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E: AW UL R 2 -5 g [monomethoxyl poly (ethylene glycol) 2000-poly (e-caprolactone) 2000,
mPEG,-PCL,, |« H & L e iz L Bz A0 M T s AW A s Ve ARV TR #3222 B (apical sodium-dependent bile acid transporter,
ASBT), DK ERRIZE A 5 (glucose transporter 5, GLUTS) FIZHEEMEZAAM R RENE-R 2. —FE 2000-i 2UNHR (fructose-
polyethylene glycol 2000-deoxycholic acid, Fru-PEG, -DC) AR L, PLIET 3 NI 259, #4022 i - 57 20 5 1)
LW RIKH (fructose-polyethylene glycol 2000-deoxycholic acid-polymeric micelles/curcumin, FD-PMs/Cur), & £ 25
2V TR B B W e s Rk . B e R H B W A S OV A T RS- 2 - IR R (Fru-PEG,,-DC),
Il AL FLIRVE LA G R IE & B M I S5 SR 5, SR FH I 23 50 1) 4% b B 40 g #8 15) FD-PMs/Cur, Jf:
LAKLAE W2 73 B FR U (polymer dispersity index, PDI)f 35 28 Rl 245 55 9 PPN FR AR, X0 25024 400K JI AR I ] % 12 2 A0 Ak
T AT T ARACFI IR B3 ), e A4S 4 4 0 ST B 2 5 i ) e 4 1) 1) 1) 14 200 B 5 T B T i A SR T RE . 45 SRR A,
311 FD-PMs/Cur 2T IRIE, K/ —, 4p HUHE R 4T, P ¥0ki42 49 25.86 + 0.160 4 nm, PDI A 0.169 + 0.015, 1 H1 fiif
N=5.74 £ 0.707 mV, {035 R 25 B4 FN (92.31 £ 0.40)%H1 (7.69 £ 0.04)%; 7 B il B 218, fae thm; 14
AR R S B0 45 R SR, 5 AR e M RORH B, PR 1) PR A e 2 B v 2 M T A T R, A L T i A B R [ BE 5 TR R
7 RS SR E TS IR IR R 1 A 7E, HOA VA BRI kIR D 6E . BT i 1Y) FD-PMs/Cur B R I 5 i fe e v % b R 4t i
A [ B8 ) R B A R SR Dy B, T DAAE ORIl i b R A, B v I i aE 0k, A IR VA 25 1 IR AE VR A R A
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Abstract: This study utilized monomethoxyl poly (ethylene glycol) 2000-poly (¢-caprolactone) 2000 (mPEG,, -
PCL,,) and a self-synthesized functional carrier material, fructose-polyethylene glycol 2000-deoxycholic acid (Fru-
PEG,,-DC), which targets the apical sodium-dependent bile acid transporter (ASBT) and glucose transporter 5
(GLUTS) on intestinal epithelial cells, to construct fructose-polyethylene glycol 2000-deoxycholic acid-polymeric
micelles/curcumin (FD-PMs/Cur) with the aim of improving drug transintestinal transport efficiency. First, Fru-

PEG,-DC was synthesized via an azide-alkyne click chemical reaction, and the structure of the synthesized product
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was confirmed by nuclear magnetic resonance (NMR) and infrared spectroscopy (IR). Subsequently, the film
dispersion method was employed to prepare curcumin-loaded targeted micelles. The preparation process and
formulation of the drug-loaded nanomicelles were optimized and screened based on evaluation indicators such as
particle size, polymer dispersity index (PDI), encapsulation efficiency, and drug loading capacity. Finally, in vitro
cell experiments were conducted to evaluate the cellular uptake of the constructed targeted formulation and
lysosomal escape function. The prepared FD-PMs/Cur exhibited a near-spherical shape, uniform size, and good
dispersibility, with an average particle size of 25.86 £ 0.160 4 nm, PDI of 0.169 + 0.015, and surface charge of
-5.74 £ 0.707 mV. The encapsulation efficiency and drug loading capacity were (92.31 £ 0.40)% and (7.69 + 0.04)%,
respectively. The micelles demonstrated slow release and high stability in gastrointestinal fluids. In vitro cell
experiments revealed that the targeted micelles significantly enhanced cellular uptake compared to free drugs and
non-targeted micelles, indicating excellent intestinal targeting ability and lysosomal escape function. The constructed
FD-PMs/Cur exhibited good gastrointestinal stability, intestinal epithelial cell-targeting capability and lysosomal
escape function, effectively enhancing transintestinal transport efficiency. This study provides a novel strategy for

improving the oral bioavailability of lipophilic drugs.
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AR %A 245 (oral administration) 1 A —Fh AE42 A 1k
HAAERER A 2577 1, BE MR, — BB E L
AT GUKZWIEIE RGAF NP EAR, 7T L
IO W (VS AR 1 R M R ) 2 R TS R, B
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J 240 16 1) TOLOM) P o B % i TR 00 A ek g B, 3 A,
YR TR0 3E N 2 PR S, 2 o 24 I P R 9 A A R
I (BRI PfLP  3 o ), S 280 245 40 DK ol ) o DA 2138
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Y5RGBT IR S e R EEAE R . i b a
JL IO ) 4 IR R da B A, IS A MR I R S
(glucose transporter 5, GLUTS) i 5if £ 44 4 14 fH 1 R
12 % [ (apical sodium-dependent bile acid transporter,
ASBT). % Jik # 12 %5 A 1 (oligopeptide transporter 1,
PEPT1) %%, /] LLA &4 48 in 245 ) 5 A 5% il 57 1) 21 i 1%
WG AL T W b e 2 B BRI U i) M HERG 2 B 1, RS
% i} 2§ # 12 B [ 3 (multidrug resistance-associated

protein 3, MRP3). £ #j i 2 % iz & 1 1 (multidrug
resistance-associated protein 1, MRP1). H HL¥& i i 18 &
H a/f 5 — % {K (organic solute transporter alpha/beta,
OSTa/OSTR)- Hi %] ¥l 4% 12 5 1 2 (glucose transporter 2,
GLUT2) &, n] LUK L A P47 Jo7 NS JEC 0 A rek 222 1 34,
0 R 18 R R

Horb, GLUTS 3= %201 53 U A4 fizg - 5 20 T3t ]
TERHRU T GLUT2 47 57 K5 i 248 Ff PR P 60 26 5 L SRR 55 1.
IS JE 0] Bt 22 AR A, DRI T SRS T A K 1 7 2
[, AT AR GLUTS A1 GLUT2 Wik [ 38 10 49 K i1l 71 10 i
R 24 i TN 5 B R i JES I Pt . ASBT & — Foft 11
BN s R A, R B R AR TN Rk, 57 Bk
PRV R (B RR | RE 2 SN IR &%) TR I i b Bz 40
B J5 Ry R 3 3t [l i BEL Y B2 25 & 2 (1 (ileum bile acid
binding protein, IBABP) ¥ % iz % 5 iG], 7= A= 1 Wl 14
eIk B JE, ML A AR IR T 20 R SR U B _E 1) OSTa/
OSTR#%iz i ™. (A, HHERAZ 1 o] 2 T {l] ASBT $5%
HY . IBABP #%i2 2 5L M . OSTa/OSTR iz Hi e -

BRI, DR T o AR M oK il 550 7 i b B 44 i e e, 6 40
KAl 770 A7 SR B A R X B AE A, BT DL I % B A
T& TR A 3T 0 44 K R0 R b R A TR L R
sk M s ez, DA 25 IR

ZTE (curcumin, Cur) /& NZ R B 2 RH 7>
TR 25 Hp S B R R A&, RA R PR
AN B R, BLAR Cur 253045 2 T 1 N Ab
AT, AH Cur 7K 1 22 A= )R FH FE ARG &6 1) i, R 1
HIGKRNH . &5 b, AR FE e & 7 3R i b g
M T {0 ASBT F1 GLUTS # [1] | V45 il 1< 106 3% 1) Rk - 5%
4 g - i AR (fructose-polyethylene glycol 2000-
deoxycholic acid, Fru-PEG,,-DC) 1) 4% iz i [n] 5 &



- 2268 - 22224 Acta Pharmaceutica Sinica 2026, 61(6): 22662274

kL, 485 PA Fru-PEG,, -DC fil AL R 2, i -F 2
W B [monomethoxyl poly (ethylene glycol) 2000-poly
(e-caprolactone) 2000, mPEG,-PCL,, ] N #E A KL, DL
Cur IR 2G4, K i b 2 20 B8 1) K IR, 3 —
2 A 7K P o e A 2 TR PR 4 ok I VS g Ak 16
RBEAT PR o AHIT 5T 15 A0 1 s A B 1 298 K A1 7],
o R L R A B, v 25 ) L e AT R L
ot 3 3%, BT B i 250 ) IR AR 0 R R

R 55E%E

B JirZz—HTF R (ME204) .+ )iz —
HLF KT (XS105) 1 M 8 —FE R 2 A3 (L) H
BRA F]; S E IR LI Hi eSS (DF-101S, /i T4
IS R TR A, e % 28 AL (R-200, Hi P I H
PR > 7)) A% LRI (ARX-300, 3 [H Varian £ AR5 R
O], AR B AR 2T A G 3% 4% (Thermo 1S5, 3% [E FE 5K
KR BHE A F)); A PEE S T B (JEM-2100,
H A7k U2 th); AR T 821 (Alpha2-4LDplus, £
Christ 24 7]); B 45 T 148 (DZF-6090, |- iff H B AH 5
W), £ LB bR X (TECAN M1000, i 175 15 4
A w]); WO 3 R £ B BT (Zeiss LSM 800, b 52 BX
W 7 6 22 F AR R A #); Eppendorf &3 250041 [£2
WOARHE (1) [ bR 5 A R A A SR LR
(LC-20ADXR, H 7 &y # A wl); #8745 il % 4 (CPX500,
et R RACE A IR A R ); 5 IR LK RLEE 73
HT4X (Zetasizer Nano ZEN3690, Malvern /A &),

HmERF IR 2R R O SRR
JHEZ (RM0222101.RF0222829, V4 % i 8 4 W Bl 5
PR A &]); AL AR (H2121176, F R f7 T A4k Bl 4%
I A BR A R); Prf M EREN (D031S234044) . F Z K 6
(coumarin 6, C6, D19HS204500, 4l & > 95%) W H i
AR BRZA 7] Cur [SLBDS415V, 74 14 30) B4
A () REARAR], FEER - R N
(Grra S EAEY TRABRAF]); —H IR (20230206)-
Hoechst 33342 (20250225). i #t 48 (20211122, # &
oy T i & 14 kDa) 1 B AL 5 B Ei i AE B A R A
Al 4',6- Pk 3L -2-FK LI W (DAPI). Lyso-Tracker Red
(072723240412, A230250505, L8 = RAEMHE A H
PR 2 71); CCK-8 it 7 & 4% £ %K B i (K001032551
4500061441, b5 = 1R 45 7 51 A BR 2 7)) 6 4 175
(F103-01, 7§ 5t vk MERE AL D RHE A A R A 7]); DMEM
PR IR (G451, IRIFRGE R A RH A IR A D).

YRR N &5 B R 40 i Caco-2 1 T RS i BHE
EVFHEAERAF

Fru-PEG,-DCHI &R MEEESA-KL -

P — 5t SRR bR B A SR PO IR I BR AN E Tt TR L,
TIN5 mL 7R S5 48050 VA A i, K 2 VR A 4 7 f
T DMSO Ja A, SRS, S IR P N
12 ho B EWEEEFEH LS (MWCO =3 500 Da) 1, T
JE BB ALK R AT IENT, 72 h G AT AR
T8, BI43 Fru-PEG,, -DC ¥ K (& & - £ -l 4
FEER R A B S R LR AN IR AR = 1:1.5:311,
JEE IR E) .

Fru-PEG,,-DC HI£5 58 E

BHEIEIREIEVE  K3E B Y Fru-PEG,,-DC AN 3
2 TR N2 BRAE R K S, B AR ST T AR )
THEERS BAZHLE W, T8 A W IR 1 7 (600 MHz)
XF P R A ) I AR BEAT BE

LTANBIEE A4S R Fru-PEG,, -DC 7 T F
Hh, IR B R S0 MR AR IR AL B B b, JREAEZL A
ST FHEF, 754 000~400 cm™ T £LAMG AT M A€

% £ 52 4R %E E) Cur BRR AV 6 &

JRE I il 4 FREUE & 1) CurvmPEG,,-PCL,, il
Fru-PEG,,-DC, FEHA )G, ¥ 2 100 mL B0,
37 °Clie % Z K bk 2 A WL, 15 5T A I 5 mL
PBS AR, 7KHVEEFT 5 min, VKV FHELEE RS 4 min (200 W,
TAE2 s, [A18K 2 s), EIHHIT 0.22 pm JEHE, BI1SH b K
41 B3 ¥E 7] Cur I8 3 (fructose-polyethylene glycol 2000-
deoxycholic acid-polymeric micelles/curcumin, FD-PMs/
Cur). K HIAH A 7 i 1l 26 AN 5 Cur 192 H 99K IR
(fructose-polyethylene glycol 2000-deoxycholic acid-
polymeric micelles, FD-PMs),

WbT77 TZAMAL F I R ] % U7 v, DA 3R
(encapsulation efficiency, EE). i 12 & £ 4 Bl & %
(polydispersity index, PDI) 24 4i5 b, 1 4% Ji W il %%
Cur N & (mPEG,, -PCL,, i Cur = 15:1,10:1.5: 1),
KA SE (253750 °C) AKALES 8] (5410415 min). R
S FE IS E] (345 min), AMEALH] & T2 [, [ 2
mPEG,,-PCL,, 5 Cur {55 FL 0y 101, 7 48 7] 344
# ¥} Fru-PEG,,-DC 5 mPEG,,-PCL,, ) it & L (1:20.
12104 1:5), 385 4 fE S8, i 7 #2130 AR B,
BRI T : CoRE Cur IMALLJ7, il % 15 2 §E )
MR Ui A [7] B A5 9 6 0K AR, K L 3k A [R] B 1]
EC A9 () % 6 i R Caco-2 AU 3L 0% & 2 h s, FI FH g
T S ) A () 2EL 51 4 J PA) 5 BB FR) 5 D iR o e K, Al
ERCR AL T M T 2

FEEE R R AU I EE 7] 84 K} Fru-PEG,, -DC,
S A 1) 52 SROAR ) 1) 077 12 1) 4% AR #E 17) Cur JR (poly-
meric micelles/curcumin, PMs/Cur). 7z [ F # 1] i W

(polymeric micelles, PMs).
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PIARIC R 3k C6 1 9 e iR g B X Cur,
SR FH AR TR 7 925 00 86 5 S b 1 16 i b B 248 B 38 1 e o
(fructose-polyethylene glycol 2000-deoxycholic acid-
polymeric micelles/coumarin 6, FD-PMs/C6); ¢ Ya 451t
HFERE B (polymeric micelles/coumarin 6, PMs/C6),
F T4t B e S 5

HIF TN

RiAR A M AL #4575 FD-PMs/Cur H] PBS ff:
EMWRE S, IRATIN e L, R 5 2R SCaKEok
L 23 BT A 72 R A% \PDI A zeta HLA -

TEAMEE RS ST BB A R 0 e L M2
WHITEAS, B Sk /D8 B QUK AR ORI e S ) L,
A 1) T8O AE JEAE AR 37 °C TR BT 30 min, BEES IR f1 4%
30 s, HARET 5, K FH % 3 BT (transmission electron
microscope, TEM) M %% FD-PMs/Cur [N JE 75 .

BERSHGEMME R SRR 5%
(high performance liquid chromatography, HPLC) | 5&
Cur % & . HPLC &3l J5 vk 3% 4  InertSustain
C18 4 (250 mm x 4.6 mm, 5 pm); IR BN 2 E-0.3%
UKEETR (60:40); HEIE N 30 °C; K & 430 nm; It i#
1.0 mL-min™; 3 FEARF N 10 pLo R4 A X (1) A
(2) 73 A5 EE (%) fl# 245 & (DL):

EE (%) = Cur [ AL# i &/Cur IR E x 100%

(1)
DL (%) = 4K 5 o o 25 0 1 &5 B/ 40 K IR PR 1) A
= % 100% ©)

Cur b #E 2 1) 25 ) A5 % FREL 5.0 mg Cur T
10 mL ARt B R, £ ISV AR 5T e 75 22 20 P 2%, T ol
0.5 mg-mL" ] Cur i & ¥ . 73 5 W H Cur fif #5720
40.80.200.1 0001 600.2 000 uL & T 10 mL 7 4 &
P, N G 7 B 8 25, R 50, 2 il il & 1 1,244
10.50.80.100 mg-mL" [{IAR #EVA VR - K25 I 10 uL
S AN 1 BB i AN, 10 SR T AR, DAV T AR ()
PR, SRR EE (x) AREARER, DL TR ARG T ik
FEHEAT 26 IR A, 15 A1) 75 2 Ry = 88 505x + 64 696,
r=0.999 1,

NI B (simulated gastric fluid, SGF) FIECH] 47
FREE A A 2 g, BEABE2 g, MA 1000 mL %
B 7K, BEJT3EEE 30 min 8 R 7840 ¥ i, SRS 1E
pH TH22 1% 5 IR £ BRI 15 pH 22 1.2, EF3 SGF.

N L% # (simulated intestinal fluid, SIF) HJ Et i
I3 PR B R — Ak K 6.8 g, R LB 10 g, I
1 000 mL 2= & 7K, #4136+ 30 min 045 7K 78 75V i,
SR 5 A8 pH 22 1% 3 I 2 S A B R T pH 22 6.8,
RP15 SIF .

FREEEE M — A FD-PMs/Cur 73 7 B
T SGF 2 h #1 SIF 8 h 1, AN [] i ) s 0 i Hpi 422, DAV
i T 1) £ ) # 16 JI2 SR FD-PMs/Cur 76\ L. B i W T 1
R k.

ARAMER B KA I FD-PMs/Cur T i& 1 48
(MWCO = 14 kDa) H1, A5 ¥ ZE T E T SGFH 2 h
J&i, TN SIF A B % 24 h, IEAWIREE, 7051F 0.5,
1.2.4.8.12.24 h i 8] s5CH 1 mL BE TR o, FF#h 78
S PRANS N ()BT R TR 0T o (R B4 5 B 160 A5 PR
TN 10 fis P AR ) R Bl L, e R0 2 5 3 2 = g U
SE I HPLC 3% 77 vE 8 Cur 198 &, M4 AN (3)
THE Cur I R AR UE 70 % (Qa):

Qa (%) =M /M x 100% (3)

Forp, MRS R EE TE] R A 52 Cur 1 R FURE
JACE:; M 9 FD-PMs/Cur 1 Cur H) 85 & .

#0 [5 #4 £} Fru-PEG,,-DC 1% [ 25 B i 3R FD-
PMs BYZRBE S N K Caco-2 41 LLBEFL 1x10° 4
S M 1 %55 FE 4 R T 96 FLAR, 24 h 5 £ 4 i K 2 80%,
43 5 N 8 17 4 K} Fru-PEG,,-DC (5. 10420+ 30, 40
50 pg'mL™") K # 5] %5 [ )R K FD-PMs (55. 110+ 220,
330.440.550 pg-mL", % i %f B [ Fru-PEG,, -DC ik
FE T A 1 i R 1) TR R ), RN IR R 3 AN AL,
Ak 235 9% 24 h JE, R 245 T LD 10 uL CCK-8
WA 1 hg, TEEARI 450 nm Ab il 5 40 i f o 25
£ (optical density, OD) {&, JF i HAMILAETE R .

FD-PMs/Cur 5 Caco-2 ¢H 83 E i & SRR IR EUE
EEE DL Caco-2 4 NHRY, 45 R FH LT AL WA
22 T REBE bR OO0 2 17] 15 3 E4E 1 Jl o Py 4 e A T
PEFIE RMEE . LLC6 H X Cur, # 1 FD-PMs/Cur [¥]
il 2% 7 1] £ 15 21 C6 pric FIER M 49K IR K FD-PMs/C6
55 C6 bric AR HE 7] 44 K i s PMs/C6. BOLIL T £ e
P AR T : ¥ Caco-2 40 LABEFL 5x10° AN R0 T
BOG LR M, £ 9% 24 h 5, FD-PMs/C6 11 PMs/C6
5 Caco-2 UL & 2 h a5, RFRZIM, PBSYEPIIR, 4%

5 FH R (3] 72 0 10 min J5, PBS PR EE4IME 2 UK, A
DAPI 597 30 min J5, T3 54 B4 T W% FD-PMs/
C6 fll PMs/C6 5 Caco-2 M i i) H @i 15« BRFRAN B
BEL AT ¥ Caco-2 40 LABEFL 5x10° M T
12 fLAR H, £5 9% 24 h )5, I FD-PMs/C6 £ PMs/C6 5
Caco-2 4NN EE R 2 h J5, BFRZGWR, PBS Ve 4 i 2 IR )=,
2 ThReBEAR e B E 40 R EUIR I

YRR EN S BIFIR E RN R AR OO
AN T AR FEE P S 1) 7 = S ) R0 R 17D 00 L B3 A T 2
8, ALV i 550 () S U P AR i 1 . DA Caco-2 41N
PR AL K 4 B DL AL S} 10* AN Rp T 12 LR R, K597
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24 hJi, 2485 97, K FD-PMs/C6 il PMs/C6 (1.2
5 gmL") 5 Caco-2 41 i L% & 2 h J5, PR 253, PBS
VEAH R IR, 2 D RE BRI E 41 B N FD-PMs/C6 Al
PMs/C6 175 it 4

o B IR BN 5 IR BT B B IR DL Caco-2 4
J AR AR B R L v N B 1 R S 4T B R A
[ B 0 ) 4 B 45 IR 9« Caco-2 21 AR L 5x10% 4
PR 12 4L, B3R 24 h)E, ERRE IR, 0 0%
FD-PMs/C6 F1 PMs/C6 5 Caco-2 40 L 3L 5% & 0.5, 1 F
2hJ5E, ERZK, PBS VR4 IR, £ D) RE bR A0 4
fitl P 45 B ) FD-PMs/C6 1 PMs/C6 % Yt i i i3k 47
JEH .

REBAIR DL Caco-2 AL, i 1t A4
Iv1) JB8 oA VS AR 1 3R 1% Ot o B AE W0 T : Caco-2 4 g DL&F
FLSx10* MNP T OB R R IR I, ¥i 9% 24 h )5, &
B3 35 35 W, 43 9K FD-PMs/C6 F1 PMs/C6 5 Caco-2 4l
ML E 2 h )5, BRI, PBSBE4HM 3 Ik, T-37 °C
%A1+ F, LL 100 nmol-L™" Lyso-Tracker Red 44 FgfA (40
) 30 min, Hoechst 33342 #L4f i #% (¥ t4) 15 min, FF
SR O T B B %% C6 33 N Caco-2 411 iR )5,
TEAN N 5 v BRI 58 A1 .

BIEDAALIE AW SO DL + bRk
I 20K 7R« SR H GraphPad Prism 9.5 #E47 #L A &
T3 ZE 53 A R ¢ Aar B R AT O 22 S A B, 6 B 2R AT 40
Mr R 2. P<0.05 R REREBGRIHE L

i

R
B E A REIE
A R HEE

o

Fru-PEG,,-DC 5 N,-PEG,,-DC [#] #%

N3-PEG¢-DC

Alkynylated fructose

B

N3-PEGy-DC

Fru-PEG,-DC
A

16 14 12 10 8 6 4 2 0o -2
fl/ppm

M G4 R 4 & 1B FiR, Fru-PEG,,-DC i, 6, 2.04~
2.60 J& M 115 5 U&, 6, 3.62 N PEG [1)-CH,-15 5 14,
8, 5.10 &by N-CH, HLIEA5 S U, 5, 7.84 L = R4 |
AR HRIE(E 5 o Fru-PEG,-DC 5 N,-PEG,, -
DC %A 34T T L, Fru-PEG, -DC AMUER T N,-
PEG,,-DC ' PEG W L (1 5T T &5 S0, 5 TR
eSS S, 1M B T Fru-PEG,, -DC 1=
FME EABEMEARE S BRSSREY], RPEAT
AWE BR-R B - AR A A R TR
h# T % -4A ) Fru-PEG,,-DC.

1.2 ZI5MHIE  Fru-PEG,, -DC 5 bk FE A0 S0 1 41 4k
JeiE B B 1C FioR, 3 3562 114 em™ &b 1 MR I 3% 3
g U Jeg T ke i A SRR o SROBE B C-H i 45 4R 50 A0 g ik
CC [ 45 315 31 ; 1 Fru-PEG,,-DC 41 41t i B o,
3355 e A AHE) C-H A 4% (B 10), 1H e S 1 i
PRBHIE W 2, [FIIF 1 655 em™ &b () W e 9% 5 1 VH & T
N3-PEG,,-DC H ik Jiie 3 ) C=0 fh 4 4k sl i 5t . 3%
R Sk SRR S B - TR O - T R R AL 2 0 B
B o

2 FD-PMs/Cur B & 53R

2.1 FD-PMs/Cur MH|& TZES8itk RAEE S
Bl £ Cur #EA) KE 5R FD-PMs/Cur, 433 %6 il # I 4k 77
1 Cur (IHEN B KA TRLE /KA T AR Sk 8 75 et i) i
ITHEE, UMAGH & T2, 858K 1 7R, 2 mPEG,,-
PCL,, :Cur=10:1. /Kbl 37 °C KA 8]0 10 min.
K A I 8] 9 4 min R, i) £ B £5 FD-PMs/Cur ) EE
B, HoRiAR K PDIE/N o [, G 1o 200 A 15 B S 56, A
TLAE [ 34 8} Fru-PEG,,-DC K& i LE47], 24 Fru-PEG,,-
DC 5 mPEG,-PCL,, fIJii & LLy 1110 A1 125 I, 41 g 6k

OH
OH
O.

[¢) H

N N
HO N H

Fru-PEG,¢-DC

Fru-PEG-DC

Alkynylated fructose

AVAme

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Figure 1 Synthetic route and verification of targeted materials. A: Synthetic route of Fru-PEG,,-DC; B: 'H NMR spectrum of N,-PEG,,-DC
and Fru-PEG,,-DC (CDCl,, 600 MHz); C: IR spectrum of alkynylated fructose and Fru-PEG,,-DC. Fru-PEG,,-DC: Fructose-polyethylene

glycol 2000-deoxycholic acid; N,-PEG,,-DC: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[azido (polyethylene glycol)-2000]
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Figure 2 Formulation characterization and screening of targeted
material modification ratio. A: Transmission electron microscope
(TEM) analysis of FD-PMs/Cur. Scale bar = 100 nm; B: Cumula-
tive release of cur from FD-PMs/Cur in simulated gastric fluid for
2 h and simulated intestinal fluid for another 24 h; C: Cellular
uptake of FD-PMs/Cur in different mass ratio of Fru-PEG,,-DC
and mPEG,,-PCL,,. n = 3, x £ 5. "P < 0.05. ns: No significant
difference; PMs/Cur: Polymeric micelles/curcumin; mPEG,,-
PCL,,: Monomethoxyl poly (ethylene glycol) 2000-poly (e-capro-
lactone) 2000

W RE A e A 1E, BT 1) B i iE AR 1t
3 #R[EH R Fru-PEG,,-DC %[5 23 B B 3R FD-PMs
HYZRAE S 1 TN

K H CCK8VEVFAN #L 15 #4 ¥} Fru-PEG,, -DC I FD-
PMs %} Caco-2 4l il i1 % 4= 1, & 4A B iz, B [m) A4
¥} Fru-PEG,,-DC K #2 17 7% [ it 8 FD-PMs (DA A & A
B 1) A R B9 B B A 5~50 pg-mL!, 4 i AH X A7
T i T 95%, 3R BITE M 29K Y Bl Fru-PEG,, -
DC F1 7 [ #1172 3 FD-PMs % Caco-2 41l il 685 4,
A RAF AP AR B E, AT DU T 5 SR 10 40 S5

Table 1 Formulation optimization of fructose-polyethylene glycol 2000-deoxycholic acid-polymeric micelles/curcumin (FD-PMs/Cur) in

different preparation factors. PDI: Polymer dispersity index; EE: Encapsulation efficiency. n =3, x £ s

Factor Size/nm PDI EE/%
Drug-to-carrier ratio (w/w) 1:5 29.08 £0.12 0.211+0.010 81.45+2.28
110 24.00 £ 0.12 0.048 £0.017 91.36 + 1.02
1:15 24.76 +0.05 0.071 +£0.009 89.77 £2.58
Temperature/°C 25 25.84+0.15 0.107 + 0.004 86.94 +1.87
37 24.00 +0.12 0.048 £0.017 91.36 £ 1.02
50 24.03+£0.13 0.042 + 0.006 84.69 +1.18
Sonication time/min 3 26.59+0.10 0.131 £ 0.006 87.02+2.23
24.00 +£0.12 0.048 £0.017 91.36 +1.02
5 32.65+0.48 0.314+0.019 88.78 +1.90
Hydration time/min 5 33.79 £+ 1.04 0.380+0.015 82.13+£0.85
10 24.00+£0.12 0.048 £0.017 91.36 + 1.02
20 24.87+0.23 0.069 +0.014 90.59 +0.23
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Figure 3  Gastrointestinal fluid stability of formulations. A, B:
Size of PMs/Cur (A) and FD-PMs/Cur (B) in simulated gastric
fluid for 2 h; C, D: Size of PMs/Cur (C) and FD-PMs/Cur (D) in

simulated intestinal fluid for 8 hours. n =3, x + s
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Figure 4 Cytotoxicity and cellular uptake. Cytotoxicity of polymer of Fru-PEG,, -DC (A) and blank micelles of FD-PMs (B) on Caco-2
cells; C: The intracellular fluorescence intensity of C6, PMs/C6 and FD-PMs/C6 in Caco-2 cells after incubated for 2 h. n=3,x +s. ""P<
0.000 1; D: CLSM images of C6, PMs/C6 and FD-PMs/C6 in Caco-2 cells after incubation for 2 h. Scale bar = 50 um. CLSM: Confocal

laser scanning microscopy; C6: Coumarin 6; DAPI: 4',6-Diamidino-2-phenylindole; Free-C6: Free coumarin 6; PMs/C6: Polymeric micelles/

coumarin 6
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Figure 5 Evaluation of cellular uptake with cell concentration and time dependence, and lysosomal escape. The intracellular fluorescence

intensity of PMs/C6 and FD-PMs/C6 in different concentrations after incubation for 2 h (A) and different incubation times (B) in Caco-2 cells;

C: Lysosome escape of PMs/C6 and FD-PMs/C6 on Caco-2 cells observed by CLSM. Lysosomes were stained by lyso-tracker red. Green

fluorescence indicates coumarin 6. Yellow fluorescence indicates the overlay between C6 and lysosomes. Scale bar =50 um. n=3,x £ s

SO0 L A C6 1 %€ 't 3 B2 3R AT M %€ o« Caco-2 2 i Xf
2 SR P 4% B e o 5% FOC AT [ P 2 T 49 0, R 1 48
P 3 L AT B TR A e (B SB). HLYE AN [R] B B (]
P, FD-PMs/C6 It 4% B it {2 3% &1 T PMs/C6, iR ff
JL 45 TR, B A IR R FD-PMs/C6 RE il it i b 5 40 i
R 35 5 GLUTS A S 170 58 i 40 g £ 5
7 AERAAREIR
SR F Ot 5 AR 1 25 S ) 4K S SR FD-PMs/

C6 MV E PRk IR Th e, W R PK I R 4R Ot 5
it A () 21 8 0 L, 2% BH R R B v A i 3R, T 7

R N, R, 2R A A A R T
EH P& 5C I b AT L, AE 2 1m] il 751 PMs/C6 25 Eb #E [r) i) 771
FD-PMs/C6 41 H i Big A i 41 €875 6 58 i B, H PMs/
C6 I 48 (0 5 ) 5 15 B Ak 1 41 % O 5 & & T FD-
PMs/C6, X% & H1 T FD-PMs/C6 P & 4 IH R (& 4f6, B
SAIHTER ] DL IE ok o5 7 1l 225 R Ik SR Bl I 5 4, B S
50 A 1) IBABP 45 7, i G i BE AR AR . AR STAE
52T Fru-PEG,,-DC 48 [ A4 B} (145 1 487 fie o H 2%
A3 30 Ty e, DRI B 44 2 1 8 1] it SR FD-PMs A B T
I T A S B, e S 1) ) ) B R B AR S AR

Wi
H ik 2e 245 B O 8 2 4 B IV s L o, H
[Fi At T W 5 22 B e, 254 % 52 B HﬁLpH\@\Iﬁ

K M i RS 5 R (R 52 0, BRG] 0 L 0 Al ZE P R
AWK G5 25 R G REHRE = 29 AE B 3E Th AR E M, B R
ZIAE B B AR, £E B i 24 ) 1 AR AL TR
AR, B 32 M 1 B 240 i 57 e fr) PR 1], 2654 10
IR R AL 8 e RO R PEE B2 B o 1 3 A 1] 90 K 1) 77 ok
X2 AR~ TC A ELAT T, 8 T gy oK i 750 1) i b B 240 1 5%
X, fE— R L o R b e A e

HT, 5T b Ak i m R IAmEis & E, 1
FE I 1 R 2 3 A ) A K o ) 2 A SR B ST AR, Led
U8 7 T 57 W -PEG-PLGA 94K KL, i ek H 55 4 40 1)

Ffig b Bz 40 F T8 Y GLUT L T &0 iR  se iR L Rz

ST A7 5% A AT L VA AR B SR I R SO A, )5 SR b
B AN KL RERE 7] 7y b e 480 i TN 7] GLU'TS A3 e ]
(1 GLUT2, {3 7 498 K 1] 771 DA TH0A0 1) 5 o ) £ B v (255
b RIS, B R 2 B IR R R A
TPGS 40K JR R, BE#E 7] 25 & PEPTL 1M R ¥4 iz,
& e ) R PR IR RO R AR IR (R IR
Jii I R 55) e 5 ASBT 45 S R 25 4, H IR BR™ Bk g
SAUIH R VAR ) 44 K 1) 77 REBE 7] ASBT £85I . BAA
Pt 3 39 5 3 i . 2 e R I 4 M B G A v 2 T e 2
RO 40, T b B 0 0 2 TR B2 PR 400 P 2 1 250 e 3%
MRS A ED, RS AE R AR S AR
vt F i 24 i 5 BRORIT B 1 1, Yu S50 TR R A
1B I SR A P R R oK RL, B[R] B 5 1) i 40 A 384 o 5
i R AT AR S [ P DR 40 B 3%, A IR T AR 4L

AT 17, %% 3 A 8L o) 490 K 1) 7900 o IR A 400 B o e 14
I RGN T TR BEE R 2 s R ) 4
K7 e 8 2 P A B 1 T 5 K R 1 i b R
ST Hf 5 B B 38 R AR g AR R, 2> s LR (H H

il 1 A 1) 1) 7R R F 9 22 DA B — TG is SR I B ) D E

B2, DA P a2 PG 2 B O BE ST BT oK 7
T

AAF T CA Cur ISR 259, 4 i FLAE i
R et R T AR R WA 2Rk, A SRR R fIE R LA A
MG K i o, AN TE N T B I A 8 h P RLAE TC B
Ak, 24 h W2 RE IR T 30%, 23518 = 211 %‘3%
TR T B 1v) Jl PR LA B SR ) V25 1l A 16 3k 1)
e KN IR R AE M i AN AT BL 5 ASBT 454 i‘buﬂx%



2274 - 22224 Acta Pharmaceutica Sinica 2026, 61(6): 22662274

(1 o 40 BB A, T LN RS RE S BN () IBABP &5 &
6 G A VS Tl A B LR, B R TR R ) P N AR E A [
N A 4 24 B 55 X 45 2R 57, Caco-2 4 i XF FD-PMs/C6
(3R B 2 PMs/C6 11 1.26 1%, L £ 94 FE A st 4 ATt
(AR, = S H T 1) o ) R % 5 b R A i T
il GLUTSASBT 2445 & . [AITT, BT A4 4 (1) SR pE A I
T XUAG 1 0 K I oA e 3 ek 22 s 3 AR B 1) Y5 T A 30K 1%
S5 AR T 535 B e RO ) i A R B S e is

gr EFTIR, AR T T — Ml b AN 2 iz
AR A PR IR AR &R, B A AR S 2 g b
9 6L T 00 5 L A A, Dy v T L R 4 i B R
R K 25 245 R GEAT FE S i 1T R, RN e O A
RRVEHE R 2 o Ik RAE T R T 2%, AR
e PRI AN E

B STk x| W SE B 5T 40 B S5O 1k S0 | i Ak i
KIS AR, JE RS EES 51800 BB R AT
] £ AL 20 2 1k S A I AR DU B S S A RAR B
T T TR B, EeR MUt ikt LR
TN EBRS .

FUTMI: AT A ARG R R KR

References

[1]  Sun M, Huang CS, Wang LP, et al. Advances in oral distant
targeted nanodelivery systems [J]. Acta Pharm Sin (2§ % %% ),
2025, 60: 72-81.

[2] Yu MR, Yang YW, Zhu CL, et al. Advances in the transepithelial
transport of nanoparticles [J]. Drug Discov Today, 2016, 21:
1155-1161.

[3] Zhang YQ, Wang YY, Li X, et al. Ligand-modified nanocarriers
for oral drug delivery: Challenges, rational design, and applica-
tions [J]. J Control Release, 2022, 352: 813-832.

[4] Liu C, Liu W, Liu YH, et al. Versatile flexible micelles inte-
grating mucosal penetration and intestinal targeting for effec-
tively oral delivery of paclitaxel [J]. Acta Pharm Sin B, 2023, 13:
3425-3443.

[5] Zhao FY, Zhu WT, Tan L, et al. Nano oral colon targeted drug
delivery system in treatment of ulcerative colitis: A review [J].
Chin J Exp Tradit Med Formulae (H [E 5256 77 71 %2 2% i), 2025,
31: 255-266.

[6] Patel C, Douard V, Yu SY, et al. Transport, metabolism, and
endosomal trafficking-dependent regulation of intestinal fructose
absorption [J]. FASEB J, 2015, 29: 4046-4058.

[7] Ming X, Knight BM, Thakker DR. Vectorial transport of fexofe-
nadine across Caco-2 cells: involvement of apical uptake and
basolateral efflux transporters [J]. Mol Pharm, 2011, 8: 1677-1686.

[8]  Scialis RJ, Csanaky IL, Goedken MJ, et al. Multidrug resistance-

associated protein 3 plays an important role in protection against

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

acute toxicity of diclofenac [J]. Drug Metab Dispos, 2015, 43:
944-950.

Koepsell H. Glucose transporters in the small intestine in health
and disease [J]. Pflugers Arch, 2020, 472: 1207-1248.

Yu YL, Xing LY, Li L, et al. Coordination of rigidity modulation
and targeting ligand modification on orally-delivered nanoparti-
cles for the treatment of liver fibrosis [J]. J Control Release,
2022, 341: 215-226.

Xie XX, Du LN, Guo ZY, et al. Role of apical sodium-dependent
bile acid transporter in hepatobiliary diseases [J]. J Clin Hepatol
(I PR T RE7 4% 35), 2024, 40: 199-203.

Li HL, Wang MM, Jin ZH, et al. Study on antithrombotic and
anti-inflammatory activities of water-soluble curcumin based on
zebrafish model [J]. Drug Eval Res (Z5#iF- 4 #F 7¢), 2023, 46:
2172-2178.

Chuysinuan P, Pengsuk C, Lirdprapamongkol K, et al. Turmeric
herb extract-incorporated biopolymer dressings with beneficial
antibacterial, antioxidant and anti-inflammatory properties for
wound Healing [J]. Polymers (Basel), 2023, 15: 1090.

Zhang XQ, Fan YY, Liang LL, et al. Pharmacological progress
of curcumin nanoparticles against tumor of digestive system [J].
Drug Eval Res (50PN ), 2022, 45: 1440-1445.

Fan WW, Xia DN, Zhu QL, et al. Functional nanoparticles
exploit the bile acid pathway to overcome multiple barriers of the
intestinal epithelium for oral insulin delivery [J]. Biomaterials,
2018, 151: 13-23.

Feng JW, Ye XF, Zhang QB, et al. Advances in the study of
gastrointestinal microneedles for oral delivery of biomacro-
molecule drugs [J]. Acta Pharm Sin (%% 2:4Rk), 2024, 59: 1970-
1981.

He YJ, Feng JF, Jin Y, et al. Advances in the mechanism of
nanoparticles of oral absorption across the enterocyte [J]. Chin
Pharm J (41 [ 252 2% &), 2023, 58: 2138-2144.

Lei T, Yang ZX, Jiang CQ, et al. Mannose-integrated nanopar-
ticle hitchhike glucose transporter 1 recycling to overcome
various barriers of oral delivery for Alzheimer's disease therapy
[J]. ACS Nano, 2024, 18: 3234-3250.

Wu L, Bai YL, Wang LL, et al. Promoting apical-to-basolateral
unidirectional transport of nanoformulations by manipulating the
nutrient-absorption pathway [J]. J Control Release, 2020, 323:
151-160.

Wang JL, Wang LF, Li Y, et al. Apically targeted oral micelles
exhibit highly efficient intestinal uptake and oral absorption [J].
Int J Nanomedicine, 2018, 13: 7997-8012.

Ma YH, Wang W, Li CH, et al. Ursodeoxycholic acid-decorated
zwitterionic nanoparticles for orally liver-targeted close-looped
insulin delivery [J]. Adv Healthc Mater, 2024, 13: ¢2302677.

Yu YL, Zhang SL, Xu YF, et al. Oral delivery of ferroptosis
inducers for effective treatment of hepatic fibrosis [J]. Nano Res,

2024, 17: 7621-7630.



