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(Abstract] Objective To develop the delivery system of apigenin using nanotechnology and evaluate its potential therapeutic
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efficacy in ulcerative colitis (UC). Methods Apigenin—loaded poly (lactic—co—glycolic acid) (PLGA) nanoparticles (PANPs) and PLGA/
pH-sensitive polymer (ES100) composite nanoparticles PEANPs) were prepared by nanoprecipitation. Their physicochemical properties
were characterized in terms of particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency, scanning electron
microscopy, and in vitro release assays. MTT assay, Transwell assay, and confocal microscopy were employed to evaluate
cytotoxicity, transepithelial permeability, and cellular internalization. Mouse models with acute UC induced by oxazolone and
dextran sulfate sodium (DSS) were established. The anti—inflammatory effects of the nanoformulations were evaluated by endoscopy,
in vivo imaging system ([VIS)-based myeloperoxidase (MPO) activity imaging, histopathological examination, MPO immunofluorescence
staining, reverse transcription quantitative polymerase chain reaction (RT—qPCR), and ELISA. IVIS and confocal microscopy were
used to observe the distribution and localization of the nanoformulations in colonic tissues. Results PANPs and PEANPs were
successfully prepared. Compared with free apigenin, both nanoparticles exhibited significantly reduced particle size (P<0.001) and
lower PDI (P<0.001), while PEANPs showed the most negative zeta potential (P<0.01). Encapsulation efficiencies of PANPs and
PEANPs were 93.0%+3.0% and 89.0%+3.5%, respectively. In vitro assays showed that, compared with free apigenin, both nanoparticles
could traverse the tight intestinal epithelial barrier formed by Caco-2 cells and effectively penetrate the plasma membrane of
SW480 cells. In vivo experiments further confirmed that, compared with the placebo group, both PANPs and PEANPs significantly
ameliorated disease phenotypes and inflammation-related indicators in mice with oxazolone— and DSS—induced acute UC (P<0.05),
and exhibited more pronounced accumulation of fluorescent signals in inflamed colonic tissues (P<0.05). Conclusion PANPs and
PEANPs developed in this study can effectively enhance intestinal-barrier penetration and lesion—targeting ability of apigenin, and
significantly improve anti-inflammatory efficacy in UC models, thereby exhibiting promising therapeutic potential.

(Keywords] ulcerative colitis; apigenin; nanoparticles; pH-sensitive polymer; poly(lactic—co—glycolic acid)
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BT, AT A SOGE BRI RO SRR 3
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RIPROR L TR 32 . 4R, HAT G T PLGA B
4 ES100 XUERAARGK R 61 30T 52 2 IRY7 UC IF
FEH AR WARE

BT, B FT SR F K DT s o A5 B A
SER YUK . PLGA 111 T2 3 9K UKL (api-
genin encapsulated by PLGA, PANPs) &% PLGA 4
ES100 & A 45K BUkL (apigenin encapsulated by PL-
GA and ES100, PEANPs) , i izl BEREER AT DSS 755
M UC BOALPPAS Y FRL, Il AR N AP SR 5T
HAERWLE, BFERH UC IIRYT R HERI AR
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1.1 LS Y

Caco—2 15 SW480 £ a1 BRI 4 i 15 352 4 £
L B R TR 109064 s 1% L-N&RE-1-
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(100 U/mL) F4% % & (100 pg/mL) i) RPMI-1640
FraRdkrh, SLE A HIAE AR ECH 20~50 By Caco-2
11 Kz SW480 2 fifd

HEH 62 H 8~10 F#¥ HEtE CS7BL/6 /N FR (1A
 18~20 g, H Jackson SLKE ), W FE T IORHE IR
JFARFRES[(23+1) °C,12 h/12 h JGIE &, I8
50%+5%], F BB FIROK , SEERHTIE WA 5 d,
A S S R 7 3 e P o 3 22 AT B0 Rt
Y IT AR A DCATL R 12 B 5 52 50 03 (HE 2 5
55.2.2-2532-2-1152-18)
1.2 FEAY RXFIFLE

FEKE (18 Sigma—Aldrich 2] 5. 445301/
1);PLGA RPMI-1640 353256 2 PR IC B2 IR
(£ Thermo Fisher Scientific 2AF], fit5:A0444913 |
2436534 ,2266606) ; ES100 ([ Evonik 2w, JIt5
B201205210) ; 3R ZJlE (polyvinyl alcohol, PVA) (fEi[E
Carl-Roth A ] b5 : EG-Nr. 618-340-9) ; [HEMEfH |
TG ZE-6 MTT A5 G2 M3% (P2 Sigma—Aldrich 2
7 #5.MKCS1471 SHBR8837 MKCS454024E201)

ARG F U (M2 E Zeiss /A A, KIS . Mer-
lin) ; 4K BE K FE AV /0 BT A (3 [E] Malvern Panalyt-
ical /AW, 15 . Zetasizer Nano ZS); {8 N Bi s (14
[ Karl Storz A ], 5 . Tele Pack+HD ZR%1) ; 5
Y U 25 ML (F2 [ Eppendorf 23 F] |, 145 . Cen-
trifuge 5424R) ;¥R AVI R HL(TEE Leica A F], B
CM3050 S); #0711 h F#5{L ( H A& Hamamatsu 23
F) , #15 . NanoZoomer S60) ; £ Ij it M Ar X ( Fii -+
Tecan /A ), 5 . Infinite M200 PRO) ;/Nsh#)iH Ak
AR 2250 (L PerkinElmer 23 7], #145 . IVIS Spec-
trum)
2 Tk
2.1 GKRERIAH & 5 RIAE
2.1.1 4Kk PANPs 5 PEANPs & RH
YUORDTIETL 45 PANPs, 4823 (P 2 /PLGA=
1:2.1:6.,1:10)  yl K AHAAR R EE (1:10,2:10,3:10) K
PVA e (0.5% 1% 2% ) % 40 K UKL R 5200, R
2.5 mg frR % 5 PLGA (5~25 mg) ¥ T N
(1~3 mL), /AR PVA 1 10 mL /KA #8755 (90%,
3 min) JEFE(1 500 o/min) J5HE AR, B0
15351 PANPs 2,4 CLR-AF, PEANPs il fAH [,

PR [RIEH i A PLGA FIES100,,

212 GUOKEORIRARY Zeta AL SR AHISIASE
RSN H AN 2 KUK L2 250 K B3 7 S 2% AL
75 Zeta WA, FiARMAEZE R FHEE 3 1K, Zeta
H 57 00 2 SR AR TR AL S5 T

2.1.3 AEEFNE RASIMHOCEEIE R
ROAEPR FSRRTE 337 nm ANVA BN, LA R
TAREA (0~10 wg/mL) A7 FRUEILE (R>0.999) ,
L E RS R B oR , H N K H (8RS % B RSD<
3% , IEEIRIBCR K 98.2%~101.5%., 035 R 5 . B
100 L APRITRLRAEI , I 900 wL PRI FLS 250
(15000 r/min,5 min, &2 H 8.4 cm), HU L
WGBS T 337 nm AW SEEE | AR PEARE i 21t
e, AUBERR (%) =(tE i E 2 ) x100%
SEHEE 3K,

2.1.4 ARSI RIS SR AR
(LR K IR A, - 2RO R B (1 mL) A 9 mL
PBS(pH 7.3)"41,37 C.5% CO, %5 24 h, $#%WiE
i) BORE , 250 10 min(15 000 r/min,4 °C, 8.0
7R 8.4 em), FHH BEAAAIIVE , M AE 337 nm AbHIK
JCEE IR . B (%) =(MIM )x100% ,
o M, AN RIS R] SR 25t M A R Aokt
B2 B LS 1 R S g fil AL
B (pH 1.2) BB (pH 7.4) 85X PBS, HiAR#:
YEAHTA],

2.1.5  DCHRICHUKRIR SRR FUR-
6 I F4ric PANPs PEANPs K i B fF3 2 . Fricd
PANPs:2.5 mg FEK £ 4025 mg B EZ-6 B T &
15 mg PLGA FNEH ;4712 PEANPs:2.5 mg T3¢
2+0.5 mg HEHE-6 AT 15 mg PLGA 5 15 mg
ES100 BYINERH, FRICHEETHRER 5 mg TR
FoKF L IMAFT G ER-6 CBERRLFE 4 h JFEO .
PRIt EE, U ER-6 SRR 1:10,4 C
2.2 ZHRASCIG

221 MTT ERAEMEEENE R MTT E0EAG 9
KIFURL B B R 2 N5 Wi Caco—2 Fl1 SW480
AR, KX EE KIAAIIE LA 1x10° A~/mL %
JERERI T 96 FLAR(100 wI/AL), 5535 24 hJ52050im
A BT (5~80 wmolL) M TC MR FRHEALHE 24 h,
BE 5 I AGHTEERC 169 0.5 mg/mL MTT 3 (JC ML ¥
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R IEALH) 100 wL, #EMFE 4 h 505 L3, N
A 100 wL DMSO %5 i HIBESS i, T 550 nm &bl
FE VG (optical density, OD){H . 40 MIA7 15 R 4%
(25641 OD {H-%5 4 OD {f )/( B X} B 41 oD
{E-25 140 OD {H)x100% 15, SW480 4 s 5L
BRm I, w3 RS, ST A 3K,
222 KPR BN Caco—2 4ILL 5x10°*
A /mL 2 Fh T 24 fL Transwell 7 , 54> RPMI-1640
Fige 21 (BRI 2 IR), S 2 HLFH (transep-
ithelial electrical resistance, TEER ) & 8 2 5% %
£, TEER>400 Q-cm? FY4IH TR L2550 4 S5
B R-6 PFRCH 2 KRR (10 wmol/L)
FET MG SRR AL E 4 h, A H)E , H
4.5%% B W [H 2 10 min, PBS Y%, 2 PR
O AEFRRE(1:50,0.2% Triton X—100)44H% 15 min,
DAPI(1:5 000)%44% 5 min, #1484 CE
12 UG

223 HORPEORLANM NARRESY FF SW480 4fi i LA
50 000 /™/mL % EHERT 24 FLA, HE 5% 7 d. i
B R IC YRR Bl 25 S 2 (Ve B [T i ) L
H 4 hJ5, FE I PBS VL 3 IR, 4 4.5%%
EHEEEE 10 min PBS {E W5 , UK 2 1 b
IOV ZEFR K (1:50) F1 DAPI(1:5 000) FE47 2 i i 5
YRzt e BAFLINA 500 Ll PBS, 38l 3R
FE R RUR A 1R E Y R T

23 YL

2.3.1  [EPREREL DSS 175 2k UC AR RERRER A5
TSI BL /N UG 5 TR TR 390 B A (14 -
e Ih=4:1,100 wL), 5 d JGHREE, ETETE 190
MR (50% B, 100 wl) . 24 h JGAT0 N Bake r
BRI A 24 h JGAEFEIOE . DSS BEAY . 25 0 KAk
J&, T 3% DSS YOKZH 7 K, A H AR, 2
8 RINGik A JS Ab3E

232 FERERGHE SCEHGERETE UC /A
MRITRBEA RGN 3~5 mg/d®, A5 K FHTEmE
T A5 7 B A i 5 S 2 A G RN R 3
4 2R 2H (Millipore 7K ) AR 4H (0.2 mg f3k
FO)MEFEH (2 mg FFRR), B HAEE 200 pl,
U T IEMEREEES 0 KIFIRER 2, .

233 YORWRIAZ TS TEMEEREIRL RN R A
S REFIZ PANPs 240 F1 PEANPs 2H | 4% 20 45 24577 4

M1 mg TR (LUTE S #11)/200 pL,DSS #i% .
BN R R R SRR A (1 mg200 pl) |
PANPs 41 fll PEANPs 41(1 mg f73£%/200 plL),
234  WEFS ST N BB AT LAVEAL 2
RAEMTEREEE  F/ D EUE T8 2% 5 5008 R
Al HR S PRI , 25 EL A e AR PN BRI S i AT
VAR BHGE I ORI AR | A TEAS SR E Mtk
KB 1B 5 S BAS80% 0~3 7315
(0 4r1E% 3 srieeE ), Rt e iR/ NSRS & ™
& N 4E 5 50 (murine  endoscopic index of colitis
severity, MEICS) #1134 . Z$5 870 0~15 47,
0 SMRETCRIAE, 15 SRR EE RAER,

2.3.5 IWHRRUSE RS (in vivo imaging system, IVIS)
Ko 58 1o S8 AL i (myeloperoxidase, MPO)JEE 4
ik A 25 o5 7 RIEA T I M B AE 4 65 LS U MPO
W, MPO VB RAE R 1) bR R, EEAE
PERLZH RN B R A i b ek T ikl AL A S
FETEHANREARR . BRI SIREARR N 5 R
ARSI A8 S, 28 TR B W] R BEMPO 1 MK
IEAL MPO T, /N RS IE IR 100 pL L-012
(20 mmol/L, —FpEKIEMTAY ) , I F % AR N E
ok 29 5 FUGE SRR . BRI BRIE B /N LU M,
[#] 7 T IVIS WLIAR N, e A Y2 6155 1 min,
2.3.6 HLRIEAL K/ NRET ARG T
Tissue—Tek FIIRF]H | 28U F B A5 il A R IF:
T=20 CLRAF RN TRUI R BLHI & R YD R Y
R B R ET-80 CHETE., BEJG X F it
1T HE Yo, fe 2R 408 2H 20453473 R 2% i 200 e 12 i
B, 3 3R 0~4 43 (BEME R 75 5 20 UC) Fil 0~6
43 (DSS 155 2% UC) W3 Al XT Yo (e AR E 1 7308
ZEPPAK,

237 MPO REEDOCYAD KR UI R e 4.5% %
R L E 15 min, PBS YRGB 28w ik
FE 10 min, PR PAIREE 30 min, RS54 T MPO
B g et 1 2P (1:50) 1 4 CiEmIE , W H H
RPUILFE P (1:200) E BT 2 h,PBS YRk
DAPI(1:5 000)Y¢4% 5 min, B @B E 703
IR W BREEME, BT I (PBS Bt —
B )5 BT B CLE R 007 B RS ) A e £ ] Sk
2.3.8 RT-qPCR Kzl & AE ¥ i H] NucleoSpin
RNA &5 &% /N RS i 41410047 5 RNA S5, B
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Jriid 1t NanoDrop %€ RNA ¥ & . B 500 ng RNA
K HI SCRIPT ¢DNA & i) & 47 100 5 5 S
JIit% cDNA LRAEF-20 CrkFE# . K cDNA HITC
R BK A% 1:10 Lo BIAG RIS |, HEAT 52 i 9 E it
PCR 7387, DAFERIESS I 2 b fae Rk 1y 18S
rRNA 1E NS K0 1 248 B 4 2 (interleukin,
IL)-1B . IL-6 i A+ —a (tumor necrosis fac-
tor—a., TNF—a) Al TL-10 ¥EIEH ) ik /K, H3E
G340 [ Qiagen A &, i/ w1 S Ak
19, Rk 27200 JriATHAAS BRI mRNA AHXT 2
R A SR B E 3 O TR LA AR 45 Y
AR,
2.3.9 ELISA Kxll 2R A e -+ AbFE/NFRUS R,
B0 (12 500 t/min,4 °C,15 min, B.02F4% 84 cm)
IYESINHE ,-20 CLRAF , SR H] ELISA H:I5E M3 11—
1B 1L-6 . 1L~10  TNF-a 7KF-, 96 FLARZA AR
PG AU AREAS BARHE & BT e o 2 -
BRI A AL (streptavidin-horseradish peroxidase,
SA-HRP)F & , Vel fa AR 86, 20k R, +
450 nm ZEPTEMOEEE , IFLL 570 nm SEATALIE,
23.10 ZipHLTRAYIENL  EREPRETEL DSS
PEFIAE UC BRI /N 4 21 X REE s
FESK R4 PANPs 415 PEANPs 21, 4 4H/Nil 4 1 43%
A G MR WY, R TEm LN 2050
=1 O CIREEU E LT R N 80 W N DA%, 7B I E
JE, XSRS T2 TG I e R E 200 L
3 mg SRR BT ; PANPs 415 PEANPs 417
B A RDIEHRCARIRL (LA 1 mg R SR,
Y525 18 h JRAbIE/INEL, FEIRES A2, R FH VIS W
AR KR/ N B A Y 23 A A5 0, I
BV URD) R, ZDAPL Yo ()5 3 o 5 AR B SO I UE
R IBORL BT SRR ARSI P I e, L E A 2
K, G965 5 HlImage] & 24T,
24 FITESW

K JH GraphPad Prism 9.0 Z3#r%d, 240 ek
K ANOVA K56, W20 ) B0H R A ST AEAS ¢ K
S HEAT IR, B LA “xxs "R, P P<0.05 2% 5
EENIE I &

3 H#R

3.1 #RBRIER T FEENHE

Fifi PVA HeEER I, PANPs K42 M 260 nm [EZE
110 nm(P<0.001), {HHKEE IR 2% 3 32 1 5 e 2
71%(P<0.01) ,0.5%~1%[R1 JC b 2 25 5, I E 72 1%
Y3k b 12 PR R IK (72%, P<0.01),1:6 51:10
TC I #2257 HXPRAR AN 3 255 7% TEPLGA #|
FHS AR BEFH 1065 JH7K E 3G RO 358 5 0 i 5%
i) (ECREAR AN 150 nm HE 2 240 nm(P<0.001) , fieX ik
P 1:10, WK 1A—F, %FF PEANPs,1% PVA 5
1:6 2452 Fu R RETE FH 5 K HO A 35 5 i AN B B
MK FEA 1.5:10 BPRE AR Fe /N (145 nm, P<0.05) ,
HOEZE . LA 16—L,
3.2 HARBURIRAE

VR o 290 DK R R A8 1) J /NI S R R
(P<0.001) , Jif# 15 738 K [ 2 500 48 52 (polydisper-
sity index, PDI) B & 402K il (P<0.001) , i
PEANPs 1t Zeta HLA F{EE K (P<0.01), TEILER2A,
B4 1) PANPs Fll PEANPs 051573 5°593.09%+
3.0%7#1 89.0%+3.5%., 4B AN, RN K ITURL
B3RO M ERIE 450 . RSP 5L 50 3R] 7R
pH 7.3 B, PR K R 15 5 S-S B RHIE
PANPs 1 h BiL%) 41% ,24 h 2il 57% ; PEANPs
53R 37%F1 63%., £ pH AT (T2 h pH 1.2,
JGIHZE pH 74) 1, PEANPs 7ERRE S F B R 18
(<23%) , e A I A5 I s R TS ( R IT 83% ) 5 1T
PANPs 7ERRMERTBLAD R BE (2 h BEiS8% ) , Ja
SERERZE (24 h Bt 80%) . HEULKI2B—D,
3.3 {RIMCIGTARLER

MTT 4L EEPE SR 45 R R, 25 AR ORI
0.1% DMSO X Caco—2 FISW480 41 il ¥4 JC & & 7
P (YIIAT 6 R BT 100% ), P2 24 909 K 50
PSP A0 ISR Y 55 TR B 73K 2, Caco-2 HL
JEB BV R Ui T SRR RIS R SR AETE
A F T, MELL 535 5 I PANPs £l PEANPs [RH7 42
/N BB OGRS TR B {E , ELAH AR
SERE PURAUOKR AT I S IE AN, SW480
i PN A S 56 1 — IR S 40K Uk T gk 40 i S RO
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TE il 45 3506 PANPs(A—F )5 PEANPs(G—L) BALEF R BORIARAYSEIR . *P<0.05, **P<0.01, *#%P<0.001,

AT DI T S AR ok AL 2R
GURALEA B TN, TEILE 3,

34 FAXEMARER

341 FFRRAMRMEMRE SRENAMLL,
V) i 4 R 3R e 2 A A5 A AR AE MELCS 1745
HLIZEPEA I MPO BHE A IR FE AR 22 R o4
TH2EE X (P>0.05) ,3 dL1H] TVIS {HARZ G5 5 om

o ERZE RIS, R 2 me/d Wi AR R
FITR, P SR B A T 1 me/d 3R
Z YRR IEAT PP, 2500 G T SCikAT ko)
LA SRR v B8R TE AL, 7T B A M 0 IR N K 4
REIRUAER . HEILE4,

3.4.2  GRTRIFRDOT ERE RS ) 2 UC B £
PYEH  %T 0.2.2 mg/d R RN A UC B
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Fig.2 Characterization results of PANPs and PEANPs
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of apigenin in oxazolone—induced acute UC models
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Fig.5 Treatment with PANPs and PEANPs significantly ameliorated the inflammatory manifestations in the

oxazolone—induced acute UC model
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F7 025 S AT REMILRT . AN K IBURL I 7 85025 5 7T g
5 AR R RAEWIMR AT A G, AW,



2026 44 46 45 TR B 25 K222 4L hitp://hnzyydxxb.hnuem.edu.cn 1545

&

IL- 1N RE

IL-6 1R &ix A

BRFER/ D
=

»

0
S I
o

& T

&

TNF-ald B2

2 .
£
¥
& 4
& o
2 k-
HE
o =
G ) 3
& F &g
. & o2 QJ‘“ ?
. S P [ =
-~ - - PEANPS
T T T T T T T T T
0 1 2 3 4 s 6 7 2 9 ERm

TEE PANPs PEANPs s

MPOIER AL HPF

IL-1p s &/ (pg/mL)
-6 =/ {pgimL)

PANPs PEANPs

TNF-¢ i% B/{pg/mL)
1L-10 3% B/(paimL)

& & & g
A
@9‘%\ ¥ e‘;\ &

6 FEEREMAKFFETBEER DSS BFSHSME UC HEIRIERE
Fig.6 Treatment with apigenin and its nanoformulations significantly alleviated the inflammatory manifestations in the
DSS—induced acute UC model
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Fig.7 Localization and distribution of apigenin and its nanoformulations in the mouse colon
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