “AE187 . AEBAEARTELE 3PS
Ot AL TAMCAEATFERRERHE . (N TYMCEAFF SR ERE . TAMC 5 TYMCAEXIASF 6 R EEbRiE

ST ST AT B A AR Iz AL BETT, IR TR A ], NGEREARN R RR
W AR AT ) B REE , DRI, 8 36 1 A 30 ILREAR R BE SERS Yol b i e 45, 30 IbAEAR A4S
BT 5 CAEET FEARS IS, CAHRET AR AR TYMCEATT A R ERREN AR (75 16~
20) . TAMCAEATF G BREARERFEA (F5 21~25) . TAMCAE 5 TYMC B IATF A IR EbR A (5
26~30) %% 54it.

F1 FETPAREOE R A R BRI 24 S

Table 1 ~ Microbial limit test results of samples

No. Batch number TAMC/(CFU-g™") TYMC/(CFU-g™) Result
1 T220420 0 0 i
2 1220421 0 0. 33x10?
3 1220502 0 0
4 1220503 0 0
5 1220504 0 0
6 1220505 0 0
7 T220509 0. 33x10? 0
8 T220612 0 0. 33%x10?
9 1220701 0 0. 67x10?
10 T220702 0 0. 33%x10?
11 1220703 0 0
12 T220704 0. 33x10? 0
13 1220802 0. 33x10? 0. 33x10?
14 1220803 0 0
15 T220804 0 0
16 T220417 0 3.50%x10° TAMC & &
17 T220418 0 2.67x10° TYMC G

T220419 0. 67x10? 2. 00x10°

oo




5511 3] BIESCAE  SETRLERE T B 2 50 b A TRl A PR P R TR B 1729

(8:31)

No. Batch number TAMC/(CFU-g™") TYMC/(CFU g Result

19 T220523 2. 67x10° 4.3x10°

20 1220705 0 2. 67x10°

21 T220801 2. 67x10* 0.33%10' TAMC A
22 T220805 3. 72x10" 0 TYMC A
23 T220603 1. 3x10" 0

24 T220807 6. 5%x10* 0. 67%10"

25 T220806 7.2x10" 0

26 T220510 7.2x10* 2. 14x10° TAMC A& 4%
27 T220610 6. 34x10* 3. 3x10? TYMC A4
28 1220524 3. 7x10° 1. 8x10°

29 1220703 4. 49x10* 1. 1x10°

30 T220803 5.9x10* 4. 3x10?

2.3 7 SERS HiGH#r

FI1ARE G 5 45K HARRSERS G, AR RS FIZEHA AR R A%
i WLIEH “GH"7 FARS “AEtE" HAZBITCE BRI E 225 1 TR E IR B AP,
DRI R Lo 2 2 TR SERS SRS E 140 2840 34
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B BT BEARS CAERT FEARE) SERS LI
Fig. 1 SERS spectra of “pass” and “fail” samples
A: pass, B: TAMC pass TYMC fail, C: TAMC fail TYMC pass, D: TAMC fail and TYMC fail

2.4 AEREEHRRETAIEEERE
2.4.1 ETRFEGPRIBFAMRE PR RIEE T2 0 BOE @SB BT 00 T BRI 54
BRI 28 SIS R A THE P o 76 RF ARSI ZRad e, i 58 SURRE ARS8 3R o0 28004 T R
&, £45 n_estimators , criterion flmax_depth, H:HY, n_estimators 5575 ) i RIERIKEL;  criterion
G DRI AR AE R PR bR, B BRIAK Gini 850 max_depth R B AKIRE, HZ
HARALIX A n_estimators= {100, 200, 300} . max_depth=12, 10, 20} criterion= “Gini”o Z5HULIR,
W2 n_estimators=200, max_depth=20 e, AT A P i LSRR, RRIEEFEAR G T 3s B
EJG, WEBRIE 799, 67%, KEHERE H799.34%, 2 A7100. 0%, F1434h99. 67%, TAE I .
NP 2B REBURAE SN SRR HETIE A 70. 679%. RETRIE 100.0%, 731015 41, 33%, F1
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TIELN 58. 49%. AEERE CAERT FEARRAD CEHET

Test set confusion matrix

BRI S, (0 oA BRI “Rats” o0
FEAR BB TS B P .
2.4.2 EFSUMMBERMAME (cbfisvmiegy o) B0 e
P, 50T EN R C RS HR BB w00
MRIA. CRIXIRIENTEATRERE, Cllm, BMIBARRER 2 a0
BIHMRE, FHA KL OB, EoRBG. ¢ 30
W AE— DB TR, BETEE N 10~107, 200
LI 7E BB v HEAT A BRI 2 . SVMOBEE 1) (4 "
BRI 2 (Linear) . 218 ZERREL(RBF) . sigmoid FI 35 & &

RPOLY) . ISR 0T LIS Ao 23 S e vy
SRV o W 4 AR TR, SRR SVM B A% (] i 44 46 2 RERLASNIRIIA B 5 R

Ay A pR BO IR AR B YR W B S )T, AR SCEEVEAT SVM Fig 2 Confusion matrix for external test set of RF
BT, 587X A AL IR S BB TR . g model

201, VAR08 7 HED, BIEEER SVM sAASRIN) C S 1, AZ RN Linear, 1ZARRFERE 1IE SR HE
TREE£99. 21% . KEHHEE A 100. 0%, FE1Z 498, 42% . F14350499. 20%, LA HE 2. 112 0 ms, %Y
HAEBIFHTHERE .

A2 SVMAERLIESEMBIERE
Table 2 Model performance of SVM in validation set

Model evaluation metric

¢ Kemel function Accuracy/% Precision/% Recall/% F1 Fit time/ms
1 Linear 99.21 100. 0 98.42 0.9920 2.1120
10 Linear 99.21 100. 0 98.42 0.9921 2.067 3
100 Linear 99. 21 100. 0 98. 42 0.9921 2.289 6
100 RBF 98.78 100. 0 97.57 0.9877 3.1740
10 RBF 97.04 100. 0 94.10 0.969 5 6.5276
1 RBF 73. 81 100. 0 47.62 0.645 1 10. 4329
1 Sigmoid 61.33 63.13 54.90 0.5867 7.307 1
10 Sigmoid 57.90 58. 11 57.05 0.5753 6.709 1
100 Sigmoid 57.21 57.32 57.19 0.5720 6.428 7
100 Poly 69. 88 100. 0 39.76 0.568 8 11.693 6
10 Poly 66. 74 100. 0 33.48 0.501 4 12.699 0
1 Poly 62. 19 100. 0 24.38 0.3913 12.763 7

TED R T LR IS R nT LR A ] 2%,

Test set confusion matrix

&1 3 B . Uk SVM AT 76 ) T 8 vP B o 5 900
78.50% . KEHHEEH 99. 42% ., T H57.33%., F14% } 80
HOR T2 69%, WIS BTOIR S MBERRA, o s
BONLENA R F ARG, SRS = E E 500
2.4.3 HEFPCA-SVMEyREFF4ER i fij PCA g -
LV IR B4 SERS ¢ 1% v 85 36 Pk 0 K5 A 1) 2 | 0
BT BRI T 050 UKL ) S Ao A e 20
PEAE S SVM AR (55 NAS 8, 73857 PCA-SVM FE A :’0

mE 4R, SR 6 AN TR, RHETTRRE BT S S

, - s ¥ &
99. 8%, ZJGEHEM A sy, TR IR i

0.5%, Kb, #64ERsrER SVM BRI N EF T
I Fig. 3
PCA-SVM BRI SHURALZE R INE 3 P,

3 SVMAERISMRI R FE R IR VE RS

Confusion matrix for external test set of SVM model
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PeAE I iy C 2 100, AZeRECH RBF, ZERITER IE
B )T B A 98. 95% . KT A 100. 0%, 4 Il K
$797.90%., F1 43%0°40.989 4, #HAIMVERER IiF, &
PCA AbF 5 A ECHE 25 A2 R 5T (¥ 40045 Bk ) 0 L) o
mFEEA RN, MR R .

TERRIN R SECT , il AN IR A g A
RIVERE, I 5PT/R, PCA-SVM REEILE IR 5 i v
S 54.89%., KU BE A 74, 44% . 43 181K A 14, 89% .

F143%0000.248 2, WIGEG™H ., 48 46 1M - — -
EF], 766 MR B, KRR CERT AR Principle components

AERT B, RALGIE AR SR 5% B, 4 PCA ERAMINRIEH
RIGRYEREZE . X OTREAEH T 280 PCA Ab3H B AR AR Fig. 4 Pareto chart of PCA principal components
T SERS G itk B4 I DL IE AT AR s ST A, (HEIE

1.0

e
=)
1

I
%
1

Explained variance/%

I
N
1

RTHHABEEER.
%3  PCA-SVM7ERZIESEAERIERE
Table 3 Model performance of PCA=SVM in the validation set
. Model evaluation metric
(¢ Kernel function . o
Accuracy/% Precision/% Recall/% F1 scores Fit time/ms

100 RBF 98. 95 100. 0 97.90 0.989 4 0.0917
10 RBF 97.10 100.0 94.19 0.970 1 0.1393
10 Linear 96. 88 98. 86 94. 86 0.968 1 0.1576
100 Linear 96. 83 98. 14 95. 48 0.967 9 0.2972
1 Linear 96. 33 99. 50 93. 14 0.962 1 0.1854
1 RBF 94.71 100. 0 89.43 0.944 1 0.2887
100 Poly 85.02 100.0 70. 05 0.8238 0.2275
10 Poly 78. 17 100. 0 56.33 0.7206 0.3334
1 Sigmoid 63. 14 64. 16 59.90 0.6193 0.2532
10 Sigmoid 60. 81 60. 99 60. 29 0. 606 1 0.2469
100 Sigmoid 60. 29 60. 35 60. 29 0.603 0 0.2070
1 Poly 63. 81 99. 04 27.90 0.4350 0.4167

2.4.4 ETFCONNBREFHER ML IEE T

Test set confusion matrix

B2 NS R RR IR, ) 26 B 28 7 AL FE2 1) o
G R EN ISR, X0 ONN i 5 4y %, o
He %5/ JF % () ResNet 3 1o 5% 5 25 14 775 I e 7 19 4% Postive| - 140 -
SRR, WRHARTE T IS IR BRIE T A 2 500
Ao ARWFFEBIHH AL T ResNet 18 2 JLAEM) 1) CNN - F 400
B4 sib) (B 6), ML MILME 392, IMINE. -
1TABRUZ . 3/4BNJ2 . 144 ReLU B0 )2, 1 Negrrie 50
MEHHALZ,, 1 D2ERZE(FCJZ), 11 Softmax J2 100

12, P ERZ25 FCRMU SN EMNmE, Qoé\@“ @@‘“
it 18 )2, F4 ABIELERA CNN BAE S E AT Bl
B GECR, QLRI BRI, ) 5 PCA-SVM BRSNS VA AR
. Ak, Epoch B, W13 SR TSR TN (B Fig. 5 Confusion matrix for external test set of PCA-SVM
SHESAHMIRE, [ SCD Ytk # w7 46 A A A model
BRI D S AR S, fdH BN )2 DI
RN, WK LI IEALSE U, R LA
TETR R VAN AR PEBE ) EE 48 bR, Rl Epoch BUXE I, FLARUAWHE S NGB 1752, BT
PR PENGE S, B 7R, BOESEARIEDR EEREE Epoch MG INZWITHE, 24 Epoch 2k 200 I, 7Y
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HERR IR BV i K-F, JF HBEH Epoch BUAKZERG NN, WEGA 5 T o€ H oA B EEM I3 5 TR,
FERIVERERIF , W)U AT 2 S BO B

Input layer
y v
[ 3x1 Conv,64,2 | [ 31 Conv,64,2 3x 1 Conv,128,/1

| y
Batch norm(BN) | Batch norm(BN) | | Batch norm(BN) | ReLU layer +
3x 1 Conv,32,/1 3% 1 Conv,64,/1 | 3% 1 Conv, 1281 31 Conv,128/1
RelUlayer ) +
2

(_ ReLU layer o+ ReLU layer
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Table 4 Hyperparameter range and optimized values for CNN
Parameters Range Result
Batch size 150, 100, 150, 200 100
Convolution kernel size(1D) {2, 3, 4, 5} 3
Learning rate {0.1, 0.01, 0.001, 0.000 1} 0. 000 1
Momentum {0.3, 0.6, 0.9} 0.9
Epochs {500, 1000, 1500} 500
Optimizer Stochastic Gradient Descent(SGD)

Loss function Cross Entropy

Loss &M AR PRINE 5 B Sl 2 B 22 5104808, W 8 7R, BEE Epoch (IHE I, Loss {HZ #ilE
IK, RIS ) LR T INGFEANTELWIEE, 185 VEERNIEEET), MHRE S
H PN N E A IPRZS . Epoch A3 400 B, loss B2 FE R — NEARAE, 4RZEHE I Epoch i 22 5L Loss
HEE, B, Epoch 4000, fAMMERER .

Training and validation accuracy Training and validation loss

100 B
[ 1 0.7+ —— Training set
—— Training set —— Validation set
— Validation set
/ i
s [/ 0.6
g
-
g .
E £ o5
<
60-{
0.4+
404 r T T T 031 : i :
0 400 £08 1200 0 400 800 1200
Epoch Epoch
7 FRISHERRERE Epoch F)AS LIS 8 RIS R LN Epoch YZR{L BB

Fig. 7 Variation of model accuracy with epoch Fig. 8 Variation of model loss function with epoch
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Table 5 Comparison of the performance of each model in the external test set

900
800
Positive 700
600
500

Actual label

400
300
Negative 200

100

Model evaluation metric
Accuracy/% Precision/% Recall/% F1 score
RF 70. 67 100 41.33 0.5849
SVM 78.50 94.42 57.33 0.7269
PCA-SVM 54.89 52.72 94. 89 0.677 8
CNN 100. 0 100. 0 100. 0 1.0

Model
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