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Abstract: Objective To prepare redox-sensitive prodrug micelles co-loaded with candesartan (CD) and celastrol (CEL) and evaluate
their pharmaceutical properties. Methods The synthesized hyaluronic acid-cystamine-candesartan (HCCD) with reductive sensitivity
was used as the polymer material, and hyaluronic acid-1,6-hexanediamine-candesartan (HHCD) was used as the non-reductive sensitive
control. The preparation method, solvent, and the mass ratio of CEL to HCCD were screened by the single-factor method to prepare
four types of polymer micelles: HHCD, HCCD, HHCD/CEL, and HCCD/CEL. The critical micelle concentration (CMC) of the
samples was determined by the pyrene-acetone method. The particle size, polydispersity index (PDI), and Zeta potential of each micelle
were analyzed by a particle size analyzer. The drug loading and encapsulation efficiency were detected by HPLC. The morphology was

observed by transmission electron microscopy. The storage stability, plasma stability, and reconstitution stability of the freeze-dried
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powder of each micelle were investigated, as well as the hemolysis situation. The effects of 0, 10 umol-L™!, 10, and 20 mmol-L™!
glutathione (GSH) on the particle size of the micelles were investigated. The in vitro release behaviors of HHCD/CEL and HCCD/CEL
in release media containing 0, 10 umol-L™!, 10, and 20 mmol-L™' GSH were also investigated. Results The CMC values of HHCD
and HCCD were approximately 4.5 ug-mL!. The particle sizes of the four types of micelles were around 200 nm, and the PDI was
less than 0.2, with a relatively uniform distribution. The potentials of the four types of micelles were —24.7, —29.2, —25.9, and —32.1 mV,
respectively. The drug loading and encapsulation efficiency of the four types of micelles were above 8.9% and 73%, respectively. The
morphologies of the four types of micelles were all spherical-like, with good stability and no hemolysis. The particle size of
HHCD/CEL micelles did not change significantly under GSH concentrations of 0, 10 umol-L™!, 10, and 20 mmol-L™!, while the
particle size of HCCD/CEL micelles changed significantly at GSH concentrations of 10 and 20 mmol-L~!. At GSH
concentrations of 0 and 10 umol-L™!, the cumulative release of the two drugs in the two types of micelles within 48 h was
approximately 21%. At a GSH concentration of 10 mmol-L™!, the cumulative release of the two drugs in HCCD/CEL within 24 h was
approximately 40% and 50%, respectively. At a GSH concentration of 20 mmol-L™!, the cumulative release of CD and CEL in
HCCD/CEL reached approximately 70% and 80% within 24 h and 48 h, respectively. Conclusion The prepared reductive-sensitive
micelles HCCD/CEL have good stability and reductive sensitivity..

Key words: celastrol; candesartan; reduction sensitive micelle; manufacture; characterization

JPHfee R — P ERVE FE Y H LR R, o
3 ESSEIARE SIPNEN <3 3 3) AR dINE T A
B AR GEIALST ANTBOT T BUE IHE R T iR B
WAR T — Rk, EIXEERRIER R, 55
RS S5 Jay IR PE FIAE A A B,

WA FH 2SR TR 7 R 1 TN . i
TS S ARSI ERIPLE], A 25 Rens i 2%
RGNS IR AR A0, TR s D i 24
Ao HEERR, EREEE R 2R, IR
REIWER, RIVEELERE. Bk, BREHZ 0K
NIRRT IR AT GE RIS 1O T B,

AR (CEL) fFN—Rh B 2 B2y 3
R8sy, ITEERAEGURIT SR RILH TEX
W 71. Ptibia (CD) B AT b i 5
JFAE R et R L I AL A AR DR, RERS R
SR UE 250 IR SER KB IE RE /1B, R,
¥ CEL 5 CD BK&HIZy, A8 EmKIYE L
H, FEFEH R G R 5.

CEL 5 CD fEIGPRN g K E 2 AW
A FEARS = MR Btia ik, LAk CEL IERIHTIE.
BE BT ARG REREIESE SR IR, R E HAS T
HZ R o N T SOMRR LeRfE RS, AUREIZH 13 P
SINTACKEZ RS (NDDS), A H S R08E
YRR AT RE . B2 2RI SR RS AR IR,
CEL 5 CD s RN FH St 138 At s 2200,

A1 e s S AT SR AR N L AR BEAS
[, 3 SRR AR A S UK I 3R W i 24 R P LU
A f L TR 240 PORE TR 250180, AT T T
o R R BUR I R ST ZE I RIR (HA) -t

A (CYS)-CD(HCCD), @i itk T Z, #l#% HCCD
JBeH K A% CEL ) HCCD/CEL &R, LLIE
BIRMRE SV Y HA-1, 6-C % (HEX) -CD
(HHCD) fEXIIE, FEEAT #7522 Bvr A, DA
N B2 ER 2 SO LB

1 #8
1.1 {435

L, JR 3 Nano-ZS90 H AR A2 @3 ([ /R
X adE]D;s DZF-6050 BB A T8AE O 2 A IR 5T
AT BESIWERERS G 2 R R R R A PR A
F]D; RO A LC-20AT ( H A X 2845 TR
NFD; RRDIENETT F-4600 (FR4ttH s
BHARLERD.
1.2 AHR5HF

CEL (b5 1221052314, &% 95.3%),
W HME ST EDEEAR AR CD (5
B2021060, i &4 #7 99.5%), W H Lk T 44k
BHEARAR; GiEHE (IS 20221013), WH
REV ARG AR AR, WIS Gits
2021060702), W H AR T RHE 7 A PR A 5
il (HE5 210319), T HEBHIEEAERTIA R A
" TKCEE (S 20220915), WHKETE S
itk THBR AR 0.9%K &L MEm (s
14B22060501), W H 1L R ARAF] .

HCCD-~ HHCD 4 HH ¥r] g R 57 i e M 2045 S
FBHB, FRJTEIR: 8 CYS MEERE, Eid
T Jie e B e — o S B A B HA b, 152174
HA-CYS, ¥ CYS B —inz ity CD ERFRELL
FEe st R4S, A HA-CYS-CD (HCCD),



FEA8EFE6H 2025F 6 H

{‘;-’5‘;%4-‘[51‘% ER Drug Evaluation Research

Vol. 48 No. 6 June 2025 « 1559 -

FaN, H HEX ¥ CYS fE iR, @it
B HEX 5 HA B, 1530/%) HA-HEX,
CD LRI S HEX b2 Jk DL i g i 7 X &%
., B ERAXNBESYME HA-HEX-CD
(HHCD), R FHELAM XA R 0 w3 A 6 24533847
RAE, A 2 FhAT 2536 s, 47725 0N
36.7%- 36.5%. AEBHNEFITKE.
2 FAEEHR
2.1 CD. CELHPLC $th73AmET
211 HRH &
(1) CD+ CEL X} FEAEH I % K2 FRIGE
& CD. CEL, 737l HEA R, B4, RS IR
IR 19 400, 100 pg-mL~!, B 5} E £k 457 o
(2) A SR ) s FREUZ IR “2.2.17 T
B AR A& T & B R A YRR HCCD .
HCCD/CEL. HHCD. HHCD/CEL &&, 2% &E T
2, R ESE, €%, IAEEERER, CEL
1) 5 IR 200 20 pgrmL s
2.12 i %  KROMASIL ODS-1 ik
(200 mm X 4.6 mm, 5um); Aif 25 C, KR
& 1.0mL-min™!, AR 20uL. Hd, CD KIish
FEA HE B -0.1 %10 R 22 R (60 & 40D, Ry &K
251 nm; CEL [Jiahi N HEE-0.1%B5 R K (93 ©
70, A 425 nm.
2.1.3 LRI BC“2.1.1 (17 T Fx IR i
/W, FHWEEATHRE, {f CD 1 CEL )i &k
FESY 5189 204 100 pg-mL~!, FEHZ 0.22 um HHL
JEMEIEIS, H& “2.1.27 DU Rk AR, Tl
ek, SR ILE 1. BB 1A% CD fR B A 7R
3.4min, CEL &K [BI7E 5.3 min, BH MR ISR
MIFEIX 2 AbFTERL, Aot =35 e 1& T4t

o=

N ——
)

P> =0

N
o 1 2 3 4 5 6 71 8
#/min
1 AR EEE (A). CD X8 (B). CEL XHRm
(C)\ B3R CD (D). ER+ CEL (E) =3k & iLE
Fig.1 HPLC chromatogram of negative control (A), CD

reference substance (B), CEL reference substance (C), CD
in micelles (D), CEL in micelles (E)

[FIFE s CD F CEL R BB [R]3 — 8, RAZ
ER RN,
2.1.4 CD Ml CEL ZPEul gy K “2.1.1 (1)
HHIGUR ) CD % A 2 AR IR 100.04 80.0+
40.0. 20.0. 10.0. 5.0, 2.5 ygmL!, iF 0.22 pm JE
JBE, TE “2.1.27 TP EE & NEERE, 10 m I
WA o DARE S BT EIR BEAE S X, B G AR
1B Y i, B3 CD 94t mA 75 F8 Y=40 687 X—
33 133 (R*=0.999 7). ¥ CEL KX} Befig &k ik
BN 400.0. 300.0. 200.0. 100.0. 50.0. 25.0.
12.5 pg'mL™!, [FEVEERAE, RI43 CEL Wbt 477
& Y=26 404 X—25 347 (;2=0.999 8), &kF L]
CD Ml CEL TEZEM BRI N R E R R R UT -
2,15 FEEMRE B “2.2.17 TR ARG
FIFE K L) 4 HHCD/CEL, 3% “2.1.1 (2)” Wi Mt
T R 1) % D7 v & AR R VAR 6 1y, #592.1.27
TR i 25 A b RE AR O TR T SRR A IR B
Hit5 RSD. CD A1 CEL HIEEYE RSD 705K
0.67% 0.46%.
2.1.6 FEEHEWRLE K “2.1.1 (1)7 TR XTI
g WBUE R 2= A, WEMEE, ER, 1§
CD 1 CEL B Jii 83 FE 3 54 20, 100 pg'mL™',
I UESE RS BIRE RO, 4% “2.1.27 TR i 4
PRERE, EEFE 3 K, ES 3 d, KIEEHA
THEFE I, H11 % RSD. CD Ml CEL [ H
[ 4% %5 £ RSD 23 31N 0.73%- 0.64%, H WK%
JE RSD 43 54 0.46%. 0.66%, % B1i% 7 9% (K
HRERL.
2.1.7 Rt B “2.1.1 (17 TR R %
HWOER, HREM. P, & 3ANFERE (CD M
CEL FIREiR 4y 58 5+ 25+ 80 pg-mL™' Al 25,
100~ 300 ug'mL™), HANFAEIRES 3 0, E=EHE
(25 C) %M FAEHG 0T 04 24 4. 64 8. 105
12h BEATHORE, BB, 4% “2.1.27 TR ARt
FE, A W THTAR v BRE b 1Y) s SRR FE LA & RSD B
CD. CEL 7£ 12h WA &R R 1) RSD {E1)
KT 2%, RUFES IR ENE R LT,
2.1.8  NEEECRAEE  BUHARE R (n=9) &
HE TR, BRSSO IR P
B (n=3) 3 NKE (CD M CEL YRI5 7
5. 25. 80 pg'mL ! A1 25, 100, 300 pg'mL™D),
I3 AR FUINE] B3R 9 MR SRR, R
R ER, 1L, 1F “2.1.27 Wi ik 4 Tk



* 1560 F48EF6H 202556 8

A BTSN Drug Evaluation Research

Vol. 48 No. 6 June 2025

FE, AR I AR E B R o P SRR B, TSR b
ML RIS K RSD fH. IIAEREIRCRISTE 98%~
102%, RSD ¥/ T 2%, R %7 iERIKCR B 4f.
22 REVIRRIEE

221 il TTIEIIIEE 4y )R I R
T8 7 WA ANE M i % HCCD. HCCD/CEL &
W, CLRiAE BEW o #PETE 2 (PDD. Zeta
AL, B, RN E IR IR AT %7
VIR IR 1% o

(D) ERERE: FEEFREHCCD 6 43, 4
132128 10 mg, 75l E T BP & W . b 3 4 Hn
A 1 mg ] CEL, fill&#8REMRAR, HAhl%
2R . 6 B FESR S 2 mL TE /K 2B 7R A v
fitt, M. WAEFEREI 15 mL BaiKE T RF
o B HE R 1B L, RO s
I 1 800 rmin !, REFLIHERE f5 ¥ I A OE
W INBEA R, SRR VIARER 4, B
WA M ENLAE 60 W Th, TAE 5s. [l 10 [
TAERE T TAE 10 min, FREERLL 635.92 g B0
10 min, BPf3 AR -

(2) WA BE: RS FREL HCCD 6 17,
W% 10 mg, BT, FREC3 4 1 mg ) CEL
SR E T HA 3 AT R EY T, H&EAkK
W, HARMMH &2 AR, —FWH 2 mL B8
IK BRI (100 W) f#, B S 7 A6
IMNET, e E TP b,
WERE, M)y 1800 rmin!, K% 2h 5, #hh
TEHL 3 B, T F e e 28 R ACHE Al T A
WA NLEFRET, BPRTEATENEE 2 — 2
Hoe®mme, B meE TERRES,
K, HHEZE 15 mL BaiKE T
HEAT /KW E (100 W) 7K 4K, [E B 7E 1800 r-min!

N R 2 h, S SR R R U 4 R B AL
7E 60 W ThR, TAE Ss. [H& 10s 7= 10 min,
BHEILL 635.92X g B0 10 min, RIS AA W -

(3) iFEHriE: KM HCCD 6 11, &%)
10 mg, & 10 mL B . FREC 3 £3 1 mg HY
CEL, 7il5 3 il i KA MM EHR S, H Tl
/AN, HRAHTHSZARKE; Lk 6
YRS 1 mL (1 = R (DMSO) ¥ fif, %
M. EH S mL FEB40KE T/ R+, %
WD iR R e, iR E N 1 800 rrmin ',
Fri AR08 Ja ¥ L3R 6 0 W RHE 1o & N
2 6 MBI, IMANTEA S B4k 15 min,
B Ji5 o ol 7 232 A 4% CRURE A 2> F- L& 1.000)
v, 2K EATEN, 2T 2. 4.8, 12h B
Bop RE AT, SR 5 K AT 4R N B AR R
WA MR ENLAE 60 W DjZ, TAE 5s. (A& 10s,
A 10 min, FREIFEWLL 635.92X g B0 10 min,
RIAS 3 00 25 24 s ROV SR 3 43 2% A I RV Tk

I3 RSV R 1 mL, BT,
BT Nano-ZS90 FEALKARIN 2 A I & Ho ki 4% . PDIL
Zeta W47, 10 EdE . DERA VIR 1 mL,
HEEMBEE CEL MREIRELN 20 pgmlL!, £
0.22 pm JEBEIEE, KRR AR BN, B %
“2.1.27 WUF M EIEZAERE, e,
FEMIKREE, THERE M A Z0,

R = R P 2 T R/ R 24 R 1 R

AR = FRZG I AT 25 R R WA 2

3 FIASE S R A VBRI S R WK 1. 3
T 70 BRI B RORAR R Ak, HoAy 2 F T
ERIRIAZA PDI ) ZE AR R 2, DL Era
BFONRIE, WREREERNS, WUEgRR
PSR RIEAE R & T2

*1 FIBEFENFESR (X x5, n=3)

Table 1 Screening results of preparation methods ( X s, n=3)

Jiik il 71 ittt /mm PDI ZetaFfi /7 /mV WHE/% AR /%
BEHT HCCD 2144497  0.18%0.08 -234%43 8320.8 —
HCCD/CEL 1793+84 0204003 -25.7427 9.4+2.0 (CD) 60.310.1
10.1£0.0 (CEL)
M4 EL HCCD 2622444  0.17£0.02 —292+1.7 8.8+1.1 —
HCCD/CEL 3015429  0.194£0.16 —29.8%1.0 8.5+0.9 (CD) 33.840.1
5.6£0.0 (CEL)
WA HCCD 212.6+9.4  0.13£0.07 292437 10.6+0.2 —
HCCD/CEL  207.94+44  0.174£0.04 -32.1£09 10.9+2.0 (CD) 83.7+12

11.94+0.0 (CEL)
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Table 2 Selection results of solvents ( X *s, n=3)

ELIRGE i1l 1) Hr % /mm PDI ZetaFLfi7/mV WA/ % A 2/%
FH HCCD 197.4+52 0.18+0.04 -24.94+0.6 10.0+1.6 —
HCCD/CEL 174.4+4.4 0.2140.01 -34.0+1.8 10.94+0.8 (CD) 4424136
7.4+1.4 (CEL)
L HCCD 212.6+9.4 0.1340.07 292437 10.640.2 —
HCCD/CEL 207.9+4.4 0.17+0.04 -32.1+0.9 10.9+2.0 (CD) 83.7+1.17
119422 (CEL)
PR HCCD 208.9+8.5 0.15+0.03 -16.0%+1.5 9.9+6.5 (CD) —
HCCD/CEL 179.8+3.2 0.25+0.01 -30.7+14 10.1+4.5 (CD) 7124025

10.8+0.2 (CEL)
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Table 3 CEL and HCCD quality ratio screening results ( X s, n=3)

CEL5HCCDJfi &t H4%E/nm PDI ZetaHih/mV BRI % 3 2/%
1:5 207.9+4.4 0.17+0.04 -32.104+0.92 10.9+0.4 (CD) 83.7+12
11.9+0.2 (CEL)
1.0:75 206.4+18.7 0.16+0.10 —-24.13+3.63 104+0.3 (CD) 75.449.1
8.9+1.1 (CEL)
1:10 219.5+12.8 0.18+0.07 -25.12+1.81 9.6+0.1 (CD) 743+8.7

6.8+3.9 (CEL)
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24 FEREFBEMMR

2.4.1 fEffFaEPtE HHCD. HCCD. HHCD/CEL.
HCCD/CEL 4 FifiC RS TUKAE (4 C) HHiEfs, F&
FEEEM SE kAR, FLEL 10 &, BEMEEMPAT 3
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242 MEFBENME HHI4K HHCD. HCCD.
HHCD/CEL. HCCD/CEL 4 MR R & T pH N 7.4
T 10%IMAK ) PBS Z2iiirh, K B 3 IR Hh g
H 48h, 2T 0. 2. 4. 6. 12, 24. 48 h I HUEE,
ME FokifeAedn, 458 WK 5-B, 7EfEH 48h NI
FORLARTC A 10281k, 78 10%F M3 24 F HA 5
IFfaE .
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0 10 20 30 40
i/h
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Fig.5 Particle size changes of polymer micelles stored at 4 °C for 20 d (A) and incubated for 48 h with 10% plasma (B)
( )_( is, n=3)

243 GTMEBREE WE 4 FREVMER
HHCD. HCCD. HHCD/CEL. HCCD/CEL HJRi4E
PDI P4}z HHCD/CEL. HCCD/CEL )% 24 & fl 3¢
R, BEEHT: HTmABaAKE T ERE. &85,
Bly, FEBNE 4 FERRIRAE. PDI, PLK

HHCD/CEL. HCCD/CEL [H#Z5 8 E H, 4 Ff
REVBRRGE TR e SRR 4, 5T
AT G RA VIR R AR A R LR
Ak, R 4 FPERE VIR KA T 5 i H
BRI e .

#4 BEVMRREFTHEBRER (X £s, n=3)

Table 4 Re-solubilization results of polymer micelle freeze-dried powder ( X s, n=3)

JBH $if%/mm PDI CDEZi7/% CELE.Z /% FLE /%
TRl HHCD 201.7+14.4 0.1540.03 8.9440.02 — —
HHCD/CEL 22254272 0.1840.03 9.5140.01 12.16+0.02 72.97+0.03
HCCD 216.1+9.5 0.16+0.10 9.50+0.02 — —
HCCD/CEL 202.2+23.0 0.1740.01 9.4040.04 13.06+0.02 78.38+0.02
%TJE  HHCD 1943+5.6 0.16+0.05 8.260.04 — —
HHCD/CEL 198.4+8.7 0.174+0.03 8.1440.02 12.5640.11 73.45+0.11
HCCD 217.0+2.5 0.1940.03 10.8340.17 — —
HCCD/CEL 203.1+7.9 0.1640.08 9.0640.01 13.15+0.02 80.1940.02
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2.5 BRRAVAIMSEIGHE

# HHCD. HCCD. HHCD/CEL. HCCD/CEL
4 MEREVIBRBET M ER, HH 0.9%KF 4
MR N 4000 200, 100, 50, 10 ug-mL!, ¥ 4
Tl o 3 T 5 SRR 2% 4T L BT IR &
PR A EBCEAE 37 °C. 100 r-min! #5315
FRIE 3 ho W FHZRIEKAT 0.9% 1 EAL N U
EREARCY RS SE s S R d ] ER P B R E )
M. SR WE 6, FrA IR EIITE B2 I,
BEJ5 5000 r-min! &0 10 min 5, B EIER, HE
Ah-T] W43 66 BE VI E F i EIEVRAE 540 nm AbHY
WOCRE (O A, I EF L, 4R ERA KRR
WA MR R T 5%, FATHEN 4 FhE S
W B A BT A A

BIME= (4 pwp—A ) | (A mom—A wam)
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i ! J J | o
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EE=HHCD/CEL
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= 0] N\
w10 .§
\
05 =\ §
=
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6 BEVIRRNBMIBER(X £s, n=3)
Fig. 6 Hemolysis of polymer micelles ( X *+s, n=3)

2.6 BRANE RGN

HY HHCD/CEL. HCCD/CEL RAHVEW % 10 mL,
IIAAFE R GSH, {FRE 7714 0 10 pmol-L™!
M 104 20 mmol-L7Y, HAMEEMBIFAT 34, &
THERERGHS, BEERE RN 37 C. HERN
150 rmin”!, WEE 24 h JEHCHFES, SHATRAREI .

W& 7 flizn, HHCD/CEL JRAEAEMWKE AN 0.
10 pmol-L™! % 10. 20 mmol-L™! ff] GSH &1 T ki
BRI B4R, 1 HCCD/CEL JK R 7E GSH K &
90410 pmol-L~" B f42 tH 6 B S A8 4k, (H7E GSH
(RIS 104 20 mmol- L' kA% & 2E B & () 284k,
WL T 2 EIE., vRERESIKE GSH I,
HCCD/CEL SR 1 S-S B A T Wi, 1Rk
REVIM BRI AR R AR
AW B ARk, 1) HHCD/CEL R ) C-C 4R
B8 GSH ¥ & (1) A8 4o & A2 B W (1 2 A8, ik
HHCD/CEL FiAEMIARWA K . G5 REKH, BAnRK
HCCD/CEL B A BT I8 JF fUSRR 4 o
2.7 BREVRINERI R

114 GSH <A 0410 pmol-L ™' 10,20 mmol - L™
R, FRERTA RN B IR LA 80

(0.5%). HHCD/CEL. HCCD/CEL A &HL 1 mL
BT ENEN GRE M 7R EHN 2000, R5
BBEHTLEHUN 20 mL pH {4 7.4 [ PBS B
o, JREAE 37 C. 150 r-min! #EE FE IR A
L, E, R TARFER A S E 1 mL R
FEH, FRVERFIRE S, BUSERE S5 R FRmA
1 mL AHRLARETBT 5T, AER IR R TEO I 4
AR, e e, #&I8 “2.17 T sr ik
FAFHERE, RIERERFEIAT EES SR, &
JE Tt E R EEA R NI R E, 4R
K 8.

7 GSH N 0. 10 umol-L! i, 2 FiEE AW
R AR I 25 TE 48 h IR TBCRIATE 21% 44 - 7E
GSH 1 E N 10 mmol-L™' ¥, HCCD/CEL ¥ 2
FhETITE 24 h N BBVBEICE 73708 40% 50%, IX
ARG FUONEEE GSH HIKREERIIN, &RAIN RS
VIR HCCD/CEL [ 2544 77 A — & BB A s £ GSH
WEEN 20 mmol- L i, AWK H HCCD/CEL
f125%) CD. CEL 1E 24 h i 2FUREIAS] 70% 4
Fi, 48h BIAR] 80% /47, RA AT RERH TIBEH S
TR S SRR, AR ) AR R
ERAW R ER. {E GSH RN 20 mmol- L1 i,
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Fig.7 Size change of HHCD/CEL (A) and HCCD/CEL (B) micelles induced by GSH
80 A gr B
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Fig. 8 In vitro release of CD (A) and CEL (B) from drug-loaded micelles ( X *s, n=3)
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