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Optimization of water extraction process of Salviae Miltiorrhizae and
Ligustrazine Hydrochloride Injection via split-plot based D-optimal
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Abstract: Objective Quality by design (QbD) concept was applied to guide the efficient optimization of the water extraction process
for Salviae Miltiorrhizae and Ligustrazine Hydrochloride Injection (SMLHI). Methods Firstly, Plackett-Burman experimental design
method was used to screen critical process parameters (CPPs). Secondly, in order to improve the study efficiency, split-plot based
D-optimal methodology was applied to implement experimental design. To obtain more process information, response surface method
(RSM) and artificial neural network (ANN) were used to establish the regression model between CPPs and critical quality attributes
(CQAs) for the extraction. Finally, after comparison of the two models, the optimum operating conditions were determined with the
multi-index optimization algorithm by a better regression model. Results The study efficiency was improved by the split-plot method
to conduct the experimental arrangement. Then, the ANN method showed better modeling performance than the RSM in this study, and
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then it was taken as the final optimum model for the multi-index optimization. The optimal operating conditions of the extraction
process for SMLHI were follows: The heating temperature was 150 ‘C, extraction time was 84 min, specification of medicinal
material was 11 cm, and the ratio of material to water was 10. Conclusion This study optimized the water extraction process for

SMLHI by introducing the split-plot design into the process optimization of traditional Chinese medicine. Split-plot design

methodology can provide reasonable experimental design solutions to improve research efficiency and reduce research costs for
pharmaceutical process research in traditional Chinese medicine, which faces limited changes in process parameters and high costs.
And it has a greater reference value for the process study of Chinese medicine pharmaceutical process under different test scale, and
provides a new method for the secondary development of Chinese medicine pharmaceutical process for reference.

Key words: quality by design; split-plot design; response surface methodology; artificial neural network; Salviae Miltiorrhizae and

Ligustrazine Hydrochloride Injection; water extraction process; multi-index optimization; critical process parameter; D-optimal

design; critical material attribute; satisfactory function
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Table 1 Parameters, levels, and experimental conditions of
PB screening design for water extraction process of SMLHI

HHl xdC xolh  xsimin  xa/%  xslcm X6
1 115(-1)" 0(-1) 45(-1) 3(-1) 1(-1) 55(-1)
2 165(+1) 24 (+1) 75(+1) 3 1 55
3 165 0 45 10(+1) 1 8.5 (+1)
4 115 24 75 10 1 8.5
5 115 24 45 3 10 (+1) 85
6 165 0 75 3 10 8.5
7 165 24 45 10 10 5.5
8 115 0 75 10 10 5.5
9 140(0) 12(0) 60(0) 7(0) 5(0) 7.0(0)
10 140 12 60 7 5 7.0
11 140 12 60 7 5 7.0

E S T NS SRR
“numbers in parentheses were setting levels of parameters, respectively
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#F 2 SMLHIKETZH PB fFiELinsER
Table 2 Results of PB design for screening design for water extraction process of SMLHI

5 i /%

e e JF LRI RIS AR HHR I8 B PHER A =Y e i
1 0.198 7 0.0156 0.299 2 0.2134 4.7857 0.016 1 12.59 36.04
2 0.1480 0.0250 0.0741 0.0899 13518 0.069 3 2255 46.85
3 0.186 5 0.0120 0.1853 0.1889 3.9740 0.2575 14.73 33.45
4 0.2214 0.026 6 0.1030 0.150 3 26745 0.1970 2057 38.36
5 01195 0.0123 0.1026 0.1013 17889 0.0050 12.75 29.65
6 0.1951 0.0330 0.1181 0.104 7 17134 0.1120 18.22 37.10
7 0.3394 0.0382 03247 0.2523 4.8029 0.5706 11.83 31.97
8 0.2234 0.026 2 0.1000 0.1516 2.684 4 0.2008 19.87 36.74
9 0.2085 0.0235 0.084 4 0.1409 25274 0.1741 21.64 39.18

10 0.3495 0.0358 0.2527 0.256 5 4.9515 0.6309 17.61 41.25
11 0.160 9 0.0253 0.099 0 0.093 8 1.454 2 0.0800 25.47 44.88

&3 SMLHI KT ZH PB LI E1TMIEHR % T M EVIREE R2, VAR RIBIFHINERY
Table 3 R2 values, regression coefficients, and weight coefficient of indexs for regression models of PB design for water

extraction process of SMLHI

S A Ji LA HIEFR E FHE IR B FHER A FERETRLS ey
i 0.310 0.036 0.230 0.230 4312 0.305 54.765 26.079
X1 0.064 -0.011 / -0.018 / -0.169 -1.493 /
X2 / / / / 0.065 2.610 /
X3 0.035 0.004 / / 0.131 / /
X4 0.073 / 0.104 0.084 1.949 0.194 -2.554 -3.423
Xs / / / / / -5.992 -3.510
X6 / / / / / -2.124 -2.173
R? 0.976 0.790 0.605 0.920 0.911 0.956 0.983 0.663
WE R 0.316 0.037 0.139 0.214 3.812 0.276 0 0

“I” RFZ 2R Em A 2%

“/” the slash represents the corresponding item with no significance
N RS, KSR IR B 3R AT ST R R 2 R
IR SIRBFERL: HYE, IR SEI N #ak
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AR SEEG R I T2 X ) D-fe s ie st it K ki
JE ¥ N MERE T (hard-to-change factor, HTCF),
RIRITTE] . Z9MRUA% FVA I 2 (DUEERR) %
5T A T (easy-to-change factor, ETCF),
& LESHIN AT B0E 5950 %t Wk 4.
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FHRER A KAt 23 5 S BFHR R B Y5 i &,
PAVO W) o2 () B () S AR R IR &, DLZdRPs
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(1) RSM 7. AR¥ER 4, K Design-Expert
WAL 2RI, SR EM T, 153
REHRE R2 K PENFR 5. MRS AlHl, &
CQA H R2#5°KF 0.75, H% R2EIKT 0.68, %

F4 KRIZHEX D-RUEESHKFRERLER
Table 4 Parameters, levels, and results of D-optimal design for water extraction process of SMLHI

WA R REMRRELE K A 5o oy, IR &
MRPRE R R, XSG R, AR
JEE RYANTR] 2 B ) Py R Ry 2R 7T RE S A
TR LA R3S PH R B B A7 42— R L HIRE

L&A FEH 2% SR
Hmlo FE - . . s . . .
x1/°C xa/min xslcm X7 iR WikER OB MR A%
1 1 156.25 77.4 1 6.88 3.080 7 0.124 6 28.58 41.11 7.49
1 2 156.25 120 5 8.58 3.3057 0.1390 29.14 44,78 7.38
1 3 156.25 60 5 8.74 2.8924 0.111 4 27.24 37.28 7.76
1 4 156.25 60 11 10 29801 0.1251 21.17 30.77 9.68
1 5 156.25 111 1 10 3.4070 0.1452 31.59 44.75 7.61
1 6 156.25 120 11 6 24225 0.096 1 24,76 3351 7.23
2 7 115 (-1)" 74.1 1(-1) 9.3 3.1138 0.1281 30.89 41.72 7.46
2 8 115 120 11 6.7 2.6345 0.1191 24,99 34.87 7.55
2 9 115 60 5 10 2.806 2 0.1041 24.54 33.87 8.29
2 10 115 60 11 7.3 2.4189 0.095 2 18.65 28.90 8.37
2 11 115 60 5 6 2.8594 0.116 9 25.78 34.75 8.23
2 12 115 102.9 1 6 3.4465 0.1394 38.37 48.64 7.09
3 13 140 (0) 90 (0) 5 (0) 8(0) 30649 01384 2769 3674 8.34
3 14 140 90 5 8 3.2359 0.1240 34.30 43.98 7.36
4 15 165 102.6 1 8.9 3.2381 0.1365 35.68 44.66 7.25
4 16 165(+1) 120(+1) 5 10(+1) 32985 01519 3765  47.18 6.99
4 17 165 120 5 6 2.7552 0.1200 33.47 40.46 6.81
4 18 165 60 5 6 2.744 4 0.116 8 28.41 36.88 7.44
4 19 165 60(-1) 11(+1)  6(-1) 23219 00929 1922 2745 8.46
5 20 140 90 1 8 3.1454 0.1259 32.48 44.61 7.05
5 21 140 90 1 8 3.1131 0.124 4 29.82 42.33 7.35
6 22 165 104.1 11 6.9 2.7573 0.1315 21.57 35.563 7.76
6 23 165 120 11 10 2.9305 0.1447 22.99 36.30 8.07
6 24 165 81.9 5 10 2.996 6 0.1298 26.98 41.72 7.18
6 25 165 60 6 2.860 1 0.1102 25.11 36.76 7.78
6 26 165 120 1 3.1935 0.1278 29.03 44.20 7.23
6 27 165 60 1 10 3.206 5 0.1236 23.84 39.79 8.06
7 28 140 90 11 2.7200 0.1128 21.15 34.30 7.93
7 29 140 90 11 24907 0.1097 16.64 30.67 8.12
8 30 115 120 5 6 3.0714 0.1349 30.62 43.05 7.13
8 31 115 120 5 10 3.2719 0.1425 31.18 46.73 7.00
8 32 115 120 7.1 3.097 3 0.126 3 31.03 44.25 7.00
8 33 115 100.2 11 10 2.9456 0.1600 21.42 34.27 8.60
8 34 115 78 11 2.686 2 0.098 2 23.22 30.79 8.73
8 35 115 60 1 6 2.9039 0.1145 24.28 37.42 7.76
"SR AE R K

“numbers in parentheses were setting levels of parameters, respectively
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#Fz5 KREIZHMUIEIGIT S TNIERR RSM IRBE W EVTR Y. RZAFREE R?
Table 5 Regression coefficients, R? values and adjusted R? values of RSM models for water extraction process of SMLHI

fibr LS RIEFRIRHE Sy ES S R ES S RRATE
i 2.940 0.120 29.63 39.37 7.59
X1 —0.005 (0.843 6)&
X3 0.120 (0.000 4) 0.011 3.08 3.72 —0.46
X5 —0.240 —0.005 (0.018 5) —4.22 -5.16 0.44
X7 0.140 0.010 1.03 (0.020 8) 0.18 (0.021 0)
X3X7 0.004 (0.061 8)
X1X7 0.067 (0.037 4)
X5X7 0.067 (0.0717) 0.007 (0.003 5) 0.17 (0.0815)
x3? —2.06 (0.070 3)
Xs? —2.58 (0.012 4) -1.72 (0.027 1) 0.26 (0.047 4)
R? 0.82 0.75 0.82 0.89 0.75
R2adj 0.77 0.68 0.79 0.87 0.68
SFHRLT P K
&numbers in parentheses were P levels of parameters, respectively

Wi o SRENS A AV I B & o R AR R KRB,
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Fig. 2 \Variation trend of R? values and RMSECYV of RBF models for seven CQAs vary with number of hidden layer nodes
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Table 6 Performance of RBF models

HIEFRIEH R, SRR AEATR TR RBF
R AN ERIGAE Y 5 iR 1% 2 (root mean square error of
prediction, RMSEP) &k} 0.260 6%. 0.013 1%-
4.859 4%. 2.861 5%, MGYERALFT FEIGAIELS T R
R 0.419 3%, 45 RIELTF, T RBF v] LT
IR T P2k Bt @ fintr, HEAR
UF (R FI0AE AE

25.4 RSMFIRBFIERILLEL  AWF5E LA R? A MRE
R B PEN FEAR N 2 PR AL T LL B . 28

fEbR Fad)Z % R® RMSECV RMSEP AR IESE ) RSM 1 RBF AL Tl (i A1 S8 5% 5
MR 2 12 0.88 02163 0.2606 W 3, BIEFEEAL RAITN MRE WK 7. &
RIEA TR 1 082 00175 0.0131 SRPL, BT M R R2 ¢ RSM AR T o
R R 6 074 37421 48594 PAAL, RBF B EREIAILT RSM AL AL,
e [ A e 10 091 30488 2.8615 AFFAERTE RBF BB kAT fE 8 2 e b
AR 14 0.87 06072 04193 etk
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i ) 404
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Fig. 3 Relationship between measured and predicted values of RSM and RBF models

Fz7 KEIZH RSM #1 RBF #2&IK) R? 1 MRE
Table 7 R? values and MRE values of RSM and RBF
models for water extraction of SMLHI

. RSM RBF
ikEl *ﬂ‘

R2 MRE/% R?  MRE/%
[ g 0.82 28785 0.83 1.8968"
Wik AR SR 075 49610 082 3.4079°
RS R 082 71176 074 6.7164"
S AR H R 0.89 38987 091 2.7209"
R R4l 0.75 28439 087 1.7531"

7 QR AR ARSI FAT R (K T 1

Indexes with “*” in the table represented better model performances

26 ETHEERYNRERESHHE

IRIE AP LAY, WM A ik
BRI, B R AN T 75 B0 2 1) fe/ME DA A
PSR H . ] HH 2R T A KA, IR
TEERAEE Bl A & H8 br Be A B ) i B EUR/IME . 7E
KT, AT ARUEP= A ROEYE, T B0
BOKRE . SARbR B0 (e BE, WEEITE
AR 8, TR -, 115 RBF AL SMLHI
KR T E AR . A REHEENEREES
FONINAEE 150 °C, LRI 84 min, 254 HUA%
11 cm, VAEFMEEN 10; WA N 0.595 9.
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Table 8 Limits and weights of CQA for water extraction process

PR bR Be/IMEI% K AEI% & PN FRARH R T E AR
T R £ H 2.500 0 / 3 dy, = (Y= Ymin)/(Ymax— Ymin)
PRI AR % 0.100 0 / 2
SRR 7.00 / 2
NP A / 30.00 1 dy = (Ymax—Y)/(Ymax— Ymin)
S RS A / 40.00 1

Ymaxs Ymin 73 AR TH ST A HR AR VG I A FEAR RRIS B i KB . e /IME
Ymax, Ymin Means the maximum and minimum value that an index could achieve
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