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optimize parameter combinations to establish a TSWG process system meeting production requirements. Methods Critical
influencing factors of TSWG, including equipment parameters (twin-screw configuration) and process parameters (feed mass flow
rate, screw mass flow rate, liquid-to-solid ratio, etc.), were identified through risk assessment. A factorial design was employed to
analyze the main and interactive effects of process parameters on granule physical properties. A Box-Behnken design (BBD) combined
with response surface methodology (RSM) was used to construct a parameter space that meets production requirements, identify
optimal parameter combinations, and compare the physical properties of TSWG granules with those of production batches for
verification. Results Liquid-to-solid ratio and ethanol concentration in the binder had significant effects on key quality attributes such
as particle size and angle of repose, while feed mass flow rate and screw mass flow rate had relatively minor effects. TSWG granules
met production requirements and exhibited superior performance in maintaining bulk density and angle of repose stability, as well as
improving flowability and dissolution behavior. Conclusion This study systematically optimized TSWG process parameters,
enhancing the feasibility and success rate of twin-screw wet granulation for GFC, and providing data support and optimization
strategies for wet granulation in continuous manufacturing of traditional Chinese medicines.

Key words: twin-screw wet granulation; Guizhi Fuling Capsules; continuous manufacturing; process parameters; physical property

parameters; risk assessment method; Box-Behnken design-response surface methodology; key quality attributes
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Table 2 Experimental factor levels and arrangement for factorial design
g O e o wm Y e xms Y pw x
(gmin!) (g'min!) (gmin™') (g'min!) (gmin!) (g'min!)
1 504 (1) 50(=1) 95(+1) 1:5(1)| 28 99.6 150 70 125 55 50.4 150 95 1:5
2 50.4 50 95 1:4(0) 29 99.6 150 70 1:4] 56 50.4 150 95 1:4
3 50.4 50 95 1:3¢D] 30 99.6 150 70 1:3] 57 50.4 150 95 1:3
4 50.4 100 (0) 95 1:5 31 147.6 100 70 1:5] 58 99.6 50 95 1:5
5 50.4 100 95 1:4 32 147.6 100 70 1:4] 59 99.6 50 95 1:4
6 50.4 100 95 1:3 33 147.6 100 70 1231 60 99.6 50 95 1:3
7 99.6 (0) 100 95 1:5 34 147.6 150 70 1:5) 61 147.6 50 95 1:5
8 99.6 100 95 1:4 35 147.6 150 70 1:4) 62 147.6 50 95 1:4
9 99.6 100 95 1:3 36 147.6 150 70 1:3] 63 147.6 50 95 1:3
10 99.6 150 (+1) 95 1:5 37 504 50 45(-1) 1:5| 64 50.4 150 70 1:5
11 99.6 150 95 1:4 38 504 50 45 1:4) 65 50.4 150 70 1:4
12 99.6 150 95 1:3 39 504 50 45 1:3] 66 50.4 150 70 1:3
13 147.6 (+1) 100 95 1:5 40 50.4 100 45 125 67 99.6 50 70 1:5
14 147.6 100 95 1:4 41 50.4 100 45 1:4] 68 99.6 50 70 1:4
15 147.6 100 95 1:3 42 50.4 100 45 1:3] 69 99.6 50 70 1:3
16 147.6 150 95 1:5 43 99.6 100 45 1251 70 147.6 50 70 1:5
17 147.6 150 95 1:4 44 99.6 100 45 1:4] 71 147.6 50 70 1:4
18 147.6 150 95 1:3 45 99.6 100 45 123 72 147.6 50 70 1:3
19 50.4 50 700 1:5 46 99.6 150 45 1:5) 73 50.4 150 45 1:5
20 50.4 50 70 1:4 47 99.6 150 45 1:4) 74 50.4 150 45 1:4
21 50.4 50 70 1:3 48 99.6 150 45 1:23) 75 50.4 150 45 1:3
22 50.4 100 70 1:5 49 147.6 100 45 1:5] 76 99.6 50 45 1:5
23 50.4 100 70 1:4 50 147.6 100 45 1:24) 77 99.6 50 45 1:4
24 50.4 100 70 1:3 51 147.6 100 45 1:3] 78 99.6 50 45 1:3
25 99.6 100 70 1:5 52 147.6 150 45 1:5) 79 147.6 50 45 1:5
26 99.6 100 70 1:4 53 147.6 150 45 1:4) 80 147.6 50 45 1:4
27 99.6 100 70 1:3 54 147.6 150 45 1:3] 81 147.6 50 45 1:3
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3 5440 TSWG BN ESRLE
Table 3 Summary of physical property determination results for 54 groups of TSWG granules

D/ D¢/
é = o
e (grem™) (g-em™) “0

SSA/ Dio/ Dso/  Doo/

span
(m*kg™") pm pm P

um

Da/ D/
é = o
B gem) goms) “0)

SSA/  Dio/ Dso/
(m*kg™) pm pm

Doo/

um

span

0.5135 0.6402 45.20
0.5022 0.629 5 43.99
0.4923 0.5917 41.80
0.5049 0.6119 45.12
0.5034 0.6106 43.98
0.4972 0.583 8 40.35
0.4944 0.607 2 45.38
0.4891 0.5891 41.92
0.4878 0.578 1 39.31
0.4875 0.597 8 44.46
0.4832 0.5775 41.16
0.4818 0.569 0 39.30
0.500 6 0.607 8 44.24
0.4959 0.594 8 42.47
0.4754 0.579 4 40.47
0.4942 0.6100 43.11
0.506 0 0.5984 42.32
04731 0.5711 40.52
0.4703 0.583 1 47.20
0.464 1 0.5753 44.07
0.460 8 0.564 1 41.76
0.4645 0.5815 44.90
0.464 0 0.5772 42.80
0.458 0 0.5627 40.96
0.4676 0.5817 45.12
0.4653 0.5704 42.71
0.4690 0.5657 41.21

115.43 10.34 33.60 98.62 2.627
101.10 11.94 38.26 103.17 2.384
84.83 14.04 48.98 112.83 2.017
112.97 10.72 33.82 97.38 2.562
101.12 11.95 38.05 102.70 2.385
92.85 12.8543.56 109.60 2.222
108.37 11.2535.45 99.39 2.486
103.43 11.86 37.48 102.83 2.429
97.95 12.40 40.44 102.73 2.234
105.37 11.6236.19 98.61 2.403
101.60 11.92 38.51 102.73 2.358
91.70 12.96 44.02 109.33 2.189
112.37 10.94 3391 92.752.411
108.30 11.44 35.13 98.36 2.474
9541 12.8541.15102.50 2.179
108.70 11.3234.44 95.08 2.430
108.37 11.5135.53 97.99 2.434
92.32 13.0543.48 107.00 2.161
99.72 12.07 41.43 115.03 2.486
93.59 12.8843.43 120.37 2.475
79.17 15.00 51.04 130.17 2.256
89.16 13.18 48.12 132.23 2.475
87.10 13.4548.42 132.63 2.461
76.20 15.4552.54 129.17 2.165
104.47 11.6537.46 107.33 2.554
95.29 12.5441.47 114.10 2.449
83.65 14.32 47.47 123.40 2.297

O 0 3 N W B W N =

N D NN N N NN = ks e e e e e
~N O LR WD = O 0 NN R WD = O

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

0.464 2 0.592 0 46.58
0.4626 0.567 1 44.62
0.4575 0.5575 41.01
0.4689 0.5715 42.46
0.4704 0.5671 41.48
0.4632 0.5694 40.10
0.4673 0.5828 44.20
0.4612 0.5705 41.90
0.466 6 0.5629 40.48
0.5005 0.6472 46.66
0.5002 0.6103 45.29
0.4973 0.593 6 43.45
0.476 0 0.5771 41.74
0.4719 0.568 5 42.73
0.4745 0.5711 42.15
0.4944 0.6363 46.56
0.4937 0.6126 45.23
0.494 0 0.5880 43.17
0.4917 0.607 6 46.25
0.4919 0.608 7 45.66
0.5004 0.5959 43.57
0.5156 0.6391 4691
0.5029 0.618 1 45.06
0.4877 0.5879 42.40
0.5083 0.6295 46.93
0.5007 0.608 9 45.19
0.4842 0.5782 39.99

97.55 12.2941.49 114.97 2.476
89.61 13.27 45.10 121.07 2.391
83.17 14.32 48.76 124.13 2.252
109.47 11.20 35.72 104.47 2.612
95.01 12.77 42.38 119.10 2.509
84.54 14.18 47.63 126.73 2.363
106.43 11.50 37.30 108.50 2.601
83.92 14.22 48.40 130.10 2.395
96.38 12.56 42.09 118.63 2.520
95.24 11.93 50.11 148.17 2.719
80.83 13.86 63.15 186.43 2.731
74.92 14.65 66.17 192.80 2.692
96.83 11.72 50.09 150.50 2.771
69.68 16.23 77.54 219.93 2.628
68.73 16.19 75.84 214.23 2.610
97.06 11.67 49.47 146.13 2.717
79.23 13.86 64.17 191.43 2.767
64.34 16.64 76.76 224.70 2.710
77.57 14.40 70.56 211.97 2.799
75.73 14.50 70.72 214.80 2.832
66.82 16.02 75.79 223.33 2.735
93.18 12.18 50.42 147.73 2.688
80.21 13.92 62.22 186.73 2.778
62.73 16.95 74.24 215.60 2.674
100.22 11.40 45.00 133.67 2.717
80.99 13.63 59.60 176.90 2.737
46.71 20.23 90.48 259.30 2.642
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Sk, N 47200, 2 foR, T TSWG Bk
(1) o B ISLE A P2 R il TG L Y o 735 o {E R 43.29°,
B BARTAE P R 52,910, HorA s, K
TSWG 7E 4%l kL o s A e 38 O 7 sh 1 7 T A
— B, B R AR

FUBR R 5 R R (R AR R R S5 DR 3 DA
Ko A= HE L BURL ] 1) FLBR 2B 70 AT 8 0.293 6~
0.6267, ¥JE N 0.4715; TSWG Fikilal FLB A8 4
i~ 0.3853~0.4652, ¥IMEH AN 03750, K2 Ew,
TSWG BUkz ) FLIR 2 A AR AR, A/ T4 7 R il
B, HoMmvaEE 4, W TSWG A BT 6

L 45 R RS2 T I PR LR,
=98

253 Bk EHARKHE B H 54 4t
TSWG FkiAl 93 #bAF=HRiAE M Doy Dev on
Dio~ Dso~ Doo Fl span {5 7 NS ER) 1 147 X7
(AR RE, K £ 8574 (principal component
analysis, PCA) FiEMATLRA VIS, FHlAT 7=
SHGAE ASGIEA R AR, PCA sk (B 3-
a) G5 EIR, AT 3 NER LR T 93.3% M8
#:(PC1.PC2.PC3 J7 ZTTHRZ 51 71N 52.9%+21.4%
M 14.8%). FrAaPIPESHUNAE PCL il B3 2 IEH
K, R PCL R T kIS & IVER-IE. PC2 32 2L
RBIRIIEZEL (Dson Doos span) 52 EZHL (D,
Do) KM E (o) Z R XR: WESH

FEAE P N T B
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T R AR PR BRI RN, m A3 8 AR YR H 1
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4. PC2 FE XML ZSEL (Diov Dsos Do) SSA
A span 2 [B] ) 22 5+

T EE XS B2 PCA 195 LI 4-b, Bt [
PR, BORLIIPIPEAS 73 B4 B PCL A7 % ) 1E Rl
3y, Ut BRI A e i Ak S R AR, B
FRARR K, WA PERE . IR SRR Bt
¢ PCA 7355 B WKl 4-c, 4558 BoRbEE LEAM
3B A CRIZK 7 B s 38 D, BUkifs 45 i PC2 1
B IERIRE S, SN KB R T R, A
KERATIE K. WFFEERIT, 38 e 5 H ] B2
BERURLZ 5K, ORI B msh e FEAK
LIEAEFR L (B K3 & &), IR A 1E W
oM. FR SRS B SSAL o KALBRF ML
G, A BT A R AR A BEARAS [ T2 2 A R
KL R AR R

AW TR FH 2 K T7 22081 (MANOVA) R5;
P TS RERER S SRR
ARV B D X6 11 A4S 500 3 308
MZHRL Gtk iR OB EREX L
FAERZE TN (P=0.009<0.05); @ZEARFASY
4t Dy (P=0.038). Dsy (P=0.018). Doy (P=
0.009). span (P=0.036) M I. (P=0.012) 5
BERN, QWL Dip (P=0.050). Dsy (P=
0.036) Fl Doy (P=0.028) EAH it . 5
RN, MORRERES QR 500 — A8
HAEFR LR 2 (P=0.020), R FHHFEN

FEANH] ZAE

FEARSZIG A Z T, RURAT IR BRI A% 00 45
WSHRFHEE, B B ES. K2,
A X 2 i B R oo g . A oA
450381 MANOVA X T2 S50 W3 VAT S0 R 4 «
MRORH BT B VR 2R 5 XU AT JoT 8 VA 23 0 UK P 1 2 4
(D10~ Dso~ Doo~ span, [ 55) PR EMG 1122 0%
SN (P>0.05), 145 5UIESE, FEAHEFBOE K
HZHMELRT, FiR 2 KR ERBSHIEAERR R
B2 [ B I R
2.6 BBD It REER

TRV AR, 3R 7&K L HAR
FXPRURLPE R, T80 T 2S5k
WL F R, #E—2k M BBD itk TSWG LZ
24, i Design Expert #f} (Stat-Ease A ] ),
DAMERLIT B (o) XUEAF TR (). [
te () SIEIBAIK &8 CEARUEER] SRR
G xa) NEAE, WEMK. . &3 DK
P Do Dev 0 Diov Dsow Doo £ span {E 7 TR )
YESEAE R &, TR A2 R a1 Bl 5
TE LI, NIRRT &4 =75 K1 TSWG L2
S SLEAL S, SEEL T 2SI, PR R
Eikbr. LT 29 HTESHA G, bR
I K FEW RN B UE A s R, Pk kg
AR EGIBE 6 4, FAmikt 23 A MAEE,
SR 4.

4 BBD LWRIHTAR
Table 4 Experimental design scheme of BBD

s xi/(gmin™!) x2/(gmin') X3 x4/%|%'T xi/(gmin!) x2/(gmin!) X3 x4/%| %5 x1/(gmin!) x2/(gmin) x5 x4/%
1 99.6 100 1:3 55 9 147.6 100 1:4 5|17 99.6 100 1:5 55
2 99.6 100 1:3 51|10 99.6 100 175 5] 18 50.4 50 1:4 30
3 50.4 100 1:5 30 | 11 99.6 150 1:3 30| 19 99.6 150 1:4 55
4 147.6 100 1:3 30| 12 99.6 100 1.4 30| 20 504 100 1:3 30
5 99.6 100 1:4 30| 13 99.6 100 1.4 30| 21 504 100 1:4 55
6 147.6 150 1:4 30 | 14 99.6 100 1:4 30 | 21 50.4 100 1:4 55
7 99.6 150 1:4 5|15 50.4 100 1:4 5| 22 147.6 100 1:5 30
8 99.6 100 1:4 30 | 16 147.6 100 1:4 55| 23 99.6 150 1:5 30

2.7 MUBFEEFIR T 2t =88R

BT “2.57 TR TSWG Foki i £d , ki
23 20 BBD XJRiff) 7 AN REEVIESEL,  DLAR AR
IBME R B bR ZE TR L R, i ek
=R A e B 2 ]

AT DRI FE R, SR AV ] bt AN 2B AR 43 25 B

A& A AR, BT AR R, Hitk, 8
EWE LR 105 LEEARFIY BN 45%, #E—5H
MR BB 5 SO0 o L I S 1 - i (A
5), HAEa XA TS5 m. @i RSM
TUBHHf T 2% 1 S0 R0 R 2 1R, JEERR &
W e SRR AR S, Mg T R R
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Table 5 Parameter combinations for three groups of
TSWG process validation

ETRs] x1/(grmin™")
1 96.0 97.0 1:
2 116.4 118.5 1:
3 144.0 147.5 1:

TR MR “2.37 I W7 & TSWG BikL, kK4
“2.47 TURMEFRIBAZSAE v Dy 2 DY)
PESH (R 6) o K S A0 g [ T 2 160 0 F 0 4 32
XL, ATEWEH, TSWG Bk Do HSzillfE 5
TRIE TG I B 22 57, 3R BHSGIE SLAR URL H 4t /Ry R
(1B B AR A P 25K s Dso 1 Do AL ) S IINME 5 Tt
fEAHEE, S8R AN, 2% BH 56 UF S50 RIORE (1) R 45 4

x4/%
45
45
45

x2/(g'min") X3

[V R, BN |

R 6 TSWG WIESLHFAME S HFNES SENME

Table 6 Predicted and measured values of physical properties of granules from TSWG validation experiments

e TRiE SEME
Dio/um Dso/um Doo/um span Da/(g-em™) De/(g-em™) 0/(°) Dio/um Dso/um Doo/um span Dy/(g-em™) Do/(grem™) a/(°)
1 12.03 5347 1582 2.73 0.49 0.62 45.6 9.505 33.11 101.4 2.78 0.49 0.64 45.0
2 1229 54.66 1633 2.75 0.50 0.63 464 9.803 3451 1042 2.74 0.49 0.63 45.7
3 13.23 58.86 176.8 2.77 0.50 0.65 47.6 9.836 34.44 102.6 2.69 0.50 0.64 45.7
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21.1%- 15.3%). 3 ZEBURIAE ST PCA 13455 K LI
6, 3 HISUEBRIIE AT E 94 LA BURLAN 54 41k
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Fig. 6 PCA score plot of TSWG process validation
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