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Abstract: Objective In order to realize the real-time monitoring of chromatographic process of Gynostemma pentaphyllum saponins
(GPS) and ensure the quality uniformity and batch consistency. Methods The Raman spectra of 237 samples collected in seven
batches during the chromatographic process, of which five batches were used as modeling sets and two batches were used as external
test sets. With total saponin concentration, total solids and ginsenoside Rb3 concentration as indexes, Gaussian process regression
(GPR) method was used to establish the model, and the performance was compared with partial least squares and support vector
machine regression quantitative models, and the method was applied to external test sets for validation. Results Multi-index
quantitative correction models were established based on Raman spectroscopy combined with GPR. The results showed that the GPR
models of the three indexes had higher coefficient of determination (R?) and lower root mean square error (RMSE). The R? of the
training sets were all 1.00, and the R? of the verification sets were 0.953, 0.986, and 0.939, respectively. The RMSE of the training sets
were 70.4,224.0, 31.6 ug/mL, and the RMSE of the verification sets were 3.02, 2.03, 1.19 mg/mL, respectively. The results of external
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test sets showed that the prediction R? of total saponin concentration, total solid content and ginsenoside Rbs concentration were 0.947,
0.954 and 0.837, respectively, and RMSE were 3.28, 4.37 and 2.44 mg/mL, respectively. GPR model can predict the content and trend

of total saponin and total solid well, but it is weak in predicting ginsenoside Rb3 concentration. Conclusion With total saponins

concentration and total solids as indexes, this method can realize the real-time monitoring of the chromatographic process of GPS.

Key words: gynostemma pentaphyllum; chromatographic process; raman spectrum; gaussian process regression; on line monitoring;

quality conformance; total saponins; ginsenoside Rbs; partial least squares; support vector machine regression
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Makino & Z AT BEAMY), N RHRIRE
J&, N4 “HRE” “Hrt 2 G, fEIRIR B
A 011111 3 TN 71 =< U711 G o PR N s e
5% WK AR T 2% 52 R B4 B I T 2 B U N
R, PR, HER, HERE. DRYEER
KA n R AR, Horh R SR R A i i i
AR TR, A2 S ) B A T ik
W TP A A 7 5 B 77 925 DK AL BE A Al
%, BET, KT S BT A E RS RN T
R ST AR IE B D

Fi 261 (Raman spectroscopy) A& —Fpiis |
T ARG AT A, I S5 32 B T 2 AU
REN G TIRS) . BB OAE BN S WAk 2 2
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LRI (Gaussian process regression, GPR) & —
PR T DU BEAR A G ot 2 2] BRI AL &8 5 21 U7
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ANZ A Rb; (Rby, #t'5 220307, liEpE=
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T2 o RO RAE AR AT AR B e B i AR, A 70%
LRV UG I, o3 i B AN [ 0 R A ) B ok
SRAEFEA, VUK 2 . TEA ROy FFaa e it
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Table1 Component content of sample solution and number
of samples collected during seven groups of chromatographic

process

IR Bt MEGR Rby
o bR T | BEIRE Ko
A (mg'mL™") (mg-mL™") (mg-mL™)

1 T2021110101 32 18.06 125.71 8.75
2 T2021110101 31 18.06 125.71 8.75
3 T2021110104 40 9.53 65.97 4.28
4 T2021110102 39 18.83 94.29 2.63
5 T2021110103 32 11.59 46.39 2.35
6 T2021110103 30 11.59 46.39 2.35
7 T2021110104 33 9.53 65.97 4.28
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1, BBl G B N A TR RIE bk R
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SREE 100%, FA4rIFIE] 800 ms, “FHJURAL 43 ¥k (HH
TOGTEA A BT RS R A, SEEe TR AR ko
Y SERR AR 812979 1 min).
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I (SG, P BE 15 ). —Fr S 2 (first-order
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Fig. 1 Chromatographic process experiment and spectral

acquisition device
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23 LRERBESEMERZEY

231 AHEEEESIE RSB PREC Rby Xt
6.90 mg T 10 mL &jfH, MHERZIE, 95
WP 0.690 mg/mL F X} R S VAR

232 LMERRFLE PO MR 50, 100,
150, 200 250. 300 380 uL 437 E T 10 mL H %
WEH, 60 CHT, AN 5%E HEEIK LRV
#W02mL. &M 0.8mL, JBE), %I, B 60 C
AU HINE 15 min, HCH, #E1, IUKESER 5 mL,
), BRI EE 78 34.5. 69.0 104.0, 138.04
172.0. 207.0- 262.0 pg/mL [¥] £ 515 I S 7

DL R AR R, 78 550 nm A0 E WO .
DU B RS AR bR (XD, WROGREE AR (YD,
oxflbrdE 2k, BATERMEEE, BB Y=
0.275 X—0.010 9, MK RE r=0.999 6, ZitkTuH
34.5~262.0 pg/mL.

233 gREEHEEENE L BEEITR
ERFEABTOER, B 10 mL HEREH, 60 C
HETE, % “2327 TUNIEE, WEWBOLEE,
FZIR EE T FE T A S B I R

24 BEFRENERE

FEERIUEEESBR, ECTREEERE
PR, KB EZET, 105 CHHE3 h, #
FET RIS F A 30 min, HEFEERE R E,
LA
25 Rb:BEMNERE

{4 Ff HPLC-ELSD A 72 £ I s o S 1 e il ok
ot 3 R P A v T R A B Rbs 7 AR AL
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FE (250 mmX 4.6 mm, 5pm); AN ZHE-0.5%
CBRIKIT, KB FE /7 : 0~25 min, 5%~
31%ZME: 25~33min, 31%~33.2%Z4 M 33~55
min, 33.2%~33.5%Z.Jf&; 55~70min, 33.5%~50%
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Fig. 2 Raw Raman spectra and preprocessed Raman spectra of chromatographic process
LI 70~81 min, 50%~58%ZffF: 81~91 min, Xof HE T AT

58%~100%Zfi: AR E 0.8 mL/min; HEFFE S
uL. ELSD Z3: 23 100, AR 80 C, K
JE 0.7 MPa. tai%E WK 3.

2,52 PHEMVAIH] S RS S FRE Rbs 32.44 mg
T 25 mL &, JJDEF*EE?J}E, ?%Dﬁti‘i&ﬁ?j

1.268 mg/mL FIXTHE G BRI A 2 R B BRI IS
F FR B RE 25 15, %’JHB’EEV&E%J 51.90 pg/mL EI‘J
A
) |
|
L f
c |
\
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Fig. 3 HPLC of negative sample (A), Rbs reference

substance (B), and test solution (C)

253 MK MER I & AR I AR
70% LG BRI, 42 0.22 pm FEFLIERESE,
RI7 . R R B P X HE A VR ER 70% IR R
0.22 pm FUALIEIEIE S T 15

254 ZMERRFEHR  REWEL “2.527 TUR RN

B BR S+ 104 204 30 uL, LA BRGERRRE 25 £
I IR VAW 5+ 104 20 ul, F% “2.5.17 Tiail

S IERERS I, eI TR, DL Rbs X HE
JoR SR BV AR AT 28 1 (15, A3 [R5 RN Y=
9.889 X 10° X—468.2, tHXFH%EL r=0.9997, LMl
0.259 5~38.04 ug/mL.

255 FEFEERE B T2021110103 #E4, RALR
AR A& T A — BRI R, VRIS
FE 6 X, THH Rbs (il IgIE IR RSD 4 2.11%.
2.5.6 FEtEiEe  HUE—4 2021110103 sl i
WL THI% )5 0. 24 4. 6. 120 18, 24, 36h 1K
AR, THE Rbs (ARSI IR RSD M 2.46%,
R AL RIATRAE 36 h WERE .

257 EEMRE B 6 £ T2021110103 Ak
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T, HAEATI, THE Rbs 5 &40 20 RSD M 1.60%,
RPEGMERI.
2.5.8 NFEEICREE KRR 7.16 mg Rbs XTHE
a1 10mL B, PEOESR, 9REREN 0.716
mg/mL R0 RSV RN 3 3 527, 659,
791 pL JREWRE A 0.716 mg/mL K% RSB T 9
AN 1 mL BT, #ET. B9 B ERREKRER
T2021110103 AV, & AR ZIRE, KRIFAI,
THE Rbs K. . SR BT 20 RS2 4300
94.76%-~ 99.18%-+ 94.57%, RSD 435N 2.16%-
2.68%- 1.39%.
259 FESDE OSBRI SIS P RE A, K
“2.5.37 TR A &AL % “2.5.17 TR
O TESRAFERE b, SRR, fhniE it 5
Rb; & &
2.6 GPR

GPR & — ik T UL 17 75 v 1 9F 2 HO Ze it
B, &ndfE (Gaussian process, GP) 45 5¢ 4 Hi
B PR AL m RO 5 22 BR BN k B, BRIk, GP AT X
N Ax)~GP(m(x), k(x, x"), XFEVAERIT. y=

f)+e, Hd, x NEIANZE, y NUIME, ¢ 20
g, BB E ST, Bl e~NO,0,2), H
T o2 FEWEFE T 72, DI, BT A y BSE5 7>
A y~NO, K(x, x)+ 021, DLIRRME y AN
y RS S I AN

y* NN(O’(K(X,X2+O'§ K(x*,x**) ]J DO
Ly | K(x",X) K(x',x")
Hr, xRN &, 2 (D W] PR A
Y NN[O,{ K K,:)J] 2)
Ly | K~ K7)
FIHZ (2) AR5 Y 1 F5 50 A N
Y 1%y, x ~N(¥",cov(y")) 3)
Hrr, y =K'Kly 4
cov(y) =K —K'K*K™ (5)

2.7 REEITE

REEIR 2~6 SKIFEAE MR ER 4R, ALK 1
A7 SRUG AR g ST T AR R AR 1 AR
$o M PHIR AR BE VAR AR A (e T A Jal A
WREMIGUELE (3 1 1D, BT HDHEARRTEIRS%
fESR, SIEArE R R R R 45 R W 2.

®2 BETRENHERKIDER

Table 2 Sample division results of each index model

1k A S AN AN IIRAR
A% HE  FERE/(mgmL™") HE  FAERE/(mgmL")  HE FEKE/(mgmL")
BT 169 128 0.165~45.600 0.243~43.900 63 0.213~41.800
S 172 130 0.590~54.200 1.080~54.200 65 0.740~52.500
Rbs 158 119 0.000~20.700 0.157~20.200 69 0.105~19.000

KH GPR VR SLA WA S B i e i i 72
(4 2Ok 5 2N bR Al E B A . GPR AL
PEREZ BIRZ R R 2, ltk, B T EETA
[FRZ B3 GPR #E48Y, AFEFT7Ha%01% (squared
exponential, SE). fE%(#% (exponential, Exp).
P R4 (rational quadratic, RQ). Matern32 5
Matern52 #%.

O R A S AN TR B E K PN
(k2 4. LAARRIIZREE RIS IE 4L 22 57 PLS 1 SVR
E A, Hort SVR B E S e H5 G 11 S0
%25, il DA 7 3 Dl ME T 22 X
SRR H bRk S R E S A &, T PLS
R [ I fe /M T A8 B 1R 22 351 77 AR A
1 o4

BERPERE PR FR b L Ve R AL (R?) FliR %

Y771 (root mean square error, RMSE). K15 211
GPR A 5L PLS BAK SVR BiALHET % 484R
T R ) EE A
3 &R
3.1 BIERREEERSE

LA 70% BT URTEI AL 5, B RIRFEA I
MEE e S SR E & Rbs S &SRR
I 4, ATRLE W, ARHALREISBE S e
5 AR PR R ] YO T S AR A — B
EASFEEIR Rbs & BAFERURN 2 e, HR RS F
FEMR Rbs &5 8 & AH [F] LA S 5 4173 18] 56 4 IR Y
Rtz b, LR IA]GE I s 5 2% AR AE N R) 22 53
JRPRIAE T RALR G i A AT etttk 3~7 5k
55 T RS R i A f AR JE kAT, Ttk 1 A0 2 5K
3T HARHAT .
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Fig. 4 Changes of indexes in chromatographic process

3.2 T RE#%EE GPR BREMEEELLER

BT AR L T AN R A% bR B 1Y) GPR B2 14 g
XTECEE R LR 3, THALEE 7V #E SG 2nd. SRR
% GPR ALY ZR4ERY) R2 F1 RMSE AHZEAN K, W%
IGUEEE, Matern32 MY HAG & R ARG
RMSE, & g Rbs B R B, Fba 2. L
PRI Rbs 1) GPR BAY e 4% pR £ Matern32
Mo PLEHR 3 A~ GPR B8 R #EId 7 0.93, &
B 3 MRS BB LG R, A BT
3.3 GPR. PLS # SVR &AM gELL SR

DAAH [A] e £ SE e ik Y PLS AT SVR 4
R, 5 «337 433 GPR R 1k R L ss BN,
F 4, BRI, SRR Rbs 1) PLS B FALEE

*3 BEGETIEZEABE GPR REMEEXEEER
Table 3 Performance comparison results of GPR models

based on different kernel functions

IEES LAt
Ei=ga R RMSE/ RMSE/
(ng'mL™) (mg-mL™")
MR SE 1.00 875 0.821 591
Exp 1.00 5.42 0.943 332
RQ 1.00  138.0 0.852 533
Matern32 1.00 70.4 0.953  3.02
Matern52 1.00  209.0 0.923  3.88
HFEAR  SE 0.992 1500.0 0969  3.01
Exp 1.00 735 0.947  3.93
RQ 0.993 14300 0970  2.95
Matern32 1.00 224.0 0.98  2.03

Matern52 0.995 1190.0  0.975 2.72

Rbs SE 1.00 63.8 0.868 1.75
Exp 1.00 1.28 0.880 1.67
RQ 1.00 29.0 0.737 2.39
Matern32 1.00 31.6 0.940 1.19
Matern52 1.00 494 0.905 1.49

F4 BEBRNMESHEILER
Table 4 Comparison results of performance parameters of

different models

[Er S ATl S AhER R
fatr R RMSE/ RMSE/ RMSE/
(ng'mL™) (mg-mL™) (mg-mL™)

BEFF PLS 0.882 48100 0900 443 0884 493
SVR 0.999 3640 0921 391 0943 3.4l
GPR 1.000 704 0953 3.02 0947 3.8
BEAE PLS 0.895 55100 0.854 6.66 0.887 592
SVR 0.999 2750 0926 4.63 0918 504
GPR 1.000 2240 0986 2.03 0938 437
Rbs PLS 0968 867.0 0912 159 0619 3.74
SVR 0999 823 0845 190 0.662 320

GPR 1.000 316 0939  1.19 0.805 244

JHESY RN sty 1st F1 SG CFIE AECN 15). 1R4E
T X EGUER) TR 1% 2 (root mean square error of cross
validation, RMSECV) i&#EiE L4, 4R 0
Kl 5. APk s, R EcE EIRBON 10 4,

ST SR EA Rbs (1) PLS BRI R A 3 s
Ko 34 3 K110 4. SVR BALR A SNV Tiikk
S MR 6B, RS NI R
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RMSECV/(mg:mL™")
Wi
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Fig. 5 PLS model principal component quantity selection

diagram of each index
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SVR AP RE e dd:, (B R2 KA 0.81, #5784 Fiiil vk
MFEFZ 8 T H, SN G2,

Bl 6 NS R TUNE S5 S5 E A, nT L
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