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Abstract: Objective To establish the quantitative models for analyzing the content of critical quality indicators in the purification
process of Gardenia jasminoides intermediate in Reduning Injection using near-infrared (NIR) spectroscopy. Methods The contents
of shanzhiside, geniposidic acid, deacetyl asperulosidic acid methyl ester, genipin-1-B-D-gentiobioside, geniposide, chlorogenic acid,
and total acid were determined by the reference method and NIR spectra were acquired. After removing the outliers, selecting the
optimal spectral preprocessing method and selecting the best spectral wavelength, partial least squares (PLS) and the least squares
support vector machines (LS-SVM) were used to build the models for predicting the contents of the above quality indicators in 18
unknown samples. Results For shanzhiside, geniposidic acid, deacetyl asperulosidic acid methyl ester, genipin-1-B-D-gentiobioside,
geniposide, chlorogenic acid, and total acid, the relative standard errors of prediction (RSEP) was lower than 3% for PLS models and
LS-SVM models, indicating both methods could exhibit the satisfactory fitting results and predictive abilities. However, the LS-SVM
models of shanzhiside and total acid showed lower predictive errors than PLS models. For geniposidic acid, deacetyl asperulosidic acid

methyl ester, genipin-1-B-D-gentiobioside, geniposide, and chlorogenic acid, both models have the closer predictive errors.
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Conclusion S-SVM shows better predictive performance than PLS. The established NIR quantitative models can be used for rapidly

measuring the content of critical quality indicators in the purification process of G. jasminoides intermediate in Reduning Injection.

Key words: near-infrared spectroscopy; partial least squares; least squares support vector machines; particle swarm optimization;

Reduning Injection

R TR AL T T . BARAE. BE T 3 ek
G2, IR T g7 B g, g
Ve 7 I PG W RHEYING T Gardenia jasminoides Ellis
RS, FESAIAEIEEE . A PLIRE
MEERBA, BEHR. BUR. Pumsgys
TEFIBHL N 2005 4R Ll Lok, A TSR
WEE PURNR AT AR 2, fEHIE, 430 KB
AR B TR o 4k 2010 AFFER T SR fL v N
FAR HINT 0 C R AL U3 IR R 245, 2014 4F 10
H IR T R O A B R sy T 2 .

B 1~ F T A S A o FEE T SRR TR AR A 7 2
PP EE T 2RI —, B E L0851 R
bR MR T, AR R B 2 B, i
F pH 25 T2 ZHUG M5 w25 80850 o I 2L
4h (near infrared, NIR) JGilHe ARGEAY HAE G AL FE
fy B M . JC i W BRI B 5, S H AT
RRETAR IR A BOR 2, WO 22 3
Frh A, A 2 P s T A gy
s R E O ORI 2 AR i e R T, R
JEFE NIR 6l A R 51K+ rh A4 2li4r T2
op, SRR AR B A3 ) S B A

AHIF T AR T O 1 TP AR Al A T 2R
W%, EFILBETE (shanzhiside, SZS). x{JE
FH IR (geniposidic acid, GA)+ 5 JE P JBHH XU
( genipin-1-B-D-gentiobioside , GG ) « #& ¥
(geniposide, GS). 2 LEEZENMFIRH NS (deacetyl
asperulosidic acid methyl ester, DAAME). %¢JR &
(chlorogenic acid, CA) FIER (total acid, TA) A
KB 8SY, o3 i H B /s —3feik (partial least
squares, PLS) Hldge /) — 3¢ S5 ) B ALV (least
squares support vector machines, LS-SVM) %37 NIR
SESRE PR, PRI DG s o (R B, i AE
A A ISR AT PR SEE AR B BRI
1 =54

Luminar 5030 %! AOTF JZ£L4M6 M4, 3%
Brimrose A #]; M InGaAs Kl 2%, SNAP Y%
WHE T RIEF AT . Unscrambler 7.8 Hdfs AL BEHAF,
1 CAMO A A 7] ; Matlab R2012a %4/ 4b # 4%

. EH MathWorks KA F]; Agilent 1290 i 5
BOBAR A, REZERRHARAR, KA
DAD U #s . PUTCREEE A AELeMi<3s s, A ghidt
FE#%: Mettler Toledo XP6 HL TRV, Mt i)-FEH)
ZAEE LA PR A W H1650-W & 2l 20l
51 P WA S B A A T R AT BR A W] Mll-Q
Academic 2ii7K#L, & Millipore A H] .

X 2 SRR R S (b5 111786-
200801) FIHE 71 (b5 110749-201115) ¥ [
B 2 SR e BT S B s o IR bR (kS
BBP01688) ) H = F 7 S A HARG TR A H] s %)
MR R (S MUST-13031401) F1 50 JE P H R (Htt
5 MUST-13121502) ¥4 [ sl 2 B AE R A
PR ] 6 R e RSO (5 131120)
V) 1 RS SRS A AR PR A F] o o) o
BB 98% LA b LM, tial, Tedia A F];
IKHHBEEK s HE T H RS BOR BT 42y
B A IR A 7
2 FEk
21 HEWERXS

MAEFH RSl T SIS, B 5 4>
BRI 50 mL WWRAEAN 1 AR R, REIEIURE 16 1,
JLHORE 11 41k, #6520 Z140305. 2140306+ 2140307+
7140308, Z140309. Z140310. Z140401. Z140402.
7140405, Z140406. Z140408. i Matlab {1} I-%
H Kennard-stone FEAKI 73757k, 2809 ¢ 1 [ LLAHI,
KA 176 MFEASY BINZREE (158 AMFEAD Al
T (18 MFEA.

2.2 NIR RiERE

FESEAAE T, RAEFE ST NIR $e5 itk .
ARG 1 100~2 300 nm, WK E 2 nm, F
R 300 X, 23 HEE 1 nm. BEAMRERSRAE 3 K6
W, BCFSERE AT T FERIIRAREIE . — B
SHOEE A I FHOLRE WK 1,

2.3 UPLC lNE

231 sk ik kA Agilent Zorbax SB-Cig
(100 mmX3.0 mm, 1.8 um); Tif: Agilent UPLC
Guard Zorbax SB-Cig (5 mmX3.0 mm, 1.8 pm); ¥t
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1 NIRREXE (A). —MSELIE (B) FZHMSELE (C)
Fig. 1 NIR of original spectra (A), spectra obtained with first derivative (B), and spectra obtained with second derivative (C)

AN LIE-0.1% B R /KW, BHREVENE: 0~10
min, 5%~10%Zfif: 10~15 min, 10%~20% . fii;
15~30 min, 20%~30% )i ; AR & 0.4 mL/min;
HEFEE 2 ul; AR 30 °C; 238 nm RNsE ILIAETT.
B PHIR. L CBEEM SRR TR 5Ue PR
BEEFAINE 71, 327 nm R 5E G5 1R .

2.3.2 RGBS 2 DR SRR AR
T U PR, £ OB RPN nUe
JEXCHE R« AE 11 R 2R o0) B odE i, i 50%
o T BRI S 40 5] A 28.08 15.14.61.54.113.68.
770.20~ 36.40 mg/L [R5t I i i 25 o

2.33 AT R RRE 50 mL B,

BN 1 mL AEF AL 7, RS 3R, H 50%
HIEMBERZIE, w5, Eo, FB%WI 1 mL k-
THW, B 10 mL &, H 50% R 2 2105
), B0y, LWEWOT 0.22 pm ALBERE, BI1E.

234 MEXRFREL SRR DO RATURR
A 0F TR A A VR, R L IC A ) I A T 0 T
W, % BB RS AT, DA RV A3
(V) WK E (X0 HATLMERA S8, 13215
XS B RN T R RN MY T - LAY Y=5.512 X—
1.07, R°=0.999 7, VL[ 4.21~42.12 pg/mL;

BB R Y=6.144 X—0.90, R*=0.999 7, %1k
Y6 2.27~22.71 pg/mL; 2 LBEEHR G Y=
6.738 X—2.03, R*=0.9999, ZkI:iEH 9.23~92.31
ug/mL; 5UEE XU Y=3.631 X—0.73, R*=
0.999 9, ZMEVEH] 17.05~170.52 pg/mL; #E 11
Y=6.833 X—6.05, R*=0.999 9, k35 115.53~
1 155.30 pug/mL; % Y=13.736 X—6.95, R’=
0.999 8, ZEVulH 5.46~54.60 pg/mL.

235 REWEAEL §% “2.3.37 TR ikH A6
AV, JELERE 6 Ik, H& “2.3.17 TRtk A
Wi, dsgUEmAl, giflibety. s i, %

VR N 3R N Y Eh o) ERYE R N T e e w1
23 JEURRVEE [T ALY RSD 23514 0.37%1.09%- 0.32%-
0.55%- 0.18%- 0.27%, Ut BIACHS (PRS2 B KU o

236 WERMEEE 7 “2337 TR EERHS
6 R TIEW, F “2.3.17 TR O SRR
B, SR, HE PR, £ M HR
[LENTYER o4 [ERVE RN T e s R S B )G
SrEr Ak 8124 2.55. 12.08. 22.30. 145.91. 6.07
mg/g, RSD 7354 1.17%- 1.36%- 0.63%-+ 1.08%-
0.72%- 0.92%, W% 7 H = 1T R if .

237 FEtEEE % 2337 TR rvEHIENA
MRV, ER R IBCE, A BIAEAS RN A A (O 24 4
8. 16 24 h) HEFE, % “2.3.17 TR A% 440,
iR R, ARMETE. e PR, XS
BRGSO . A T RIS IS R
W TR 1K) RSD 43514 1.08%+1.27%-0.68%+0.79%-
0.42%- 0.70%, Ui BHFE MR T & 7R Z0 N 24
h WEESE .

2.3.8 INFEEISFEFE G KEEPRE 50 mL w0
A 0.5 mL HE T H ARSI, RS RRE, 2
FIMAEE LA 5e PR, 2 MR R
G BJE FIRMHXCHET . He 115 2RIt LA,
H 50% TREE R R ZIE, $25), B0, K% E 1 mL
IEW B 10 mL SR, F 50% TR R 2 %1
Py, By, BiEWOE 0.22 pm AL uERE gL . [F]
IS 6 4, 1% “2.3.17 TRt A b RE I

THEIAERIE, I RSD. 45 SR-FI4 [R5y
WA 100.32% . 102.86% « 98.76% + 100.92% «

100.72%-+ 99.04%, RSD 25lA 1.31%-. 1.87%.

1.66% 1.51%- 1.12%. 1.01%.

24 REENE

241 AT R FRE 50 mL &,

BN 1 mL A8 7 ALl KB FR 2, FH 50%
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HREMBE R 2, #8257, B0, R 1 mL -
H, B 10 mL S, H 50% HEERRE 2 21,
P25, B0, PRI 2 mL LS, B 10 mL &
o, H 50% P REMBE R 2R, 5, B, Bif.
2.4.2  FRUEMMZEIZH] R RISk R 0 R
5.030 mg ‘& 50 mL EJEH, I 50% H R 2 R 2,
BA), 33554 IR 100.6 me/L XS I i il 20
RSB A% 14 24 34 4. 5 mL, Zp0E T
20 mL =, 0 50% AR R AR, R4S, LA

50% H 25 1, A 324 nm KA EBOGE (4)
h Ars AE 400 nm P TIE 4 Jy 4y, UL AA=(4,—
Ay) PR (YD, UTERIKEE (C) AREAKR (X0,
2l RvE th 28 Y=51.250 58 X—0.000 12,7=0.999 9,
25 UPLC &it[E

FRAE F o vl 2 AN i ) )28 07 v, A
FEas B b . mUe PR £ SBE4m HR
RS sUe PO b RSk R R IR &
TR ) FET ES VORI it i 1Y) UPLC B WL 2.

A 238 nm 5 324 nm 6

1 4 ULd

TS " ] \ :
B 238 nm 5 324 nm 6

4

13
i 4 JLJLJ
0 5 10 15 20 25 30 0 5 10 15 20 25 30

t/min

Y 2-5U8 PR 3-£ LM HIR TG 4-50)e T JEREXURE 1

S-HETIH 6-GRIR

1-shanzhiside 2-geniposidic acid 3-deacetyl asperulosidic acid methyl ester 4-genipin-1-B-D-gentiobioside 5-geniposide 6-chlorogenic acid

2 REMBRAR (A) FHERIBER (B) B UPLC
Fig. 2 UPLC of mixed reference solutions (A) and sample solutions (B)

2.6 1REVE T RARE 4RI

53 N PLS R LS-SVM J7 i 6 1 4 5
JREE TR bR 0 A . DAAHOC REL (correlation
coefficient, R). KZIFHA T2 (root mean square
errors of calibration, RMSEC). A& MK iE¥s /7 Hi iz
7= (root mean square errors of cross-validation,
RMSECV) Nt 24, LL R Tt Ts
M 1% % (root mean square error of prediction,
RMSEP) FITIAH X i Z= (relative standard error of
prediction, RSEP) 4 ¥EAr=5 SRR Tk aff 1
3 HR5iNE
31 RESHGIK

NIR 7ERAER R, Al fE BT PR8I 0 B2 1)
AL ECRE GRERE R BE S B PEIR I AR A, AT
FERE S 8 B e o S ) DR b s T A
M2 AT, FFEEHERRHE . 0 SR AT AR
BRZE I /NEAT FIWT, ALAHEBOR, BRZEBN, Ui
R XA B DTk O, [z, R ) A A T R
N DR AR ], UL 3, FEA 36, 60, 83

1200-
36
900
e 1 .60
x 600 -83
300
o] L iskedassns b
0 0.05 0.10 0.15 0.20

AT AT

3 RFHEEHDRES
Fig. 3 Outliers in geniposide calibration model

FRIEARR, (HATFFEEN, WHEi R, &
TN ERA . [, SR LLME EE R R )
W R 36+ 60+ 83, BB RIBIALIN R A 14, 104,
2O FER R () S 0 4L 14, RUBP
T HEUURE T RR R () S0 1 36 83, 4 R AR T /)
T 63, SRS (1) S A 109,
3.2 NIEFAAIRFTERIEER

NIR 755 52 B I S0 T AARSURL 2% Jo 45
REM T, PEOEL M oEB, i
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WG PR RE, AT BRTHE, S AR R AR
TE R IWE T P VR, Dnilaeid — i S8t
PG, MR S RO, Brlar s H R an i
F—F P HAE 5 16 REE 1 100~2 300 nm ZE A
Peas, iR W& 1, KILWLAEH . HUe PR, %
OB BRI R pUE P IRHRUE . HE1F .
ar R R A S RO 22— S 845 & Savitzky-
Golay “Fif (S-G) FIAR#EIE A4 (standard normal
variate, SNV) A PG, g f % RMSEC A
RMSECV AL, @RRCR LS

R1 FRGEFRANIE G Z A EE M RERI R

Table 1 Effect of different spectral pretreatments on
calibration model performance

W& S DIRTS R RMSEC RMSECV
Wbt Rt 0.9258 0.2642 0.2863

—r S +S-G+SNV 0.956 1 0.2049 0.2378

S HTR ARG 0.9637 0.1454 0.179 6
—r P +S-G+SNV 0.969 3 0.1282 0.156 4

OB ARG 0.9132 0.8576 1.028 0
TR R —B 3 3+S-G+SNV 0.9350 0.8404 0.996 3
PR 4 LY e 09117 0.8757 0.9367

RORELF — S H+S-G+HSNV 0.9657 0.6168 0.662 0
LTS JRR 6 0.9337 4.8545 5.2639
—r P +S-G+SNV 0.9679 3.1446 3.604 6

2R JRR 6 0.9240 0.2818 0.3267
— P +S-G+SNV 0.941 0 0.2526 0.283 1

ps¥ivy JR ARG 0.9379 1.3070 1.3859

—Br 5 H+S-G+SNV 0.963 9 0.9049 0.962 6

33 BIRIEEAIERE

TF T L3 T AN TR 1R 016 3% 7 Bk el B A0 2 1) 32
Wi, R, RMSEC 5 RMSECV B i W T it
RO, g5k 2 fon, Wbefr. e PR,
HJBVIRRROSORE T+ A5 7 R TR 1 o e B
Bt 1100~2 300 nm, 23 L P64 HER FH R IR e £
AR BE 1500~1 850 nm, £ J5 R ) fe A SRR il
B 1100~1 850 nm.
34 EERBEMEIL

R 32 7 11 o A 6 T A 38 7 90 A e A A AL
B, N A8 I UEVE ST A 140 1f) PLS AT LS-
SVM & SAZIERAY . XFF PLS A4, W H 3= pisyr
43T (principle component analysis, PCA) EH¢1l
PETF BB TR, X AWM EiR . »UeF

R2 TRIKBEIEEERERIFM0

Table 2 Effect of different wavelengths on calibration
model performance
&Y I Be/nm R RMSEC RMSECV
thbE & 1100~2300 09561 0.2049 02378
1100~1400 08892 03149 03512
1500~1850 09257 02655 03126
1100~1850 09356 02464 02845
1900~2300 08817 03143 03737
SUEEAFE  1100~2300 09693 0.1282  0.1564
1100~1400 09482 0.1722  0.1856
1500~1850 09546 0.1602 0.1886
1100~1850 09680 0.1351  0.164 1
1900~2300 09350 0.1878 02310
EOBZEY 1100~2300 09350 0.8404 09963
TEEFEE  1100~1400 09154 09432  1.0974
1500~1850 09441 0.8020 0.9240
1100~1850 09166 09233  1.0922
1900~2300 0.8923 09845 1.1627
FRFHME 1100~2300 09657 0.6168  0.6620
XOBEEF 1100~1400 09156 0.9319  1.0230
1500~1850 09324 0.8275 0.8856
1100~1850 09497 0.7383  0.798 9
1900~2300 0.8815 09446 1.0356
IRt 1100~2300 09679 3.1446 3.6046
1100~1400 09255 49891 52872
1500~1850 09165 5.6208 6.1216
1100~1850 009510 4.1409 47131
1900~2300 0.8937 6.5347 69711
2 AR 1100~2300 0.9410 02526 0.283 1
1100~1400 09022 03064 03346
1500~1850 009145 02840 03104
1100~1850 09471 02393 02714
1900~2300 0.8836 0.3350  0.4047
iz 1100~2300 09639 09049  0.9626
1100~1400 09249 14224 14730
1500~1850 09416 12706 13794
1100~1850 009549 1.0581 1.1181
1900~2300 09310 12975 14357

JENFOSORE . ME 1 R RS R P e A 3 sy
Ky HE 6. 8. 8. 7. 64 64 5. XFT LS-SVM ##
e, N AR ) JEAZ e L (radial basis function, RBF)
YEA N ZRpki %L . RBF H s I S50 AR ZE AL
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Ty M SH o°) EAMER KRR v HILM 2%
SRz AR U, P, SRR TS (particle
swarm optimization, PSO) X} y fl ¢* BE/T 4 )5S
P, LS-SVM Al PSO $5:I47E Matlab #A1F- 4
FEYGE. WEE oy M o IR N
1071 ~10° F1 107~ 10, HIHHRL 74084 30, PSO
B RIEAEARECH 100, 2450515 FH PSO Sk
KRB EASE 0 LFETF: y=52.8, 6°=3.6;
TUETHR: y=538.4, 0°=89.6; %AW HiR
HifiE: y=366.9, ¢°=73.9; B FNEXHTF: y=
2442, 6°=29.6; WET1F: y=853.1, o°=442; %
JilR: y=211.6, 6°=78.6; M. y=4574, o=
61.8. %84 I PLS Al LS-SVM BiFI S 4 L% 3,
MHATLUE H, LS-SVM iR R §iE, RMSEC Al
RMSECV HAL, #UAHIRELS.

#3 KREEMRZXWIEERISE
Table 3 Model parameters of calibration and cross-
validation sets

wEY @R s SR
RMSEC R  RMSECV

tLHEH PLS 0.9561 02049 0.9503 0.2278
LS-SVM 0.9873 0.1242 09755 0.1639
HUBFIFER PLS 0.9693 0.1282 09582 0.1464
LS-SVM 0.9779 0.1071 09621 0.1238
L4 PLS 0.9441 0.8020 0.9296 0.9722
HE TS LS-SVM  0.9643 0.7320 0.9507 0.9248
HUB e PLS 0.9657 0.6168 0.9609 0.6620
XOHEF LS-SVM 0.9810 0.5303 0.9714 0.6018
ME T 17 PLS 0.9679 3.1446 0.9588 3.4046
LS-SVM 0.9826 29185 0.9735 3.2296

Ty PLS 0.9771 0.2393 0.9590 02776
LS-SVM 0.9843 02130 0.9691 02628

BB PLS 0.9639 0.9049 0.9569 0.962 6
LS-SVM 0.9797 0.8053 0.967 1 0.8852

3.5 REFM

FH BT 3 ST RO R TR T RO A 18 MFEAS 85 il
). LL R\ RMSEP Ml RSEP A& Fr P #E 7 T
MPERE, 24 RSEP /NT 8%, 1 LAIA Ay T AR 74 Fii il
AERfPE B i L P sk K 4 T LR
H, BT R 7) RSEP A /N 3%, $6H PLS F
LS-SVM 2 Ffrs 34 o0l e 11 Y 5 4, (H 2 LS-SVM
R %G PLS #57 RMSEP A1 RSEP {8 H A%, Tl

* 995 »
Fz4 MNERBESH
Table 4 Model parameters of prediction set

el AT R RMSEP  RSEP/%
bt PLS 09481 05799 1.86
LS-SVM 09617 04192 1.35
e PF®R  PLS 0.9460 0.1592 222
LS-SVM 09573  0.1356 1.95
* B PLS 09230 14581 2.62
EIRENE  LS-SVM 09479 12138 243
e e PLS 0.9563 1.490 1 1.62
PG RER LS-SVM 09659 1.3485 1.47
e PLS 09531 7.0795 1.25
LS-SVM 09640 6.359 1 1.12
ok J R PLS 0.9507 04237 1.72
LS-SVM 09626 0.383 1 1.56
MR PLS 09543 27291 2.07
LS-SVM 09589 2.1763 1.55

FETH /NG G PLS A1 LS-SVM F5 70 & B 43 (1) P4 1
ATBCATFEAKT GG o FLARTT V2R V5 eon Bt 18 25
(), X d BATIESYERL, WH d RN ES i,
WEFT 2 R FEA ¢ K5, Wi d AR IES 7>
A T AESE0R 56 P 1) Wilcoxon FRFIAG K, &5
Wbt 5Ue FHRANE T Wilcoxon I K
() P AE 5K 0.004. 0.277 F10.199; = ZME4nt
TR TR HUG PRI SRR ¢ K
5014 P AE3 54 0.446. 0.372. 0.074 F10.036, it
LA RLEN R 2 FelABE 20 ) TN IR) 22 S A G vl
B ME 4l LE H, PLS F1 LS-SVM 2 Fiif
RE LA R0 B R I B T 22 S L R
LS-SVM H R Fii{E 15 UPLC M 5 i 56 i, X
5% 4 e FLE R LS-SVM 7 ) RSEP {11 H]
S%F PLS /) RSEP {HAHY) & .
4 g

NIR 73 B I A7 V2 hdee b — ik, A
TARZ M 287 (artificial neural networks, ANN) Fl
SCFE AL (support vector machines, SVM) 45,
LS-SVM & FE [ ALV R, Refg b T4tk
REHEZE M Z u e, B SVM $e s Tia 5k
BRI SIORE NS, et LU A R iR
A7 HbIRE i ANN B3 75 59 BN SR 3 B 1y i
LR R0 %N = I3 T Al all IR % N L R 222 )
NIR 15 B I Fa bR (1) A5 S ) n] RE A 52 24 Ak
LNERFR, ANLHH &5 PLS Al LS-SVM 2 Ff
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