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Abstract: Design space approach was applied to optimize the spray drying process of Shenpu Penyan Granule (SPG) based on the
concept of quality by design (QbD). The yield, moisture content, the content of paeoniflorin, chlorogenic acid, polydatin and
salvianolic acid B were defined as the process critical quality attributes (CQAs). Based on the Plackett-Burman design, three critical
process parameters (CPPs) including inlet temperature, specific gravity, and feeding speed were identified by using the weighted
standardized partial regression coefficient method. And stepwise regression method was then used to establish the mathematical model
between CQAs and CPPs in the Box-Behnken design. The variance analysis results showed that the P values of the five models were
less than 0.05 and the mismatch values were all greater than 0.05, indicating that the model could describe the relationship between
CQAs and CPPs. Probability based design space was obtained and verified using Monte-Carlo simulation method. According to the
verification results, the robustness of first ethanol precipitation process of SPG can be guaranteed by operating within the design space
parameters, which helps to improve the quality uniformity between batches of phenol extracts and provides data support for
industrialization production.
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ST R ki (Shenpu Penyan Granule, SPG)
BFETIWRIRERTT, HIER. "2 FH5. AT
10 R %, BA AL, ERVRARER, H
TIRIT IR EEAMIK . R, Bl 2. &N
I el ih = et N 2 P R e R o Ly e
BRI RN, 5 T R A
B, HHALT 7 M, W% TS
S KER. e, RS, 2
BRI I 1 1 TGy 0L, SR, RN S TR
FEH, WRAEMIAE XS BB IR By, HERIEREE,
BERREE, FAE ), HEOREERZ KR
WA 7 A B R, {54 o S LA U,

IR, IR IR T % 1T (quality by design, QbD)
P IEAEHEBN R 25 4 P B A, R39S T2
IIE, A B A o B Al AR SE A 50 A0 A 7 i
2, T R T e, QbD & — s T
A SERARL S HR AN T B RSB B, Pl e X B A
Jo7 B J 1t LA S s ) e i 5 T2 R, IR T
BT R T 7775, Sl QbD A% OE T8
TR RAE S T 2230 (CPPs) FIOCHE &
J& M (CQAs) Z MMM H & &R, &=
(design space, DS), HETIHIFH B THZS AT i () ot
TR, ZkRe iR R R A TS
HHCH, B0 R — 2, B TS TR
P T B K PTEEAR O T2 S HAR A3 15Y, At 97 2
T QbD HE, KAWL SPG Wi 55 )5
TZ, LOmBbr#Edw ] 5 R E0% 57 i% CPPs, #37 T
2V FRAR AT CPPs (1€ B4, FH Monte Carlo
FLVFIRAS T MR B et 2 (8] H 3 AT 38 IE

1 #H
1.1 2%

SODA-47 BRI Z5 T, bl R ST 4
AIRAF]; 98-1-B BUHIE, RETRITFHGEA
FRAT; Agilent 1200 & 207 AH (A 1E4% . DAD %41+
s, EEZESAT; BP 211D BT /4R
*F-, Metter Toledo /A @]; Centrifuge 5415D r=yid &0
WL, #&[E Eppendorf A H]; Mettler AE 204 HL 734t
K, BEMRE AR, BT, bR
TR AL
1.2 Zm5is

SPG IR, LA RMERAR, #ts
20170601; XTHEAATZH (A5 1110736-201337,
R 96.4%) SRIEER (b5 110735-201314,

R 96.6%) A (iS5 111575-200502,
RS 40100%) FHIEE B (4it5 111562-201110,
JR 534 98.0% ), 35 EH R A 5 2 A E i TR
it 2Rl HARGRI a3 ifal
1Ko
2 FEEER
2.1 SPG BEF#AEIHIE

WE W S TRk, BL— & &1 SPG R H i#H1T
W55 T, AT .
2.2 IRFRME
221 KHME HBWETH 2g, S8 (REZ )
2015 = F B N 0832 il 5 v 5
222 WiTHfRE RREWCEERNST TR E, 11E
T3 7 28 (IS 45 28 = W55 o1 B/ P i 247K
U ER S D .
2.2.3  FRFREC B E e

(1) i KA Kromasil Cig 4L (250
mmX4.6 mm, 5 pum); PhZME-0.1%EE KRN
WBhH, BEREVEML: 0~35 min, 10%~40%Z.f;
PRFRL R 1.0 mL/min; AU K 230 nm (A525E),
306 nm (SEJEFR  FEALE . FHBER B); d#EFEE 10 pL,
KR 30 °C, BRRESAREL LA i AT E IR
T+ 3000, EBIEELE 1,

(2) XTHESIRRE & BT 41 SRR
B PRRCE. PHBYER B XTI GE R, BERE, B
100 mL S HH, J1 70% FF G RS0 &R B AT 24
53.35 pg/mL. ZRJEAR 15.63 ug/mL. JEALTF 44.92
ug/mL. FHBER B 36.97 pg/mL IR A X B8 5 AT

A 1 2 3 4 230 nm

B
) 3 4 230 nm

1
3
c { !l 4 360 nm
A I _
D | 3 4 360 nm
0 10 20 30
t/min

I-GEER 2-A5250F 3R 4R B
1-chlorogenic acid 2-paeoniflorin  3-polydatin  4-salvianolic acid B
1 REXWEME (AL C) #SPG#Mm (B. D) HPLC
Fig.1 HPLC of mixed reference substances (A, C) and SPG
(B, D)
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(3) ML VA R )& . KB PRI SPG 0.25 g,
BT 100 mL #ETEHHH, AEEMA 50 mL 70% FEE,
PR i, 4 (250 W, 40 kHz) 30 min, #
AR, FREFE, H 70% 5B 2 0k 1 7 &
RAY, JERE, HUERER, a0, i 0.45 pm AHLIE
fiEE, RIS,

(4) MR RFEE: I~ H . SRIFTR
JERCE . FHBER B ARG, FEHOE, T 70%
FH 52 P 1) 3 788 6 0 HEL it BRI (AT 2478 482.47 pg/mL
¢ )5 124.60 pg/mL. FERLE 288.22 pg/mL. PHEY
R B 295.75 ug/mL), ¥ L H 70% H BEEZ 20 B &R
FITE AN HR SRR, o0 SRR s D T AR . DAV
RO R IR B AT ERPE R, 1572 AT
Y=8854.6 X—6 224, r=1.000 0, Z&PEJEH 7.539~
482.470 ug/mL; %R Y=16 710 X—2 283.6, r=
1.000 0, ZetEJEH 2.003~128.166 pg/mL; FEALEF
Y=26 186 X—10 470, r=1.000 0, £k V5[ 4.503~
288.200 pg/mL; FHHEE B Y=10 622 X—1 004.7,
r=0.999 8, Z&MEVEH 4.621~295.752 pg/mL.

(5) FEEFERT: WMATHE . SRR JRACE .
FHOER B IR A X RES IR, 1% “2.2.3 (17 i
TR MESLIRE 6 IR, SRATHE . SIERR. R
- FHTER B U4 TH AL RSD A 43 14 1.28%+ 1.35%-
1.17% 1.05%, RIIIEEE RIT.

(6) e ML W4 0.25 g, KEFFRAE,
% “2.2.3 (3)” T ER &R ME, 20T 0.
3. 6+ 9. 12, 15, 18, 21. 24 h #EREIIE, 35t

SR RSD A, 45 R mIA~2H 0.32%. 2%
JRR 0.70% FRALEF 0.20%. FHHER B 0.89%, % H
1E 24 h P VA RTE IR I TR AR E

(7) BERISE: % “22.3 (3)7 Wi K ikl
Hl A AT, % “2.2.3 (17 TR HPLC i
AR E
2.3 Rt
2.3.1 CPPs ffii& /7% KM Plackett-Burman i}
P KGR R AR H RS« 2GR 2
55 6 7. RAHLAIER 6 A T &3l b ARk T
S5 KRB TR A A~F), LKA G, EME,
NMHHEE. SRRGE. BRNTFSE. IR B
FRIEN CQAsUKIKRERIRAN Yi~Ye), G (R
1) H Design-Expert 8.0 (3 [H Stat-Ease 2\ ) 78/
2.3.2  [AHABER RS /7 MR YE Plackett-Burman
SEBS % tH ¥ CPPs GEERUIRLEE . #EREE 2 . 2453004
ST, K FH Box-Behnken % i3 & 5. SPG 15t
F T AW FE L FE Y CPPs il CQAs 2 18] (AL AR
Box-Behnken % it 545 W% 2. RGBT
Design-Expert 8.0 58 i
2.4 CPPs HiksER

CPPs Jiiie W3 1. RHFFERIAREE, HE
X&KL 2RI RH AR Y=0—Y)/s i
ITAR AL AR B, Jorb y Dy o0k T 2V F FR bR S2ilA,
YL G HE, Y OFIOME, s WisiEZ, 2R)E
It 2 n gt FA . S HN R bR ) B, £
TERAMERNAR WA R Y=a0+ > aiXi, HF a0y

%= 1 Plackett-Burman &t R&ER

Table 1 Plackett-Burman designed experiments and results

o2 CPPs CQAs
A/C  B/MHz C/C D E/MPa  F/Hz Yi/% Yo/% Yi/(mgg™) Ya(mgg™") Ys/(mgg™') Ye/(mgg™)

S1 180 (+1) 30 (+1) 70 (=1) 1.20 (+1) 0.06 (+1) 100 (+1) 4.675 0.771  6.754 1.571 5.497 6.102
S2 180 (+1) 15(=1) 90 (+1) 1.20 (+1) 0.06 (+1) 80 (—1) 4.153 0.863  7.025 1.871 5.614 6.247
S3 160 (=1) 15(=1) 70 (—1) 1.20 (+1) 0.04 (-1) 100 (+1) 5.381 0.718  6.045 1.972 4785 5.786
S4 160 (—1) 30 (+1) 90 (+1) 1.20 (+1) 0.04(-1) 80 (-1) 5712 0.703  5.867 1.907 4516 5.547
S5 160 (=1) 30 (+1) 90 (+1) 1.10(-1) 0.06 (+1) 100 (+1) 5.834 0.604  5.794 1.893 4576 5.175
S6 160 (=1) 15(-1) 70 (—1) 1.10(-1) 0.04(~1) 80(-1) 5371 0.677 6.175 2.121 4901 5.447
S7 180 (+1) 30 (+1) 90 (+1) 1.10(-1) 0.04(~1) 80 (-1) 5.182 0.795  6.047 1.730 5047 5.476
S8 180 (+1) 15(=1) 90 (+1) 1.20 (+1) 0.04(~1) 100 (+1) 4.58 0762  6.687 1.821 5.415 6.078
SO 160 (=1) 30 (+1) 70 (—1) 1.20 (+1) 0.06 (+1) 80 (1) 5.474 0.726  6.547 2.079 5.164 5.436
S10 180 (+1) 30 (+1) 70 (1) 1.10(-1) 0.04 (—1) 100 (+1) 5.413 0.768  5.994 1.694 4972 5.378
SI1 160 (-1) 15(-1) 90 (+1) 1.10(-1) 0.06 (+1) 100 (+1) 5261 0.715  6.147 2142 4814 5.578
S12 180 (+1) 15(=1) 70 (=1) 1.10(-1) 0.06 (+1) 80 (1) 4.824 0.825  6.647 1.725 5378 6.289
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Table 2 Box-Behnken designed experiments and results
. CPPs CQAs
9T
A/C B/Hz D W% Y%  Y/(mggh) Yo/(mg-g™") Ys/(mg-g™h) Ys/(mg-g™")
1 160(-1) 15(-1)  1.15(0) 584 0.69 7.26 227 5.70 6.02
2 180 (+1) 15 1.15 4.76 0.86 7.89 1.86 6.23 6.65
3 160 30 (+1) 1.15 6.01 0.64 7.18 2.31 5.62 6.04
4 180 30 1.15 5.57 0.73 7.34 1.89 5.48 6.17
5 160 250) 110(-1) 537 067 7.8 227 572 6.11
6 180 22.5 1.10 5.36 0.78 7.43 1.97 5.77 6.19
7 160 22.5 1.20 (+1) 5.47 0.70 7.37 2.17 5.79 6.23
8 180 22.5 1.20 4.97 0.81 7.68 1.85 6.12 6.34
9 170 (0) 15 1.10 5.04 0.75 7.47 2.17 5.88 6.24
10 170 30 1.10 5.48 0.72 7.26 2.16 5.70 6.02
11 170 15 1.20 4.89 0.76 7.84 2.24 6.08 6.67
12 170 30 1.20 5.27 0.68 7.28 2.16 5.72 6.14
13 170 22.5 1.15 5.17 0.79 7.51 2.08 5.95 6.37
14 170 22.5 1.15 5.07 0.76 7.56 2.14 5.99 6.32
15 170 22.5 1.15 5.24 0.73 7.42 2.09 5.76 6.18
16 170 22.5 1.15 5.12 0.78 7.53 2.14 5.77 6.29
17 170 22.5 1.15 5.02 0.71 7.39 2.11 5.73 6.25
WO, XA LESH, a WSEXNEN Y IR HEXURE (A, BEFEEE (B). 25X % E (D)

IR SRIEHG S a L EINBCR AT . 2 04k
PE[ENH 15 Design-Expert 8.0 58 . - F8ArAH M
() a; be 8 ZBUNLE 3. 45 R EIR 6 MR R 7E
0.859~0.952, R W& MER I e A ir ) fiik T2 2
EAOSEi AN WAt AR

NT TR, R R AR o 1 B A
[, TEHES TS a MAHEZ FIE, ST E
FRAR B ) o AL 1, BIER 3 1 o 48XHE
RIEEA L ESHOT M EAR R . o o
4 o} B 2 AIHEFIIR T 32k R B > A i 2 > 247K
B> W R > AL > H XGRS, A A

J& SPG Wi %5 T F2 1 CPPs.

2.5 MRS

251 BIRWE KT CPPs 5 CQAs ZIH
AR AR Y=bo+ Y bXi+ X bX?+
S biXiX o bo AREIR, biv by by
NRIENA R 5. RAIZED EEE R RS, B
NERFE BRI PAEBEE N 0.10. 225 AR A
Design-Expert 8.0 11'5. Box-Behnken %55 L% 2,
KH IR Z AT CQA (Y1 Yau Yiu Yau Yse
Ye) MAIRNM CPPs (A. By D) 73 BliEATHLA, 5
R[]V 2%, R2 AN P {H 25 SR W3 4.

%=3 R, REEARBRESAITEZH

Table 3 R? values, partial regression coefficients and sums of regression coefficients in equation

i B ai a a3 as as as it 1 Y9 22 H 448 i 2 A
R? 0.9516 0.863 80 0.927 5 0.858 90 0.892 8 0.9102

A -0.1700 0.003 70 0.086 0 —0.026 00 0.1000 0.067 0 0.453

B 0.1100 —0.001 10 -0.058 0 —0.012 00 -0.028 0 —-0.059 0 0.268

C -0.0170 —0.000 25 -0.0200 0.003 00 -0.016 0 —0.008 7 0.065

D -0.079 0 0.000 92 0.0710 —0.001 30 0.0340 0.048 0 0.234

E —0.0590 0.000 47 0.070 0 0.000 54 0.0270 0.029 0 0.186

F 0.018 0 0.001 40 -0.0300 0.005 10 -0.023 0 —0.008 9 0.086
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Table 4 Regression equation, determination coefficients and model P values

£

Bl )75 72

R P

Y1 1=5.12—0.25A+0.23 B—0.081 D+0.16 AB—0.12 AD—0.015 BD+0.27 A2+0.15 B>—0.10 D?
Y2 ¥2=0.75+0.06 A—0.036 B+0.003 75 D—0.020 AB—0.012 BD—0.005 7 A2—0.018 B2—0.008 25 D?
Y ¥3=7.48+0.16 A—0.17 B+0.091 D—0.12 AB+0.04 AD—0.087 BD—0.044 A2—0.021 B>—0.001 5 D?

0.908 1 0.000 7
0.8730 0.0180
0.9415 0.001 5

Y+ Y4=2.11—0.18 A—0.002 5 B—0.019 D—0.002 5 AB—0.005 AD—0.018 BD—0.073 A2—0.044 B2—0.026 D* 0.930 6 0.002 7

Ys Ys=5.84+0.096 A—0.17 B+0.08 D—0.17 AB+0.07 AD—0.045 BD—0.039 A2—0.044 B2-+0.049 D?
Ys Y6=6.28+0.12A—0.15B+0.10 D—0.13 AB+0.075 AD—0.077 BD—0.056 A2—0.006 B2-+0.008 5 D?

0.876 7 0.013 7
0.8549 0.028 6

6 MEM LA e RE R KT 0.85, UiLH
BT B RE KB A8 5, e A P SE B 5 T
Z M HARIF A E, HARGMTINGE . 77
Zor e R PAEYI/NT 0.05, 154 B A B M
RPMEIIRT 0.05, SLIRZEALE, BT
SIS G IS OUEF, 5 PR R e AR TR YOG &
AJ DLA AR A ek AL

TSR Y2 CEMER). v3 (AjZHE
BE) Nl (£5). A. BH DX 2/ ¥ HEE
s, Ho ys FERIE AT &3 AB. BD ) P {E
$I/NF0.05, 8] AL By D ZAFEESRL HAEH
252 MMM BLYa (BEMRED. Y3 (AjET
Ly 2 DML Ib SN E =Y s AL 2 22 S &y i pe i)
IR E (A BEFEEER (B 25U % (D)
AT 2O . MRS LE LA 2, 4R

F R IR BB =, R A, 2 X B
TR, R AT RESRER LA 3,
S5 R R IR KGR BB S, R RS, 25X
RS, AT R .
2.6 &ITZIE)HHE R IIE

K FI R E 2 iR 58 45 3L 1) Monte Carlo V5115
Bk, B MODDE #4 (Umetrics A#]) H%w
AT TR . AR = i i S 2R 0E 5 MR b
PREE FRRAE, T &=, CQAs A3z il
JOBEFR R WLZR 6, 12 A Monte Carlo =it 5155
TRER BN, WA 40 kAR,
N TR T HAE, T I B A 2 R 3 B 3 X R
170~176 C, #H#EZN 15~20 Hz, Z5AHN %
FER 1.15~1.20, ScERfEZ N T 2P fabs 1) i
/NIEFREE A 091

x5 nhMYV:HEEST
Table 5 ANOVA results of Y2 and Y3

Y2 Ys
2H H S5 AN ¥1J5 FAH P 7 AN HJ7 FA8 P1g
it 9 0.044 00 0.004 80 5.35 0.0190 0.610 00 0.068 00 12.520 0 0.001 5
1 0.029 00 0.029 00 31.77 0.000 8 0.200 00 0.200 00 36.1200 0.000 5
B 1 0.011 00 0.011 00 11.60 0.011 4 0.240 00 0.240 00 453000 0.000 3
1 0.000 10 0.000 11 0.12 0.7350 0.067 00 0.067 00 12.3200 0.009 9
AB 1 0.001 60 0.001 60 1.77 0.2257 0.055 00 0.055 00 10.210 0 0.0152
AD 1 0.000 00 0.000 00 1.000 0 0.006 40 0.006 40 1.180 0 0.3127
BD 1 0.000 62 0.000 63 0.69 0.433 7 0.031 00 0.031 00 5.660 0 0.048 9
A? 1 0.001 40 0.000 14 0.15 0.706 8 0.008 00 0.008 00 1.470 0 0.264 2
B? 1 0.001 40 0.001 40 1.55 0.253 6 0.001 90 0.001 90 0.3400 0.576 3
D? 1 0.000 28 0.000 29 0.32 0.5915 0.000 01 0.000 01 0.001 8 0.987 8
W7 7 0.006 30 0.000 91 0.038 00 0.000 54
AT 3 0.001 80 0.000 61 0.54 0.680 9 0.016 00 0.005 50 1.020 0 0.473 3
gl %= 4 0.004 50 0.001 10 0.021 00 0.005 40
pee i 16 0.050 00 0.650 00
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B/Hz

165 175 165
A/C

A/C B/Hz

2 EMERFSLKE
Fig. 2 Contour plot of yield

B/Hz

165 175 165

175
A/C B/Hz

B3 NHEIEFSLE

Fig. 3 Contour plot of content of paeoniflorin

R 6 T ZiatrPRERIAIRHIRER
Table 6 Limits of process CQAs and acceptable probability

TZfebs A EROFR Bb R 2 iR
)4l % 5.2 =0.95
Y2 % 85
Y3 mg-g™! 7.50
Ya mg-g™! 2.15
Ys mg-g™! 6.00
Ys mg-g™! 6.05

ZHAXT B FEAE 1.15~1.20 N AR A
FAAF, oA RS 115 Bdtasia; K 4 it
FH 3 2% 21 PR A8 3R 7 T AR R JUCEH . 0.5% M 2 3%
HK.

N T SRR TS (A I HER I, RSN
APSEL 1 s HATIRUE, e Vi GRS,
HEFRHER 18 Hz, HEREE 172 °C, Z53AHx % 5
115D, Vo GRUFZ RSN, JEAEE 2 25 Hz, #EXR
J% 180 °C, ZHWAHNTEE 1.15), WiE4s R ULE 7,

B/Hz

162 166 170 174 178
A/C

B4 ®RitTEFS%KE
Fig. 4 Contour plot of design space
MIGUELE R TS0, BE A SEPRE Hr, R
R TR BE AT o BT 23 [A) Y R 6 AT bR T E 15
T RSMRR: AR, BEIFE BT R N A AT
PAGRIIE T Z HORS R T4
3 g

AL IEH QbD HLr, KA “Beit a7 Jyik
At SPG Wi %5 T4 T2 A P-B Bt A i [al )9 5
ok, MR KGR E . BERRE R . 253X 5 5

F=7 HRWIE (n=3)
Table 7 Conditions and results of verification experiments (n = 3)

_ Y1/% Y2/%
wUE KL

Y3/(mg-g™)

Ya/(mg-g™h) Ys/(mg-g™) Yo/(mg-g™')

S WA SEDfE

TE SHME BONE SEME

O SCNME PONE Sedl(E BNE

Vi 4.86%0.35 4.75 87.51%£2.50 90.14 7.931+0.47 798 2361020 242 6.27+£025 634 6491032 6.58

Vo 4731028 4.75 82.05+2.58 81.95 7.6810.51

7.65 1.711+0.26

1.56 6.12+0.31 6.21 6.32+£0.28 6.27
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3 /™ CPPs; 5% H Box-Behnken % i F1i% 4 [=] 1572,

AT T CQA 1 CPP HIH- 17

)5 12 Monte

Carlo VAT BT 5545 T2 MLt 2=, JEtAT T
IGAF o R 45 RAIE A E 1% L 2 S Bt 2 (a5 AE R
S LRIE SPG W T FE R B . N T T /5 4k
FEALERAE, HEFEME 5508 T2 48R 25 0] 9 ik X
BN 172~176 °C, #FEEAN 15~25 Hz, 47K
AN E N 1.15~1.20.
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