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Optimization of Sirolimus Micelles by Response Surface Methodology and Its Effect on Small Intestinal
Absorption

CHEN Yan!, ZHANG Yawen?, ZHOU Yunli', CHEN Xiaoxiao!, WANG Shenghao®*, YIN Lina"(J.College of
Pharmaceutical Science, Zhejiang Chinese Medical University, Hangzhou 310053, China; 2.Institute of Materia Medica,
Hangzhou Medical College, Hangzhou 310013, China; 3.Zhejiang Peptide Company, Hangzhou 310018, China)

ABSTRACT: OBJECTIVE To prepare sirolimus(SRL) polymer micelles and investigate its effects on the absorption kinetics
of rat intestine. METHODS The SRL CS-DCA micelles were prepared by solvent evaporation using deoxycholic acid grafted
chitosan(CS-DCA) as carrier. The encapsulation efficiency, drug loading, particle size and potential were taken as the evaluation
indexes, and the formulation was optimized by the central composite design-response surface optimization method. In situ single
pass perfusion model of rat was set up to investigate intestinal absorption characteristics of SRL CS-DCA micelles with different
concentrations. Meanwhile, the intestinal absorption coefficient(Pefr), absorption rate constant(Ka) and the dose fraction(fa) were
used to evaluate drug absorption. RESULTS The optimum formulation of SRL CS-DCA micelles was as follows: the
concentration of CS-DCA was 10 mg-mL~!, and the mass ratio of drug to carrier was 20%. Under this condition, the system had
the positive charge of (37.0+£2.7)mV, particle size of (182.2+5.7)nm, the encapsulation efficiency greater than 90%, and the drug
loading of (15.80+0.5)%. After the SRL CS-DCA micelles passed through the rat intestine, the Pefr, Ka and fa were significantly
higher than those of SRL(P<0.05). There was no significant difference in the Pefr, Ka and fa values of SRL CS-DCA micelles with
different concentration in the whole intestine of rats, suggesting that the micelles had no concentration inhibition at
10-100 pg-mL~!, and the absorption characteristics were linear dynamics of passive transport. It was speculated that its possible
absorption mechanism was passive diffusion. CONCLUSION The SRL CS-DCA micelles can enhance effect on intestine
absorption of SRL monomer, which proves that SRL CS-DCA can effectively improve the oral bioavailability of sirolimus.
KEYWORDS: sirolimus; chitosan; micelle; central composite design-response surface method; in situ single pass perfusion model
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13757170150 E-mail: wshenghao@163.com FUNGR, L, BhERHA 5 Tel: (0571)88215622 E-mail: yIn23@163.com

o = IR N FH 252 2020 4E 4 H 2 37 555 8 Chin J Mod Appl Pharm, 2020 April, Vol.37 No.8 -939.



2.6 ng-mL~'o HATE P4+ BT SRL I £ 2 F 5
A 2 B, NAREEFI B ARAR(14%~31%),
HHIETE 2 FEN R RN EER, F R SRL
VA5 AR FEE AT 2 JFL AR o) R T I AR 1 N FH I
HE,

FAE WK (polymeric micelles, PMs) & it 4
KA A IR YR R G, B R AW
o M BT A R ) HL A 1R 3R SR TE K R SR £ T R
FLA B KM N AZ R SR K M Ah 52 - 450 . PMs
VERN B LA R L3 BRI S R
W& & (critical micelle concentration, CMC)H] i fiX
BAMREPMBERE ), M PRE: K
P RZ AT DASR m e 2 ke e, B RAF )
WA UL KA R 2GR EE 115 SR KAN TR LRI 2
W4 5% NAR Y RRCIR P9 B2 2 23 2 4 Al e 1 4R
K I A A R R R R, G 2GR N 2
AT RN B EAA MR AR . AR 24 B
P& E, CABRAR P-gp Ak LR I 40 i e 7 2501
BREMBARIT KN O REZ RAA BT SEY
VISR, BEMIRSCRAL 25, R
24 A B

5t JE W (chitosan, CS)A& — 1 R IR AW AR A
B, BA R A rT B R . A
i CS b 5t mlof 56 1 4 i /K Ok 1149 380 1 i 2
Vg R, BEYE/KH HAZEBER G AR, FI1EN
MEBEVEA B E E A K. BRI EAN, &
BRI CS B — e AV B P, nT g mism
M, W SR L b B 25 IR U A BT, A
HF 78 K 2 IS (deoxycholic acid, DCA)YE1HifY)
CS(CS-DCA)AN# AR, 18I % FH FLAL IR 28 ikl
#% SRL R (SRL CS-DCA). iz H & S ¥it-20
VLT A J5 Ak, F7%F SRL CS-DCA 75 K f
W e SR T 3EAT PR, 9 SRL CS-DCA 452
RAMTT R IR -

1 #ht

LC-20AD &R %1, SPD-20A 48 4h G
W#%, SIL-20A 4 Hshi#FE45(H A Shimadzu);
Nano-ZS90 ¥i 4% 5 3 [ . A7 73 #r A (Malvern
Instruments Ltd., UK); BT00-100M 5% (&
LHEREERAT); AL104 HF R TF AR #-
FERZ A (B AR AR HWCL-1 7KifH.
85-2 AURE I HE A . R-1001VN Jig 5% 78 KA
SHB-IIT /K2 HEF LT KA THE
PR #]); Anke TGL-16C B UAHL(_EHE %2 kAL
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#)7); LGJ-10D A T EHLAL R YA R EAC SR )
HIRAF.

CS-DCA(SEE = A, 4r & 126 kDa, 22
BUACEE 17.6%, b5 : 180622); SRL(HTILIFIEZ
Wi AR A\, #ik5 e 10805015 Jit & 4
#>98.0%); & i 1 (Hangzhou Lanbo Industrial
Co); Krebs-Ringer’s il #J(K-R 77, Hifl, & 1L
Hi 44 NaCl 7.8 g, KC10.35 g, NaHCO; 1.37 g,
NaH,PO;4 0.32 g, MgCl, 0.02 g, & HE 1.40 g);
GG, WA Im i T AR R AR ) H
B (L 2l , WVL A8 I e 7 W AR REAin) ) ) Hofth
WAL N el

SD K, &, #RFiE 180~220 g, WiiL& s
OB, AEFPYFRNIES . SCXK(#7)2014-0001 .
2 FHEMER
2.1 SRL CS-DCA i %

FREL CS-DCA @&, INEE T/KIEM. 1=
BRI, 2B 2= SRL.
B, PRSRHE S (TR 2s, 1510 3s, 400 W,
3min), JEHZERFELEFE, 5 000 rmin ' &0
5 min, B EIERA G TEEITS SRL CS-DCA.

2.2 SRL CS-DCA f#Ab M Bt

221 KR R/ANS5FRMMAAL B SRL CS-DCA,
PAZK N 3 B/ FRE 75 20 B, Nano-ZS90 fife 5
R THT FELAE 23 BT SO 5 A% FH R T FRLAVE

2.2.2 SRL CS-DCA 3.3} % 53 24 &= il &
2220 taiEZM ik Diamonsil Cig(4.6 mm X
250 mm, 5 um); JENAH A NHEE-Z0E30 : 40),
MENAH B R4tk A D B=87 : 23; Jiii# 1 mL-min';
FEIR 40 °C; KK 277 nm; BEFEAAFN 20 uL.
2222 GHEHRH5ERAREMNE FHEFE SRL
CS-DCA EEMIM T 4WE 2 mg)%E 20 mL &
Mk, fnsk4>#L, 5 SRL CS-DCA %) B .
5000 rrmin B0 5 min, BUEW 1 mL £ 10 mL
B, M EEREZIE, B, BFEEA. 0.45 um
TUFLIEIE L 38, L RISV, % “2.2.2.17 TR ik
ZAFEFEN E SRL CS-DCA ' SRL [IKE. 1% K
AR EFF] SRL CS-DCA K fidsh Rk 2458 .

AL EF K (%)= Wiz 100%
Wy

28k (%)= Monsmn
W +W,

Rzl AT

x100%.

2.3 AbgriRfe

2.3.0 B AABHES fE R R SR L, R
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B RBEE, DS BRI R T () BARIK L (X)
NEERNER, LLRART). BAL(Y2). BE R (TY3)
ML (Ya) NAE bR, 4 “2.17 BUT J7 ikl #% SRL
CS-DCA, BERMGAERRE . RREUh BEE
MBHEE ARG B R G &HFRKT IR
1, ZRIEK 2.

Fz1 HEKATXR
Tab.1 Table of factors and levels

- X1/% Xo/mg-mL~!
ACHALE LRk Wk
-1.414 1.89 8.96
-1 5 10
0 12.5 12.5
1 20 15
1.414 23.11 16.04

Fz2 ERRIUTRHARER

Tab. 2 Results of central composite design

No. Yi/nm Y,/mV Y3/% Ya/%
1 244.2 38.0 86.09 16.19
2 182.3 38.2 85.23 9.40
3 326.6 36.4 93.46 1.73
4 197.4 35.1 57.99 6.41
5 219.6 43.1 94.42 15.43
6 197.4 35.1 57.99 6.41
7 197.4 35.1 57.99 6.41
8 178.2 37.0 92.87 15.80
9 192.9 433 70.90 3.35
10 197.4 35.1 57.99 6.41
11 197.4 35.1 57.99 6.41
12 220.8 41.7 65.44 7.02
13 281.6 33.2 80.22 3.74

2.3.2 LA KA Design-Expert 8.0.5b #ff
PO G e T A A I | 1 v ) Sl
LB BOR R R (IS IR, I LI
P<0.05 1ERNEFEREHATHRA . ZBIE 8 R
B, MRREI>09. 4 MUA TR T :
Y1=197.40-29.13X1+13.61.X>—11.83X1.X>+37.65X1 >~
4.28X,°+18.91.X12X,+9.96X1.X2*(r=0.941 7, P<0.05)
¥>=35.10+0.57X,+1.24X>,+4.05X, X>+1.19X, >+
2.57X°-2.24X,2X,+0.33X1.X2%(r=0.995 0, P<0.05)
Y3=57.99-2.61.X1~7X>—1.94X1.X>+16.40X,%+9.18 Xo>+
9.71X:2X>+11.65X1.X2%(r=0.997 0, P<0.05)
Yi=6.41+5.11X1-0.84X-0.19X1.Xo+1.52X,%+1.15X,>+

0.85X12X2+0.92X1.X2%(r=0.992 9, P<0.05)

PR 100 QAL A 7 22 ) TR 3 56 4% 48 b 52 T
W = AN T S AR, AR WK 1

=4 T L, YL R V352 X A X B2 H.
TEFIIR. 4 X BUEECRE, VW2, X
B X000 Y W SAE R TN R BEE X BV
B, Yo BN AT ZRECBE, S 4R BEIROR, T
X X EREm, Yo BABAK; Y BE X, (3
K, RS EEIRE S ER Y BRSO
—¥m, 5 xn 2IEMHX, % X; B/, &
Design-Expert 8.0.5b % AL H, #iE X M1 X, ()3
R 2 51 18.87%~20.00%F1 10~15 mg-mL~'.
EES AR, RS AR, By
Wk KM X( B S BRI E L) N 20%,
(AR )N 10 mg-mL~'.
2.3.3 IAF  SRL CS-DCA Mt ibTi 2595 %%
BTN 20%, HAREKEH 10 mg-mL-'. itk
Wb 3 HERSHUEHATIRAUE, SR BIRZATT T
H1 % 10 IR R RE 42 N (182.245. 7)nm, 1K R FasE,
HE>90%, WAGEN 15.8%. TINMEASZIGAE 1)
T ZE L NHE I <5%. S5 KR, P sL e 1y
BA R mtE, i js iy B8, 4
RN 3.

®3 TONME L KT ER R (n=3)

Tab. 3 Comparison between predicted and actual values

(n=3)
£ e b E 1R 22 /%
Yi/nm 190.9 182.2+5.7 4.6
Yo/mV 36.7 37.0+2.7 -0.8
Y3/% 91.6 92.9+4.3 -1.1
Yal% 15.3 15.8+0.5 -32

Ve ZE=(FIE - S I )/ FIME < 100%

Note: deviation=(prediction value—measured value)/prediction value x100%.

2.4 SRL CS-DCA TEAK WAy

2.41 VAWECH]  Krebs-Ringer’s w7 (K-R R,

I F ARG IN), FH 1 mol-L-' B ER AT pH £ 6.8
MY LLVRWE: FREUYZL 20 mg, EHME, BT

1 L K-R 5, IRAJEISIKIE DY 20 pg-mL-' BY4L

it 8

Bl1 FH &R 54472 8 o m A 5 A

Fig. 1 Response surfaces and contour plots between indexes and factors
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SRL f## % : B SRL 10 mg, ¥R, HEE
Wik, B4 10 mL &), RI45 SRL fif & KR
A 1 mg-mL™),

T AR U L O & 2590 & a1
WE, RS2 AR .

JERHIHERR . FE2 I SRL G&E &, L il hk
1 mg-mL™" ZF 3, B 1 mL T 100 mL &,
HE 2w E 2%, Bl 10 pg-mL™!, 37 C Rk
B, PR R AR RS .

SRL CS-DCA Ji7 #E W ¥ : A5 % FREL SRL
CS-DCA @i, HBy e s, 7 mlB il 259k
¥ 10, 100 pg'mL™", 37 ‘C N E %M.

2.4.2 HPLC & ¥R SRL 15 &

2421 EIEEE FH “22217 iR,

2422 LTREMERKE W AW ERK,
10 000 r-min~'&.0» 5 min, B EEWR, % “2.2.2.17
TN Gl 26 A E , [R5 SRL ARAEVE MR (SRL fif
B 80% FH - £1 1 MR X1 VR A T 18 R
95 ugmL) &% “2.4.3” BT 90— 105 min Y£E
(1] SRL CS-DCA J#EFFE AT L. 2R E
7N, SRL UELREIS [AIZI7E 7.8 min, 75 7 HETL K
TFH, HiEEEEE. SRILE 2.

00 255 5.0 75 10.0
t/min

i 7.774
o]

0.0 25 50 7
t/min

[9)

10.0

1 >7.775
@)

0.0 25 50 75 10.0
t/min

2 AR

A-T FBEERW: B-SRL ARAEVE (S pg'mL™"); C-SRL CS-DCA }i%
FETLRE F (100 pg-mL~", 90— 105 min).

Fig.2 HPLC chromatograms

A-blank intestinal circulation fluid; B-SRL standard solution(5 pg-mL™");

C—sample of SRL CS-DCA intestinal circulation fluid(100 pg-mL-!,
90— 105 min).

2423 AMXRRFLE FEEBI SRL i &00&
B, 2050 VR A v 1 (80% HY 1 - Py 41 1 V) e R i,
0.1, 0.2, 0.5, 1, 5, 10, 20 pg'mL™ RIIKSE,

0.45 pum TFLIEREIS 8, BEIEW, & “2.2.2.17
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TRt S5 5E, DL SRL VR Y 6 2540k i
X(ug-mL-NYHEAT L [T 45 3] )3 5 72 =39 505X
108.93,7=0.999 5, $&/~ SRL K L 7F 0.1~20 pg-mL™!
WEEPER R R I

2424 IR FE ER HObRE b 2 SRR FE
(0.1 pgmL™"), ARG VU R SRR, AR .
L{EMELL(SIN) N 2~3 55, e J7 2 ARG R A
0.04 pgmL'. 4 SN K 10 f5Hf, E&ERHA
0.10 pg'mL~'(n=3, RSD=0.28%).

24.2.5 EFEAREEE % “24237 TR
EECH 0.5, 5, 10 pg-mL~' i) SRL ¥R (n=5), %
“2.2.2.17 TN Ak AR e, @ PR bR i h 2k
TR P45 R R 5 52 o T 1) A 5 49 380 v 7 R 4
FNFLL 0.5, 5, 10 pg-mL - BEWOESENE 3d, %
HHW. HEEHEE., 4RERK. F. SiRkE
() 77 9% [N USC R 43 31 2A9(103.5+0.8) %, (100.7+ 0.9)%,
(98.7+1.5)%, HW. HIAKEE EI<4%. RPN
R AW RIF. 4R N%K 4.

R4 EBEMON. HEKEE(X+s,n=5)

Tab. 4 Accuracy and intra-day and inter-day precision

(X +s,n=5)
e gL /% = HEE% =
0.5 103.5+0.8 0.7 3.1
5.0 100.7+0.9 0.9 1.3
10.0 98.7+1.5 1.5 0.7
2.4.2.6 HWRFREME BUCE AN R (10,

100 pgmL™), BE=EEFMET, T 0, 4, 8, 12,
24 h BURE, 3% “2.2.2.17 WU AREALRNE, HEE
VAT R E e . SRL BEVRRAE 24 h N I T A
RSD 7354 0.84%F1 0.26%, ZEHWIBERAIE 24 h
WELE

243 RKREMEBERRECT BERIRKS%
{425 €r 24 h 1) SD KR 20 R, BEITES 20% 3 47
(1.0 g-kg A2 RRIE, T5EB0E 2, WIS R
BIFFZ) 3 cm, N0 B H I B EUEETTRA R 2 em
YO, FRE L, HS5EM B 2 om Y10,
FH AR 1) A 8 B KO i N R i s T, B
AR AR PR R K HE A A5 FL, IR BN AR - K i R AR (T
& 37 C), LL1.0 mL-min~' (R PE 50 min
&, BE AN 0.2 mL-min~!, AT 015,
15—30,30—45,45—60, 60—75, 75—90,90—105,
105—120, 120—135, 135—150 min, Y& HER
W, HrF 0—-15 min AAZBMEEREK, &
0.45 pum ALIEMEER f5, 4% “2.2.2.17 TR
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S AN E 5 I T) 2510 SRL VR FE (2 LU I TR M 40K H
IO EEIE) . FeRE R IR )E, BUNREGL
B Wi R BEAT IR R T I R A B AN
JAA,  FF TS 2 AT RO AR K (Petr) ~ PRMSCTE 26
UK R Z R R # (), tHR AR .

Qm ln( lﬂ')
Pe“‘_z—c’ Ka:(ci",_l)X%
nrL C.. V
S 36Rat003 tn o
fi=1-¢ 10000 r
PL A On RHEREE0.2 mL-min™), LA

BER I B B (cm), tres ATEVISE], » NIER
Jo B R B T 2 4% (cm), V ONFE I BOAA R (L),
Cinv Cou At HIFEREH SRL WKEE, Cou'HN
FH M 2155 1 J5 H TRV SRL ik D12,

2.4.4 SRL CS-DCA TE 4 /)N iz W UL 45

2.4.4.1 SRL CS-DCA [f1/NimWile  7E44 i R Uk
REE B, SRL CS-DCA (1] Py Al K, SRL J&
BExT R 34 5 35 7 5 (P<0.05), #2278 SRL CS-DCA
(IR S e AN R WA B B R B, SRR S

S AT B R BRI UILE B T RIRR . 5 O IRE
WA B D) AR ORUBY, Hoi SRL CS-DCA 1)
Ja B SRL JF R XS B B 2 42 151 (P<0.05). ] 3 &I,
SRL /& SRL CS-DCA £ /)N jiz i i 7] 'y 82 AR W i
EUT LT AR A, SRL CS-DCA ) BRI I &
=T SRL; & 4 9 & (8] S 259 1E /N i vh 1 B s
WSO 4%, BB L, SRL CS-DCA t SRL |
R AR T 29.15%, FIFEGE R IR v 32 257 1)
WAL o

#&5 SRL & SRLCS-DCA #1/ % K 5 # (X £ 5, n=5)
Tab. 5 Intestinal absorption parameters of SRL and SRL
CS-DCA(Xx t s, n=5)

5 W, BRBWRY RBGERER RGN E
7 pgmL™t x10™*-cm™-s7t Hy/x1073-s7! 5380 %
SRL £ 10 0.3840.05 0.23+0.03 38.41+4.66
SRL CS-DCA A 10 0.87+0.04" 0.3540.07" 68.83+3.76"
SRL CS-DCA 4. 100 0.84+0.04" 0.30+0.04"  63.24+3.45"
. 5 SRL JFRHALLH, YP<0.05.
Note: Compared with SRL group, "P<0.05.
2.4.4.2  ZPWNIREEX N R e 25 R

W WAL 8 i A 5 DA RE YA L 24 A T G T 4 v
254 1R AT B 2R AL 2R IR A, AR S R R AL e
WE, hr%ﬁﬁ%%mﬂ&q&%/&ﬁ o, 4

WL 3. £ 5 AR AFKER SRL CS-DCA £ K
RGBT Py~ Ko LETLEEEZER, RK

Fp E BN T 26524 2020 4E 4 55 37 B4 8 W)

%ElmmmgmﬂWWTﬁﬁmﬁmmﬁdﬁw

A 1R SR 4 B B aa SO
3001 10 pg-ml!
250 SRL CS-DCA
on
= 2001
=
= 150
= 10 pg'mL'SRL
= 100+
mR
50
0
0
t/mm
2000+ 100 pg-mL™!
SRL CS-DCA
1 600
on
=
I 12004
g
= 8004
=
Bk
400 4 10 pg-mL™!
SRL CS-DCA
0' T T 1
0 40 80 120 160
t/min
3 SRL f# SRL CS-DCA ZMR K E-AE h&(xts,
n=5)

Fig. 3 Cumulative absorption-time curves of SRL and SRL
CS-DCA(Xx t s, n=5)

mmm SRL 10 pg-mL™!
SRL CS-DCA 10 pg-mL"'

1001 '

804

60+
40
20

04

30 45 105 120 135 150
t/mm

B4 SRL 77 SRL CS-DCA 18 Bl B 7 e B 4 5B 4] o 2%
Fig. 4 Immediate intestinal absorption percentage-time
curve of SRL and SRL CS-DCA

3 i

SRL NMEWETEZGY), FEAR N AL i3 R i A A
A FH R AR S5 ) B, e i Il R ) 380 VA
¥ 23 B R AE ISR VE SR A W B R AR () B 7K Y
o, Ao B KW, S 2 ke 213 v 1)
YEH .. e, ABFFH SRL #1% CS AW H
CS-DCA EASE/KEMEE, /K F 0] B 4%k
W, HEg KRB E B K WA, B K2
Y, SEAKIRBM R R AN e, AR T RO AR
AR KGR . CS 1 H B2 ZEAE RPN B 1
b, AR AT IE L. SRL CS-DCA [¥] Zeta Hi

Chin J Mod Appl Pharm, 2020 April, Vol.37 No.8 - 943 .

RIS IR A2 /%




RELEXHERI>30 mV, REERAE TR IRES

TEAR B [ i HE R0V B AT L S p 42 (1)
RS, T R S T A TE A TR AR B S B AR R e 1
TEEAT My St 5, T I se ook 4y, 5
SRR BAARRUR AR, T B 417 1 A EE A%
PETRAS B, Rl IR FH o 419 DAASS T B
(A4 AR . E UL S IG AE SR R R T AT 26 R R O
(I mL-min™") # % 50 min , # Pl K i &
(0.2 mL-min~" )T 15 min, 18 MBS BRI HL OVE TR
TRREE B — M aas, 7870 ORIE L 50 24 1wl SE 1% .
2 SRL CS-DCA Rk FEERBMEAE G, Hiz
A 1K & N (=0.41£0.40)pL-min'-cm™, &K
ARG R, RN ARUZ Y,
[RER &

B RIS £5 AT WL, 5 SRL EARMHELL,
SRL CS-DCA [ AEMpEWR R EfEm, X R
& FH T 25 mT LU i T R ) e SR 4 ) L k]
et 5/ g bR e fd, FIRS, WK S
MR AFAE,  IX P9 77 T A A R T 80k 45 5 254
FEESKERE G L, M fE k2 TE
FAKE RS 5548, 8RRl CS &
AR HERER, LS AV S (R A
MRS B R . REEAEUE TE iAE AL
A BAG LB, N YE S BE R LK
TR . H CS B 28 RAR B M E S A AT,
AT 5 440 i 5 A 1 B i B R A (1Y) 22 R R A A
VEFH, 15 3@ P U617, AT 498 560 8% S 5 2454
e, B2 25 RIS AE R B . LIk, P-
BEE H (P-gp)A& EE 24 HMIEIR, X 234 i
AR = B2 U], B T SRL J2 P-gp
&Y, FIREAZE P-gp MAMIEER, Iz 35 7k
BEOK, BEBWNAE, 13 SRL FRHE /N
RS2 ARTT, A SRL CS-DCA JiE # I M
WML R A A T 33— 2P HIE S .

AHF TR R s - T AR A VAR SRL
CS-DCA fj4bJ7. LA SRL JERI xR, 257 KR
R ) RE LAY, X SRL CS-DCA 7E K B/
AT B 112 %% . SRL CS-DCA % SRL ¥ fiE
e ZiTE B ImiE i, B RAE N AT S .
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