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The optimization of Box-Benhnken method for supercritical CO,
antisolvent process to prepare simvastatin solid dispersions

WANG Ming-ming, QIN Lian, SUN Zan, GE Chi-yu, MA Qiang, HUANG Qiao-yan, SHEN Zheng-jia"

(Jiangsu Food and Pharmaceutical Science College, Huai'an 223001, China)

Abstract: Simvastatin is a class of hydroxymethylglutaryl coenzyme A reductase inhibitors used to lower
blood lipids and prevent atherosclerosis, but its poor water solubility and low bioavailability seriously affect
clinical efficacy. In this experiment, simvastatin solid dispersions were prepared using supercritical CO, antisolvent
method, and the prescription process parameters were optimized by Box-Benhnken response surface methodology,
to improve the dissolution characteristics. The Box-Benhnken response surface methodology optimization
experimental scheme took in vitro cumulative dissolution degree of simvastatin (dependent variable) as the
evaluation index, investigated the influence of four factors (independent variables) including pressure, temperature,
carrier type, and CO, outflow rate on the preparation of simvastatin solid dispersions by supercritical CO,
antisolvent technology. Next, the particle size (PZ), infrared (IR) absorption spectrum, differential scanning
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calorimetry (DSC), X-ray diffraction (XRD), and scanning electron microscopy (SEM) characterization were
performed on the preferred process conditions for simvastatin dispersion. Based on these findings, further research
was conducted on the in vitro dissolution properties of the product as well as the relative bioavailability after oral
administration to rats. Animal experiments were approved by the Animal Ethics Committee of Jiangsu College of
Food and Drug Engineering (No. JSSPYPCAC2024). The results showed that the optimal process parameters for
preparing simvastatin solid dispersions by critical CO, antisolvent technology were pressure 12.00 Mpa,
temperature 35.0 °C, CO, flow rate 3.3 L-min"', F-127/PVP K23-27 (1:10, w/w). The prepared solid dispersion was
in a loose powder form, which appears as overlapping flaky aggregates under SEM. The laser particle size analysis
showed a D50 value of 0.78 um. DSC and XRD indicated that simvastatin existed in an amorphous form within the
dispersion. The in vitro cumulative dissolution value after 60 minutes was 89.87%, and the relative bioavailability
of oral administration to rats was 226.6%. In summary, this study successfully applied supercritical CO, antisolvent
method to prepare simvastatin solid dispersions, simplified the experimental steps and optimized process routes
using Box-Benhnken response surface methodology. The prepared simvastatin solid dispersions exhibited fast
dissolution rates and high cumulative dissolution degrees, which can be used as a prescription strategy for
developing novel oral simvastatin formulations with high bioavailability.
Key words: supercritical antisolvent; simvastatin; solid dispersion; Box-Benhnken; polyvinyl pyrrolidone
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Figure 1
1: CO, cylinder; 2, 7, 11, 12, 18: Gas throttling valve; 3: High-pres-

Flowchart of the supercritical CO, antisolvent device.

sure pump; 4: Peristaltic pump; 5: Crystallization kettle; 6: Separa-
tion kettle; 8: Waste liquid bottle; 9: Washing gas device; 10, 13,
14, 17, 19, 20: Pressure gauge; 15, 16: Gas throttling valve with

heating sleeve
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Table 1 Box-Behnken experimental design factors and levels for

simvastatin solid dispersions

Factor
A B C D
Level
Pressure Temperature Flow rate of .
. Carrier
/Mpa /°C CO,/L-min

1 12 35 0.5 F-127:PVP
(1210, wiw)
2 16 42 2.0 F-127:PVP
(1:5, wiw)

3 20 50 3.5 PVP

ZitFE755% i Design-Expert 8.0.6 #/f 41 BBD
Wi J8 TR 25 g 4 22 T R Y 9 4 i Ak 28 45 SR 40, R A
J7 2253 M1 (ANOVA) FUEE AR DA R 25 T i) il 25 12k,
P <0.05 R AR Bl 2 42 10 4 2% H B Guil 2 3.
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] 29 9.85 min, ¥ IEAECK T 6 000, (118 i U A1 22
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B, AT B A AR AR L L I Y, 4 A TR
BEF-127 F1PVP K 23-27 oK WL AL 8 15 06 3, 2R B AR
Z G AT A ARATT BB R, AT AR A T RS
Hf e VAN E .

1 Blank
2 Reference standard

5 (simvastatin)
3 Tablet
4——SD
4

9.85 min

Time / min

Figure 2 Chromatogram of simvastatin dispersion
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JEAE 20.0~60.0 °CA, FARAMTT BV H B2 B2 10 (&
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SERN, 2E AR AT I T RN R B AR, SAS FUIE A IR
55, 4 BN 5y T i, B0 B A TS (R 5 D 0.50~
3.50 mL-min™; ZAAFIZE: PVP K23-27 F A4 ik 3 2
BAK, F-1271E R B EURIR G, & F-127 B 0 5 &
(38 0, SE AR YT B SR ARV H BRI ] 4R 43 BOM R A2 o
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A B 7 2 3 T P AR, AR FE T R g S AR A YT A A
JoEH RV AR R R, TR FE RN, VA
A2 PR, [E] IO 8] B S8 SR 2 Hulk 2, (61550 BUA A 5
FA B, #bik £ F-127/PVP K23-27 KUK B B ) 6 [ 9
0~0.2, Z5 EATIR, SEARAMTT 7E SAS T2 A2 il 7 L
PRS2 J5T A 2 RN R VA 7R B R R VA R R AR N,
BABTT 73 LAAE 25 & 1t % SF A R 2, 32 SAS T
2 T ViR CO, i AR S RS R DR 2R IR 2R A
YEM .
3 Box-Behnkenif 345 R

. F Design-Expert 8.0.6 # {4 1 1T Box-Behnken
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(C) FEMAEFE (D) 4R = N BB &, 48%] K R HE R
INE 0, Blocks A ER A 1, [X Bk ity £ R BN BRAAE
55, AF BT H 29 RS AL, RS A B T FR
FNSEIS M AFE 1R 2 B o
4 Box-Behnken M H 2 X RFIER

DA AR YT 8 44 23 B0 1) SR AR L E () AR A
— A&, PLE T (A)ilE (B)CO, itk (C) FH#k 4
2k (D) 4B =N EH A E, & Box-Behnken M B 1] £ T
KR WE TG RHEH EHEREA V(%) =
76.09 +8.333x10*4 + 2.09B + 0.37C - 5.42D + 0.994B +
0.654C — 1.434D + 1.04BC + 0.15BD + 1.83CD - 3.274* -
3.00B> - 1.01C* + 6.12D%,
5 Box-Behnken i N & 77 E 51

13 3 77 Z2 43 i A3 A, 10l 20 T30 R 1
F=281.97, P <0.000 1 & B iZ A5 Y 2 B 2 25 110, el e

Table 2 Box-Behnken experimental design combinations and
results

A B C . .

Dissolution
Group Pressure  Temperature Flow rate'of Carrier /%

/Mpa /°C CO,/L-min

1 16.00 50.00 2.00 0 87.27
2 12.00 42.50 2.00 0 82.38
3 16.00 35.00 0.50 0.1 71.56
4 12.00 42.50 0.50 0.1 71.29
5 16.00 35.00 3.50 0.1 69.66
6 16.00 42.50 0.50 0 88.61
7 12.00 42.50 2.00 0.2 75.52
8 12.00 35.00 2.00 0.1 68.5
9 16.00 42.50 2.00 0.1 76.59
10 16.00 50.00 0.50 0.1 72.43
11 16.00 42.50 2.00 0.1 77.14
12 20.00 42.50 2.00 0.2 72.62
13 16.00 42.50 2.00 0.1 75.01
14 16.00 42.50 2.00 0.1 75.22
15 16.00 42.50 3.50 0 84.91
16 20.00 42.50 3.50 0.1 73.41
17 12.00 42.50 3.50 0.1 72.07
18 20.00 50.00 2.00 0.1 73.34
19 20.00 35.00 2.00 0.1 66.52
20 16.00 42.50 2.00 0.1 76.51
21 16.00 35.00 2.00 0 82.84
22 12.00 50.00 2.00 0.1 71.37
23 16.00 35.00 2.00 0.2 70.65
24 20.00 42.50 2.00 0 85.22
25 16.00 50.00 3.50 0.1 74.67
26 16.00 50.00 2.00 0.2 75.68
27 20.00 42.50 0.50 0.1 70.03
28 16.00 42.50 3.50 0.2 77.65
29 16.00 42.50 0.50 0.2 74.05

HARLHRMEEN, P<0.05 AR ZHNEZEE
1), P>0.10 R iz K & A B2, — Bk, PAEE/D,
B VR, R R AL TR RO, BE T,
BRI PLA R i, 2 P/, DA 2R 5 3k — 2D AL
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B*\C*\D*$5 \3E T, 3 W BRI R B L R A 2R A B
X BV R A R R, ORI LR

NN N, .~ . (RN NPT e = E
BRI AT REMEINN 0.01%. R P CO, UL A A4S L0 FRARVA 2 45 R B2 i 1) & 2%

AR 22 5| A A R

A B o C D 9

80
— = 8301 = P
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Figure 3 Impact of single-factor supercritical fluid anti-solvet (SAS) on the preparation of simvastatin solid dispersions. A: Pressure;

B: Temperature; C: Flow rate of CO,; D: Carrier
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AR W AC FTon. &z, 75 3D i & v, wh i e i
SR, 2R B, 3 B W IR 2K 1) 09 38 ELAE FH ki, 7
SR B R, A S LR AT R B A
S, S R R A TR, 3R 0 R 2R ) ) 28 ELAE
. B BEAERMIUN ABWACFI BC T, NFLERL
HAEFH N ADBDCD T, JE58 H.10 il £k 25 S R AE K
RN
7 BRI ZINE

TE T SL SAS il £ 3 AR A VT T8 A 3 #5027 1 Y
FiE AW FEAE L, Design expert 8.0.6 #1432 K 1

i [ {H 12.0~20.0 Mpa, ¥ JE 36 F EH % & 35.0~
50.0 °C, CO, ¥t 34 i Fl {1 0.50~3.50 L-min™', % f4 LL 5]
0~0.2, 2B H B B 66.32%~100%, i@ it 8 1F
Ak JG AR T2 464 TAEJE 71 12.00 Mpa, T.1F
% 35.0 °C, CO,#iti# 3.30 L-min"', F-127:PVP K23-27
(1210, wiw), 75 1 SEEG 2% 11 T =7 A3 A 7T [ 44 53 B 1)
SR E AR TR B 92.59% . TEALIE T 245 1
N ) 4 b SE AR AT AR 2 HUi, Ak T2 g Rk
ATIOAIE, 4487 S v S 248 89.87%, A % A vHE i
ZERSD = 2.11%, S8 T Heikx

8 mMIZHFHTFEEMITEERSBUSELRRA
FFET T

8.1 IRSHT FARMIT RN R AMIT F (F-127/
PVP/3F AR A VT W) BRI & FF 5 A SAS S AR AR YT [E] 44 43
B (FARABYT D F-127:PVP =2:1:10) 4% 1: 100 [ Eb
Bl 48 KBr J£ F (20.0 Mpa), 15 % FF §h 21 41 6 1% WL K
5A s, BT R R PVPAE 1 785 em™ A 55 I &, y
T e e 44 I 2 06 40 5 98% = AR Ath 7T 5 e} 24 4R F U
KN, 3 546 cm™ Ak 7R SR 42 1 -OH i 45 41 20 W i
U, 2 954 cm" &b S 7R BT 4R 1) 73 R4 0, J9-CH R 4 R
AU, 1695 om™ &b 2 7% 5 1T 9 (1 FL U, A Bk ik C=0
WU, S ARA YT S AR A YT A B R A R RN 2 AR A YT 43
B 1) 20 AR AE B RS S AR AR ], 5 PVP AL AR A T 5
T Eb T i oA R S0 P 348 o Ok B AT A, R B SR AR
AT 53 A TS ARAR YT 5 R AR R AR A R .

8.2 DSCH#r FREUE = (£15.00 mg) A 5 & T
Wk, DL R I N 2 b, IR VS L 50~250 °C, FHIR
210 °C-min”, N /E ARSI, K H H ahit

Table 3 Quadratic model variance analysis. n =3, x+s. "P<0.05""P<0.001
Source Sum of squares Degree of freedom Mean square F P Significance

Model 901.96 14 64.43 81.97 <0.000 1 ok
A 8.33E-006 1 8.33E-006 1.06E-005 0.997 4
B 52.21 1 52.21 66.43 <0.000 1 Hkx
C 1.61 1 1.61 2.05 0.1739
D 352.73 1 352.73 448.79 <0.000 1 ok
AB 3.90 1 3.90 4.96 0.042 8 *
AC 1.69 1 1.69 2.15 0.164 6
AD 8.24 1 8.24 10.48 0.006 0 *
BC 4.28 1 4.28 5.45 0.0350 *
BD 0.09 1 0.09 0.11 0.740 1
CD 13.32 1 13.32 16.95 0.001 0 *
A? 69.51 1 69.51 88.45 <0.000 1 Hkk
B’ 58.23 1 58.23 74.09 <0.000 1 ok
o 6.68 1 6.68 8.50 0.0113 *
D? 242.76 1 242.76 308.86 <0.000 1 Hkx
Residual 11.00 14 0.79
Lack of fit 7.55 10 0.76 0.87 0.609 0
Pure error 345 4 0.86
Cor total 912.96 28
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Figure 4 Box-Behnken response surface interactions
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Figure 5 Characterization analysis. A: Infrared (IR) absorption spectrum; B: Differential scanning calorimetry (DSC) spectrogram;

C: X-ray diffraction (XRD) spectrogram. SD: Solid dispersion; PVP: Polyvinyl pyrrolidone

FE D TR, I e 45 SR an 18 SB AT . AR Aty T
JRAMYAE 141.5 °CAb 7 RRAEIR UG, Wi T 2R B, g g
1 iR AR TR IE LR . F RV 5 PVP I BIR &
WIE 139.1 °CAAAFE — b FFAE T U 0, 5 3 AR At VT
JEARL L Ay Rl — 0 o SEARAR YT B A7 AE 2 A TR i i
43 91°H 55.4.150.0.169.0.201.6.210.4 °C, 7E 140 °C[f
I TE MR AL, 2R B 7 S AR YT A o 2R AN ) T TR
HSE AR A YT R R, [ A A3 B v S AR T R AR TR i 0
TEAE O, R 4 B T S Rl YT 2 &SR AE A
A,

8.3 XRD S  HURE SRy AIE &, 3550 B HCFE o
10 mm [V 5 B R 20 kV, R F 5~50°, 45 R
WIE SC Fim . SEARAMTT JE RN 3 R At 7T P R & 4
TE 5~ 50°[AF1E 2 AN AR AT S e, G S A — B, &
JE YA AR A G R PVP AT F-127 X 22 AR A 7T o

RUTCREMR, S AR YT Ry 10 AR AIE U ) g 57 1 g 8 S A= 1]
oG g A B SCHER TS AN, SEARART I RUA 1T,
LIV V A S BY, 3 0 vk i i€ Fr 771 o = AR At 7T A0 5k
24 S AR YT AR R — B, TR A AR A (BER B
ZFYE R PVPHIRRER BT B X0 3 ke 17 A5 T L 2 R R vE
WA BEREIREE) AR A T2 GREVE N GBES) 1
2 5 R B SR o B N 4 SR, R U S AR T R 7 )
X-ray 45 RA B A4S 5 X, T LR 6 VBR300 = At
T e B R IR NI, S At VT 43 B A0 21 <
FARTT s AR AT S R AR Ve, 2 B 3 AR At 7T DTG S B 25 B
O T AAEAET PVP ARl

84 RIEME W€l A RS0 W, i KR E
4 000 mL-min™, A TR ALK, #5£90.5 g 7 i
TR 40 43 BRI NAIG B 73 8038 v 78 40 4 BUOE VAR 30 s,
SR RS2 ML, 238 28X 3] 14%~16% K,
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13k D10.D50 F1 D90, &3 A it P47 far il 3 7, W13
1B, 5B df 1)~ 2000 BE A U 3 4 Fo, SE ARt 7T JRRE R
VIR AW R T FIHEAR—5, X2 T PVP K%
U, AR P PR BIORAE R e A vE T K T
v 700 HR IR RIORE AR K, 31X 5 TS S AR YT A g R K
VARV I FRAE S IE, [ 2 A A ROk RUST /), #E I gh
KGR, BORL RS 434 53 5]

Table 4 Particle size summary

Sample D10/um D50/um D90/um
Raw material 2.44 11.26 23.49
Tablet 2.28 15.56 40.42
Physical mixture 2.66 12.02 21.78
SD 0.31 0.78 1.15

8.5 SEMSRFTAESTHT KA 10 /55 HH0 s 52
298 4 A B SRR BSOS, 4 o LU R ot ) A
T (Bl 6A1~El) fMIERES (BI6A2~E2). K 6Al R
N ARAB T TR B R 2 K N 1 AT I AR R,
6B1 %7 PVP S L BROR B M [ A BOR A, B 6C1 %

TR SEARAR YT W0 FEIR A W 5 B PVP ERCIR BHORE W B 3 AR
YT FEARBORL A 3L 73 HOR 3, B 6D1 R A yT
R 2 B2 T R INAS — RikE s 18] 6E2 SR ¥ A
YT 3 BOARAE 20 pm BT FR T R EERES, RHE
SAS HARALFE 5, PVP M AT LA B3, oA
BELRT i 5, B RO RS 46/ 101~ 107 B 2%
9 RMIZHRHTFEXRMITEESBUREINER M
S

FFE S AT ) SR ARV M 2R W B TA B, S
ARARTT T 2 B8 mr e AR AL YT PR I8 HE S B R A
Xof - JEURHAN 73 A 2 BRI, I I R TR,
SRVA R E . 30 min i, [ 442 B R R AE 1
JE BT B3 57 R 78.4%, T JEUREAN Fr 7 I B AR
43 10.7% H126.7%; 60 min I, [# 44 73 4 (1) 2 A0
T H B N 87.9%, 1 JEUREA T 70 ) SRR H R 4y S R
13.6% H136.9%; 120 min i, [ 44 43 5 i BRI H
N 92.7%, T JE AR 71 1) SRR L 23 ) 0N 14.9% Al
48.9%. ik 2k BB, A4 4y WO A R WA Ao AR

Figure 6 Scanning electron microscopy (SEM) images for single crystal (1) and agglomerated state (2). Al: Simvastatin raw material,

20 000x%, 5 um; A2: Simvastatin raw material, 1 000x, 100 pm; B1: PVP raw material, 5 000%, 20 pum; B2: PVP raw material, 1 000%, 100 pm;

C1: Simvastatin physical mixture, 5 000, 20 um; C2: Simvastatin physical mixture, 1 000x, 100 um; D1: Simvastatin tablets, 10 000x, 10 um;

D2: Simvastatin tablets, 1 000%, 100 um; E1: Simvastatin dispersion, 50 000%, 2 um; E2: Simvastatin dispersion, 5 000, 20 pm
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Figure 7 Dissolution and bioavailability. A: Cumulative dissolution curve. n = 3, x  s; B: Plasma concentration-time profile of simvas-

tatin in rats after oral administration. n =6, x + s
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B AT RORL K H PR v R AR PVP K23-27
AF-127 BE WL
10 EYFRE

B 2 ARAR VT ) 700 A K BRI 24 vk B - B TR i 2
w B 7B Fr o, A AR AR VT R OB 1) AUC,,, N
276.805 ng-mL"-h", F 74 292.331 ng-mL"-h", [l 14
UK N 627.119 ng-mL™"-h'e KRR IR AR AR T
B AR AR 0 R FH BE R 105.6%, [543 54 1 4 e 2
YIFIFH BE R 226.6%, 25 KM, 5 F AT A L,
I SAS T2 % 1 = A At 7T ] A 43 B¢ A2 P R

FE R4 .

g

AHIF 7K F PVP K23-27 AT F-127 #) 8 [ 44 4y B ik
TR G B A AR L, DO IR 5 CO, P 7+ A %
T AR T A A R, 7 B DR 2 0 O 1 B L
i# 3T Box-Behnken i [ & tH R AL S50 T2 24, 153 2
R I S CO, FLI 771 4% A il % 2 R b VT /PVP-K23-27/F-
127 e T2 %A% TAE K 77 12.00 Mpa, TA1E 5
35.0 °C, CO,¥ii# 3.3 L'min”, F-127:PVP K23-27 (1:10,
wiw), T S5 56 AF T S AR A 7T [ 4 23 0 1 SR AR
HE R AR Y T A 92.59% . FEAR R T2 44 T I &
43t AR A YT [ AR 23 HpAR, KR T2 4 AT IR,
4467 il 40 min 2 ARIE Y B2V 31E N 89.87%, AT bR
1 f 22 RSD = 2.11%, 55 158284 Tl #235, dd i %F SAS
45 2 A% At VT [ 44 2 #0441 IR\ DSC . XRD . SEM . PZ
I3 M7, 2R B A Bk ) S AR AR YT E PVP 344 R UG
RSAEAE, P2 oL /N B B3 50 fE R A 1 gk —
WL T B T2 T S ARARTT [ R 2 B A R SRR
2, [ A 23 B R SE AR A YT 120 min B 1 82 AR
R IA F1) 92.7%, {H 15 = A2 AHIE 7T Hh i R
AH B A [ 25 8 (2020 Ji) SF AR A 7T R ZE I E A ek
31, HIBRAIN 0.5% 1 bt B R AN, 3 Ze % B H)1%
F AR D 5 85 9 5 3 T 1 7 2 38 = AR AR Y T I
AT B2 5 SR Lo, 2esh Ja R B R 7R R 24
FARAMTT (I B BRG. fJa, i K R S i
T EARABTT AR (A6 A= 0 R E N 226.6% .

27 ERTIR, A3 LU SAS £ Rl Box-Behnken Hi T
FARATR I 2% 1 S AR AT [ AR 2 UM, 127
TE SRR PR SRAL AR A0 B AR W) B 5 T 330 e
I H AR TSR ARAR T R AR R REE, AT AR N SR AR
YT IR ] Ak P 24 38 14D ) 90 T 4 R e D 4, T
T 259 S A VT 770 Y 5 R B A py Wiy B
o REZIGBETHEA R, 7RI FE R I T Rt
VTATAE 22 Fofr i AL, S [R] o B 11 38 AR P V8 HR R Ao

PERT BEAFAE — % I 22 57 1k, (5 T 14 JC 6 1 o D S JR
B2 ) ARARTT R R, AN TR 5k R 6] 3 L RN
PRI LRI, Ja SR 0k — 0 T R S AR AT 2
L BT ZF R B4 SR AT U AR, D XE T 1 245 W58 77
R RIR B S H KT

e STk: £ W1 4 ST 5T 3 A L UL TR SCHE ZERTIE 3L
B RSB G PRI AN 41 BT B R IR A AR A B 1R
Bhgs; BT R DTSR AT L B o Bl e AV
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