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Formulation Optimization of Hydrophobically-Pullulan Nanoparticles by Box-Behnken Response Surface
Methodology
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University , Hangzhou 311402, China)

ABSTRACT . OBJECTIVE To optimize the preparation of self-assembled doxorubicin-loaded cholesterol-modified pullulan nanopar-
ticles( DOX-CHSP-SAN) by response surface methodology. METHODS DOX-CHSP-SAN was prepared by dialysis method with the
amphiphilic carrier of cholesterol-modified pullulan (CHSP) and the model drug of doxorubicin( DOX). Box-Behnken Design ( BBD)
response surface method was used to optimize the preparation process of DOX-CHSP-SAN. The morphology, average particle size, Zeta
potentia, the encapsulation efficiency, drug loading of doxorubicin and the drug release characteristics in vitro were determined. RE-
SULTS The optimized DOX-CHSP-SAN has a round spherical shape with an average particle size of (117.1 £3.4) nm, PDI of
(0.205 +0.023) , Zeta potential of ( —26.1 +0.135) mV, the encapsulation efficiency was (68.17 +£0.93)% , and the drug load-
ing was (6.84 £0.47)% . The in viiro release behavior in PBS of pH 7. 4 was consistent with the Weibull equation. CONCLUSION

The DOX-CHSP-SAN prepared by the dialysis method and optimized by the response surface method is round and smooth, the parti-
cle size is small and uniform, the encapsulation efficiency and the drug loading amount are high, and the in vitro release has the sus-
tained release characteristics.
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Fig. 1 The structure of CHSP
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#& 1 DOX-CHSP-SAN ¥ [ 5 504 iy [ & KoK P&

Tab.1 Factors and level table of DOX-CHSP-SAN single factor test

Investigation factor

Fixed factor

Molecular weight of CHSP 200,100 000

Degree of substitution of CHSP 5.5% , CHSP 15 mg, DMSO 1.0 mL, ultrasonic power 50 W,

ultrasonic time 2 min, drug loading ratio 1/15

Degree of substitution of CHSP 3.0% , 4.0% , 5.0% , 6.0% , 6.5%

Molecular weight of CHSP 200 000, CHSP 15 mg, DMSO 1.0 mL, ultrasonic power 50 W, ul-

trasonic time 2 min, drug loading ratio 1/15

CHSPS, 8, 10, 12, 15 mg

Molecular weight of CHSP 200 000, degree of substitution of CHSP 5. 5% , DMSO 1. 0 mL, ul-

trasonic power 50 W, ultrasonic time 2 min, drug loading ratio 1/15

DMS0 0.5, 0.8, 1.0, 1.2, 1.5 mL

Molecular weight of CHSP 200 000, degree of substitution of CHSP 5. 5% , CHSP 15 mg, ultra-

sonic power 50 W, ultrasonic time 2 min, drug loading ratio 1/15

Ultrasonic power 30, 50, 80, 100, 120 W

Molecular weight of CHSP 200 000, degree of substitution of CHSP 5. 5% , CHSP 15 mg, DM-

SO 1.0 mL, ultrasonic time 2 min, drug loading ratio 1/15

Ultrasonic time 1, 2, 3, 4, 5 min

Molecular weight of CHSP 200 000, degree of substitution of CHSP 5. 5% , CHSP 15 mg, DM-

SO 1.0 mL, ultrasonic power 50 W, drug loading ratio 1/15

Drug loading ratio 1: 15, 1:10, 1:5

Molecular weight of 200 000, degree of substitution of CHSP 5. 5% , CHSP 15 mg, DMSO 1.0

mL, ultrasonic power 50 W

%2 DOX-CHSP-SAN # [ &£ 5L 3h 4 B
Tab.2 Results of DOX-CHSP-SAN single factor test

Factor Level Particle size/nm PDI Zeta potential/mV EE/%
CHSP/ x 103 200 109.3 +1. 68 0.112 +£0. 036 -23.7+0.114 41.22 £6.27
100 124.2 £2. 14 0.207 £0.077 -16.3 +0. 152 39.58 +£9. 66
Degree of substitution of CHSP/% 3 158.0 +5.25 0. 343 +£0. 086 -26.4 +0. 135 48.38 £3.82
4 131.2 £3.31 0.207 £0. 052 -21.1+0.034 44.68 £3.71
5 110.3 £3.31 0.132 0. 028 -20.7 +0.212 46.89 £13.97
6 Can't form nanoparticles
6.5 Can't form nanoparticles
CHSP/mg 5 82.2+1.88 0.331 £0.075 -17.3 +£0.152 45.57+15.2
8 96.6 +£2.47 0. 185 +0. 024 -23.1+0.101 46.29 6. 60
10 108.8 £2. 11 0.206 £0. 022 -22.4+0.201 51.42£1.29
12 138.1£2.32 0.268 +0. 026 -21.8+0.034 54.83 £8.03
15 153.2 +2.55 0.343 £0. 084 -19.7 +£0.212 57.09 £2.96
DMSO/mL 0.5 124.3 £5.23 0.414 £0. 088 -28.2+0.205 54.07 £1.51
0.8 113.1 £3.66 0.243 +£0. 035 -21.8+0.034 53.65 +3.52
1 108.7 +2.43 0.156 +0. 014 -20.1+0. 142 53.88 +4.73
1 119.2 £2.46 0.231 £0.021 -22.4+0.314 51.42 £4.55
1.5 140.5 +£6. 83 0. 437 £0. 085 -15.8 +0.002 58.87 £2.09
Ultrasonic power/ W 30 120.3 +3.23 0.321 0. 065 -18.9 +0.322 53.04 £13.57
50 107.9 £1.22 0. 169 +0. 025 -26.5+0.214 51.73 £4.98
80 122.2 £1.52 0.207 £0. 032 -23.9+0. 141 50.96 +1.94
100 131.1 £3.45 0.314 +0. 054 —-20.9 +0.245 52.22 +£2.09
120 143.8 £4.76 0.452 +0. 081 -15.3 +0.152 53.18 £3.16
Ultrasonic time/min 1 125.3 £2. 64 0.301 £0.078 -16.5+0. 112 56.23 £7.72
2 112.5 £1.07 0. 172 +£0. 046 -25.2+0.251 53.32 +£6.50
3 119.0 +£2.43 0.208 +0. 038 -22.7+0.236 55.82 +9.00
4 127.6 £1.38 0.327 £0. 081 -21.1+0.342 57.13 £1.29
5 139.2 £3.68 0.461 £0. 093 -16.3 +0.176 58.02 +4. 81
Drug loading ratio 1:15 119.2 £3.28 0.254 £0.012 -21.7 +£0.206 65.08 +£9.02
1:10 132.6 £4. 61 0.241 0. 035 -20.7 +0. 136 59.71 £5.87
1:5 164.2 £6.02 0.241 0. 035 -13.3 +0.102 53.11 £5.27
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2 min B, GKORE A RIAE AT PDI 35 5 /N #a 3 1
MR IRAE] 50 WG, 94 KR iR 4E A1 PDI
TG, BRI 2 min 1% 5 min B, 44 K4
(RPRLAZ AN PDI T S MG Rk, Bl % 24 2K L ik
N RiAR SR /N A PDI 25 RO K T A 38 2 2 3
A, FHodr, CHSP fi & (X, ).DOX-CHSP
(Xy) .DMSO & (X ) FEA R (X)) 4 55
F X} DOX-CHSP-SAN P AL M: 5T HAT I 25 52 M, ik
Wik — iz 4 M RE
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Tab.4 BBD Design scheme and results

) 4 DR EE O BEE N R, LORiR(Y,)
B (Y,) RIAERR, H2. 127 TR J5 i A AN OK L
BRI REGE RS — A BPREGE K8
RS . BBD R FEAOV LK 3, LT %
LS A R I 4

*3 BBD #itHERAFR
Tab.3 Factors and level table of BBD design

Input variable

Code
X Xy Xc Xp
1 15 1/5 1.2 4
0 10 2/15 1 3
-1 5 1/15 0.8 2

4 :CHSP fI 4 (X,) ; DOX-CHSP (Xp) ;DMSO Fl&k (X() AR E] (X))
Note : CHSP dosage (X,), DOX-CHSP (Xy), DMSO dosage (X(),
time (Xp)

ultrasound

Input variable

Experimental response

Number

Xy Xy X¢ Xp Particle size/nm EE/%

1 10 2/15 0.8 2 109. 5 56. 66
2 10 2/15 1 3 115.4 53.87
3 10 1/5 1.2 3 108. 6 31.26
4 15 1/15 1 3 116.2 66. 65
5 10 2/15 1 3 128. 4 54. 87
6 15 2/15 0.8 3 100. 5 53.34
7 10 0.2 1 2 113.2 46. 82
8 10 1/15 1 4 124.9 55. 84
9 10 2/15 1.2 2 95.5 54. 14
10 10 1/5 0.8 3 137.2 22.92
11 10 2/15 1 3 116.4 54. 87
12 15 2/15 1 4 122.7 58.42
13 10 1/15 1 2 79.9 69. 15
14 5 2/15 1 4 123.9 54. 87
15 15 1/5 1 3 116.4 64. 06
16 5 2/15 1 2 90.9 56. 49
17 10 1/15 1.2 3 104 27.84
18 15 2/15 1.2 3 113.1 56. 26
19 15 2/15 1 2 134.8 56. 65
20 10 2/15 1 3 116. 4 53.87
21 5 2/15 0.8 3 98.7 45.84
22 5 2/15 1.2 3 112.9 46. 87
23 10 2/15 0.8 4 102.7 50. 13
24 5 1/5 1 3 136.4 30. 37
25 10 2/15 1 3 115.4 62. 31
26 10 1/15 0.8 3 97.9 51.84
27 10 1/5 1 4 140.2 29.92
28 5 1715 1 3 77.4 58.34
29 10 2/15 1.2 4 158.4 34.95
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2.5.2 FEAIIE R Design-Expert 8. 0. 5b {4
X4 B Z KO HEAT 20k e [ A A I A
TR BRI R 5 (r) L5 I #E , (R IA Bh 7
TR P <0.05 fF R B &b T itk 14
BER R, AR B T 0.8, Ry & T
0. 05, iX LIRS 1047, B TR 25 P BU A&
AR A Re RSN, X, i CHSP Hl#E (mg -
mL™") 5 X, Rk X DMSO i (mL) ; X, 4
AP I [E] (min) |, Y2 (8, BESmm WH Y #R AT
FH—A s i 2 IR R A TR,

Y, = 114.07 +5.29X, + 12.64X, + 3.83X, +
12. 42X, - 14. 70X, X, - 0. 40X, X, — 11. 28X, X, -
8.67X, X, - 4.50X, X, +17.73X.X, (r =0.806 5,
P<0.05),

Y, 55.96 + 5.22X, — 8.69X, - 2.45X, -
4.65X, + 6.34X, X, + 0.47X, X, + 0.85X, X, +
8.09X, X, - 0.90X, X, - 3.17X, X, + 3.89X,” -
7.75X,° - 10.62X.> + 0.87X,” (r = 0.822 0,
P<0.05),

HR A — 3 AP0 D7 R s il PR 20 25 R bR il
) = 4ERON T 5 S A LA 2,

2.5.3 [{ASEXPRAREN S B ASREXRAR
SR PR B TR R B0n] DAk B, SE R AT Y F{E
4.61,P<0.005, R EFE B m. VRN
ZLAR AR 4 A 52w B ZR 5% w4 - DOX-CHSP
(Xy) > HiFmFE (X,) > CHSP i (X,) > DMSO
FHRE (X)) (K 5) . 45RERW] 2 ZR B A D XfkL
R EAREMEZ (P <0.05) K& A Xh AR
Hrm(P<0.10),

2.5.4 [{Agx EE BER] (BB A28 &4 EE 52
M) PR ASETRY ZR ERAT DA R B, SE BRI F (B 4. 62,
P <0.005, KU G RER . UL EE NH 48R
[ 4 A 52 e BB 2% 5% 0 I 2k : DOX-CHSP ( Xy) >
CHSP f 4t (X, ) > i B E] (X,) > DMSO H
(X)) (3R6), S5RERM ZmEE A B D X4
HARBEA W EME (P <0.05)

2.6 BifELE

ARSI i A8 B AR 5 2R B E ST
S PTRIT IR . S X RS A N E BT
25 2 ARG, DAL A KOs B AR 55 8 KR 1Y) 28K
2 i 0 W oG Y 48 FR. {5 B Design-Expert
8. 0. 5b B, I A4l AH G SR, ik S 27 5 FefE
oo JTEUIN ) B AR AL T T s A& AL B
DOX IR & Z A& 15 mg CHSP ¥ 1.0 mL
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Fig.2 Response surfaces and contour plots between indexes

A: CHSP/mg-mL"!

and two factors
A — contour plot between each factor and particle size; B — contour plot between

each factor and the encapsulation ratio

RS BBD HiRF = oMk

Tab.5 BBD variance analysis table of particle size

Source of Square of Degree of

variance deviance freedom F i Variance
Xa 336. 02 1 3.48 0.0786 P<0.10
Xy 1917.74 1 19.84 0.0003 P<0.05
X¢(Error) 176. 33 1 1.82 0.1935
Xp 1 850. 08 1 19.14 0.0004 P<0.05
F®6 BBD @HEF ZHME
Tab. 6 BBD variance analysis table of encapsulation
Source of Square of Degree of . P Variance
variance deviance freedom
Xy 326. 56 1 6.27 0.0252 P<0.05
Xp 906. 71 1 17.42 0.0009 P<0.05
X (Error) 72.08 1 1.38 0.2589
Xp 259. 28 1 4.98 0.0425 P<0.05
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DMSO ¥, TEREGIREE T HEFE 3 h J5  FHR B
W 24 b A B i R 2R RK TE R IR T
BN, BEAIRE 1 h S5 B AT A 5T, LA AT 6 h,
ZJ5  BEAIRE 2 h S BT B, BT 12 h S )
B 4 h SEFE BT T, ELLENT 24 ho B PTIREIR
[ B AE 2 min J5 € AT 10 mL 5, 8 i
HEL AR 3 S, iR A=K 3 20 Hr fui {4
5SR-S 2, 45 R R T,
T 2£% = (FAE - SEE) / F{E x 100%
(~33)

FEARAL T 20 # 19 DOX-CHSP-SAN {541 ¢
FLOBIR B, B B T 2 U ((transmission
electron microscopy, TEM ) M%< DOX-CHSP-SAN, &%
SRR, GOKRDRAR Y — , HoPEPRiAR y 117.1 nm,
PDI 4550k 0. 205 (& 3) .

AT LSk 4% (117.1 £3.4) nm, PDI 3k
(0.205 +0.023) , £y KK (68.17 £0.93) % , ki iz
A EE Wi R 194 25 735104 0. 51% F12. 3% , WX
PRI 0 ST TN B M) 6 A B O R BT ST A A
RIRT{E R, & FA R, AR S s 45 R Lk 7, PDI
90.224 < 0.3, 25558 W], dy 3% 200 45 1 40 K kL
AR —,

2.7 RSB LT

AR 2G5 LS DL T G AR BTG B0 - 25 3L
S 1:5.1:10.1: 15 ) DOX-CHSP-SAN £ pH 7.4 19
PBS i B2 i 2 WL 4A SR 8 3L i) R 94 5
JI% A — 3 )] # AL Ritger-Peppa 3)j J) 27 45
B Weibull 3y J; “F ARG A SRR 24 e P 1547 07 AU
G A R LR 8, AR BN, AR 25K Y DOX-
CHSP-SAN KSR 1T R B A5 & Weibull £2HL, i
73 DOX 75 PBS ¥ i s B0, 4 h s 259 2R
St4x. AFIZGE L DOX-CHSP-SAN 4 4 i B ,
DOX-CHSP-SAN 7E(RIMEE 2452 25 3 LR, Bl 2420
FERREAR, DOX (1 BRI E 43 WG K. 8 h i,

RT REATRIT LR

Tab.7 The results of authenticate test of preferred prescription

Number Particle size/nm EE/%

1 112.3 67.17

2 120.5 68.32

3 118.5 69. 02
x+s(n=3) 117.1 3.4 68.17 £0.93

Predictive value 117.7 69.8

Bias/ % 0.51 2.3
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Size distribution by intensity

Intensity(percent)

1 1 10 100 1000 10000
Size/nm

3 DOX-CHSP-SAN 3% 4f & 55 B i KR A2 4 A

A - DOX-CHSP-SAN & 5455 18 - ( x 70 000) ; B — DOX-CHSP-SAN [t ki 42
pixin

Fig.3 TEM Photograph and particle size distribution of DOX-
CHSP-SAN

A — the TEM photograph of DOX-CHSP-SAN( x70 000) ; B — the particle size dis-
tribution of DOX-CHSP-SAN

2575 R 1:5.1:10 .1 15 [ DOX-CHSP-SAN [y 21
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1.33)% o 750, A 253 L DOX-CHSP-SAN 5 | %
P TRAERBZG I UL 4B, 45 LR, M3k
IR ) DOX-CHSP-SAN 21,57 25 2k LU i 5 1,
Bt 2538 L AIREARR , DOX A4 R T 582 /)
8 h i, 2%k kR 1:5.1: 10 1: 15 ¥ DOX-CHSP-SAN
Rt Bk | 4 3 5 0k (50.99 + 1.41)% |
(46. 67 +3.34) % F1(42.98 +2.01)% ;24 h i, 254
TR 4354 (55. 73 +2.48) % . (57.43 +1.20) % Fil
(56.25 +1.67)%

34 i
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Fig. 4 In vitro release curve of different drug loading ratio DOX-CHSP-SAN
A —in vitro release profile of DOX-CHSP-SAN in PBS (pH 7.4) ; B —in vitro release profile of DOX-CHSP-SAN in plasma environment

%8 DOX-CHSP-SAN {1 % 30 /1 % 4 7
Tab. 8 In vitro release kinetics model of DOX-CHSP-SAN

Group Model
DOX - CHSP - SAN Zero-order
(pH 7.4,DOX-CHSP =1:5) First order

Ritger-Peppa

Weibull
DOX-CHSP-SAN Zero-order
(pH 7.4,DOX-CHSP =1:10)

First order

Ritger-Peppa

Weibull
DOX-CHSP-SAN Zero-order
(pH 7.4,DOX-CHSP =1:15) First order

Ritger-Peppa
Weibull

Equation fitting 2
Q =0.006 61 +0.329 8 0.4530
In(100 - Q) = -0.000 1z +4. 602 6 0.453 6
InQ =0.230 8lnz - 1. 237 4 0.7323
Inln (1/1 = Q) =0.285 2Int -0. 639 5 0.775 3
Q=0.008 17 +0.255 2 0.7323
In(100 - Q) = —0.000 17 +4. 602 6 0.691 9
InQ =0.267 8Int +3. 145 7 0.8333
Inln (1/1 = Q) =0.322 7lnz - 1. 306 1 0.869 9
(Q =0.010 47 +0.208 2 0.847 5
In(100 - Q) = -0.000 1 +4. 603 0.848 2
InQ =0.314 41nz - 1. 621 0.916 0
Inln (1/1-Q) =0.379 1 —1.490 4In; 0.937 4

gk B AL FE PR R T Bk Y SR
MDA i AGRRE A%, A P30 /0 6 7 A 280
SN BT TR 225 . &b eh, CHSP #E DMSO
HR R R — = o TR, T N B BT AR AE 2R IR 7K 5
A= B K R & M, DMSO 15 5 2218 5 & M A TR kAT
S, eI /N FREE R AL, RVRT B R AR A
JIN 53 TR T X — ) 4 OB TR B, A R
BT HA R R AR SE A I T R
ARSI AW SE PE A L SR ) CHSP Ry Ak 4R, R
FHENT I £ DOX-CHSP-SAN,, [A] i, i By 5 R 2%
SR EE T AR #5 3k AR rh RAS [] PR 2R 0T e
N {H (kif% PDI f1 EE) (5200, 9] 25 i &8 CHSP
i (X,) .DOX-CHSP(X,) .DMSO f#& (X, ) Fl&E A
iHE] (X)) %} DOX-CHSP-SAN B4k 1 i B A I 2 5%
M, 5 it —2 k. 15 B Box-Behnken 500 i, X
IR ZE KT BNE FHLA, AR B —F PRI 1 5L
SEREIRR UL B AR SRR R Z RO R , Hr, D

- 1160 -

Chin Pharm J, 2019 July, Vol. 54 No. 14

KR R EARAR, B8 T Xy 5 X % A B0
SN, ML EE S SRAE bR, i T X, X, X
AR E R o [ T e = A B A B
A5 fy CHSP i+ 15 mg, DOX-CHSP = 1: 15 ,DM-
SO HI#E 1.0 mL #8752 min, 45 & S R % 5845
5 Box-Behnken R0 45 404k DOX-CHSP-SAN
(1R il 2 T2, 30 3k 56 U S 56 AR AR A B B S 6
AR

Fe Ak T2 1145 1) DOX-CHSP-SAN -5k 4%
J3(117.1 £3.4) nm, PDI Jy (0.205 +0.023) , Zeta
Hifii ( —26.1 £0.135) mV, {3 Jy (68.17 =
0.93)% , #8255 H (6. 84 £0.47) % , ki {2 EE 1
B A 22 43 51 4 0. 51% F 2. 3% , S 56 AA 5 il
EHVIA R A, b0 T AR RAF, IR A TEM
WM%E DOX-CHSP-SAN (B, 25 R W], A A 4
REYARL R Y SR B, KN — , rHlss 5]
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TR 2577 7 2019 4F 7 J15 54 57 14 1)
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