I BRGS0 BIE T 4 DKOR I 5 e 8 6T ML 09 24 i 1 A P 71
R/ e oA AL i

REECOHET EEELE BUEAELR BLE EERVE KCUIZEPESAY
MHER RW 650500;2. cEAGEASHEREALHE,RW 650000;3 s HFEAAFE —IFK
EZR,BW 650500;4. = m FEAKFHFHAL, BH 650500;5. 5 E 4 AR LG RE S HAHA
FRELLHZ,BH  650500)

FESEE R4 XHERFRER A
DOI  10.6039/j.issn.1001-0408.2025.14.07

XE4HS 1001-0408(2025)14-1730-07

W E B RS LIET 4 K 4 (FA-Cre@PEG-PLGA NPs, vA T ] #2 “NPs” ) Bt A48 /5 £ B8 3 M 109 21 i 65 4k 1 S 3e.
AR IR AT AR . ik R CCK-8 A NPs B A48 /5 45 AT M 109 4a feL el 38 74 00 AF R | 0 s R A8 5 B 1]
VAR ABAQ 40 il 3 PR, A % B v BR TELIVT 55 B Ae 2 AR IR 52 B, 3R A NPs B A48 75 48 B8t M109 4 gy v BR Se ey bk . A1) R 2w e,
X|JR 528 Transwell /) E S Ia Ao X ta AR oM 4525 )5 | KB4 B 4508 F ,NPs 3 M109 4 e it 4% 12 & A= AR N E
M Z(ROS) KT %o 4% A 55 64 B BB EZARBE B AL (MMP) T4, #MAEMI09 2o ed b Rk FaER @it s
ARSI AR F B NPs A4 B 5 Ak M PG 3o d bl G55 NPsBEAHE 5 45 IR AL 0 2 49 4] M109 2m 69 34 74, A2 A4 /5 it ) 5,
At 1 hy % B e BR T vAFE 40 NPs 3 M109 20 fin ey & s 4p 5l 4F A BR6-H8 F 42 IR A3 i 453X — H A . 5 AS49 i il ik
&5, M109 28 fL3+ NPs 89 3R B AL ) B 3% (P<<0.01) , #2 23 B =T VAR i 2| MR IR, NPs B A48 5 48 B 5T A4 2h) M109 fm Ly i 45 55
7%, m T G/GAr G/M B, 5 xR 4 , NPs R B Ji 2K % (100,200,300 pg/mL )28 M109 48 feL 64 4 == % [ROS 7K
FH R EHFH(P<0.01),MMP ¥ Z ZHEAK(P<0.01), 5 RA B LILE, 4 25)5 0 hAB 5 40/ FAF 95 3745 69 38 6 5% B B 5 Ye s
FH3 B H 3 m(P<0.05 % P<0.01), Z5it NPsHEAAR 5 43 B3 M109 20 it B A 43R 694k 1 Shde @ bk, 2 3 i g5 Huh) 6 38 4 )
o R A 5432 PR an 6 R A S il 4

KR vFERASAR N R A AR B A5 R s ML 2 R 5 b 95 S e B 9 ALk

Targeting effect and anti-tumor mechanism of folic acid-modified crebanine nanoparticles combined with
ultrasound irradiation on M109 cells in vitro and in vivo

ZHANG Hailiang"*, ZHAO Xiaoyu', MEI Jiahua’, PAN Rui"*, TANG Junze', YU Kun', XUE Rui’, LI Xiaofei’,
CHENG Xin"*° (1. College of Traditional Chinese Medicine, Yunnan University of Chinese Medicine,
Kunming 650500, China;2. Yunnan Key Laboratory of Dai and Yi Medicines, Kunming 650500, China;3. First
Clinical Medical College, Yunnan University of Chinese Medicine, Kunming 650500, China; 4. Science and
Technology Office, Yunnan University of Chinese Medicine, Kunming 650500, China; 5. Key Laboratory of
External Drug Delivery System and Preparation Technology in University of Yunnan Province, Kunming
650500, China)

ABSTRACT OBJECTIVE To investigate the targeting effect of folic acid-modified crebanine nanoparticles (FA-Cre@PEG-
PLGA NPs, hereinafter referred to as “NPs” ) combined with ultrasound irradiation on M109 cells in vitro and in vivo after
administration, and explore the anti-tumor mechanism. METHODS CCK-8 assay was used to detect the inhibitory effect of NPs
combined with ultrasound irradiation on the proliferation of M109 cells, and the best ultrasound time was selected. Using human
lung cancer A549 cells as a control, the targeting of NPs combined with ultrasound irradiation to M109 cells was evaluated by free

folic acid blocking assay and cell uptake assay. The effects of
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NPs combined with ultrasound irradiation on the migration,
invasion, apoptosis, cell cycle and reactive oxygen species
(ROS) levels of M109 cells were detected by cell scratch test,
Transwell chamber test and flow cytometry at 1 h after
administration; the changes of mitochondrial membrane

potential (MMP) were observed by fluorescence inverted
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microscope. A mouse subcutaneous tumor model of M109 cells
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was constructed, and the in vivo tumor targeting of NPs combined with ultrasound irradiation was investigated by small animal in
vivo imaging technology. RESULTS NPs combined with ultrasound irradiation could significantly inhibit the proliferation of M109
cells, and the optimal ultrasound time was 1 h after administration. The free folic acid could antagonize the inhibitory effect of NPs
on the proliferation of M109 cells, and combined with ultrasound irradiation could partially reverse this antagonism. Compared with
A549 cells, the uptake rate of NPs in M109 cells was significantly higher (P<<0.01), and ultrasound irradiation could promote
cellular uptake. NPs combined with ultrasound irradiation could inhibit the migration and invasion of M109 cells and block the cell
cycle in the Go/G: and G/M phases. Compared with control group, the apoptosis rate of M109 cells and ROS level were increased
significantly (P<<0.01), while the MMP decreased significantly (P<<0.01) in the different concentration (100, 200, 300 wg/mL)
groups of M109 cells. Compared with the mice in non-ultrasound group, the fluorescence intensity and tumor-targeting index of the
tumor site in the 0 h ultrasound group were significantly enhanced (P<<0.05 or P<<0.01). CONCLUSIONS NPs combined with

ultrasound irradiation have a strong targeting effect on M109 cells in vitro and in vivo, the anti-tumor mechanism includes inhibiting

cell migration and invasion, blocking cell cycle, and inducing apoptosis.

KEYWORDS folic acid-modified nanoparticles; ultrasonic irradiation; M109 cells; tumor targeting; anti-tumor mechanism
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PRLANFLAR 22K 5k 26 R R (folic acid , FA) %], fiE
Wi J37 45 5 1) A7 P 80 oA # JR08 CAn it  pHL LS O G
PESE) A g KA B [ 3] g B0 A7, T e (R oK TR
ST, FA BA B )15 A ToRE AR /N
Pt #, 5 iF R 2 44K (folate receptor, FR) ELAG /= B 1Y 27 A1l
77,1 FRAFAE T K 22 55hes 20 M 3% 187, 76 1E 5 HLIA 20
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“NPs”) , H:DL FA B3R £ —I-RFLIR PRI L M 2R
¥) (PEG-PLGA-FA) N 415¢ , N R AL #2459 Cre 5t 4
HH(DIR) FIVE A 38Uk (PFP) o NPs 7E 4 /5 Cre 424 FI H]
JEE B [ e G B A 5 0 B 1] o e 40 LY B T 5 i HL S
Cre JFLZGAH LL , NPs B G 8 75 40 HR A B 4F (AR b b i
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1.1 FENEH

A5 B FH Y £ B R AT MO0 SCI R (0 £
WS RS (R B sh ) BT BH R AT BR A DD
Varioskan LUX #I 2 1 fig i #7121 ( 3¢ [#] Thermo Fisher
Scientific A 7] ) \MF52-N U 5] B 5 't i i () M i BH
FE R ARA PR H] ) . FACSCelesta %1 37 20 41 i A% ( 5
BD /A 7] ) . IVIS Lumina Series I 7 /)N 8l 47 1 14 i 1%
% (3% [ PerkinElmer /A 7] ) \BPN-190CH #! — % fb ik 1%
A (i —Ta Rl 22 A BRA 7)) (HH-2 RUE R K
B Co N AR H 25 BRZS )\ L550 AU R A B 0L
(g S S AR BR A D
1.2 FEHBSRAF

NPs[Cre 75 &}y 6 /L. {0 % % K 83.78% . kit Ky
(247.67+2.49) nm Zeta FL1 A ( —9.40 + 0.54) mV]Hl
25 FANPs (g Cre) ¥ 2 g P R 25 RAF# 25 7 S0 0 % H
il s B2 MY 75 R R -4 R DMEM B 5t iR h 5%
R (PBS) 40 B L K R AR AE IR AT BR S | 5
FERRG W H R HEEE B & A R A 5 CCK-8 17
& (5 ATWD07091) g H PR F (270 A= A A B
3 F) s Matrigel 3 51 )2 14 [ 3% [E Corning 23 A 5 FA (4t
CR2204101, 4liJ&F 98% ) .DAPI 4} (41t 5 CR2307030)
W F BB AE SR A R AT RN w1 5 4t ] A I35
& (Jit5 2406263 ) 14 H RIS E w A Y H AR A R A
AP T 2 (A5 MA0220-2) 1 [ i 26 S A Wi
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IRF & (b2 011124240515) W 7 b2 5 RAYH A
ARG BRZS ] 5 IC-10 ZE AR E H {37 (mitochondrial mem-
brane potential, MMP ) 5 il i 71 & (L5 240007002) It
Atz =R R A A,
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14 KIEEMY

SPF 4 BALB/c/NEL 15 2, 4 J& &, Mtk , (R 8 14~
16 g, W4 9 W1 Fa 2 o Sk S s A BR A |l AR 771 m]
IES : SCXK (3)2021-0002, /NEURAIFE T = h BE 25K
2R O IR SR TR 22~25 °C X EE N
50%~70% .12 h Y61 5 12 h BBREAZ B 9 R BE b, AT
TN RL AT EZ R FN Y500 P A 23 o4t
(L HES . R-062024008 )
2 A&
2.1 ZHREEESRE
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WLH DMEM 56 @ ki35t B F 37 °C .5%CO. I 1E iR
BRI R SR . AN A %3k 80%~90% HHLAR, fif
FHAL TR I A 4 A A 7 5250
2.2 RTIEEARIE R A IFE

H4 M109 4 i L A5l 1 X 10N ERD T 96 FLA 3
FLEE SR 24 h, RE AL MG F0. 1.2 h A4,
B2 3 00 Jin AAS TR] J5i 12 6 B 9 NPs (50, 100, 150,200,
250,300,350,400 wg/mL, DL Cre i ; M3 4f 71 52 46 Ko SCiik
(1014 2 ox F ¥k 5 ), B4 ot et R J3E 10 8 5 52 AL 5 [RI A
BEE X ML AZS AL BRI AN, oAy 3 I 7EXT
o7 8] s 356G 7 P R G 7 R S e B AL ARSI , B
LA 2 min, FIA]) . KiF%24 h)m, F PBSTEUE LIk, &
LI AHTBC A & 109%CCK-8 i i 58 485 37 55 100 L,
A G FEAE R 2 h, B FRCEE 450 nm I 4 A0 A6
WG RE (A, T35 200 JR 15 2400 1) 2%« 240 P 1 2 400 ) 2%
(%) = (A uyn—Asp)/(Agu—A 1) X100%.,
2.3 iHFES FA Xt M109 , A549 4 B i) B B SC I8

FREUFA ¥3 K 10 mg, il A 1 mL B R S 44 7K VA T
(pH 9.0) 75431 , Fl DMEM 58 255 32 B4 MR B 2 0
10,1001 000 wg/mL, 5 FH IR — S AM K W 5 &
pH=T )54 M. 43 51K M109 F1 A549 4 il A 45 £ 1 X
10" 1 96 FLAR H , B FLEE 7% 24 h, B E S FA 41
A 25 FA+NPs (NPs Jit 75 V¢ & 28 200 pg/mL, A Cre 1)
ZH, WIZH Y FA B 449 0,10 ,100 .1 000 g/mL (AR
PE S g 2 Rt e B W) R iR B 5 N AL, A
Y 53 SR AT 25 24 5 AN 7 R 25 24 i KRR P A R Ak
(R 2,27 0T i 18 AR 75 B ) S R AT R R LT
[6]) ARG FRAA TP 4R S 15 9% 24 h, #2422 T 5 i
21 L 3 T 1
2.4 M109,A549 ZRAE 3T NPs B4k SMEEUSEIE
2.4.1 FIEIOLRMGEMEE

K M 109 F1 A549 4R LAAEFL 5 X 10° M5 6
U, RS 9% 24 h, LA 2 mL 5555 1 NPs (195 4 55
FEIE (DR JH N 25 wg/mL) , 53 JASHE 75 4L FEE 7=
L AFHBE 3L, RS 3%3.6.12 h i, I PBSIE
PE 3K, MA 400 L B FH 7 DAPT 22 €0 3 (i B 5 o 2
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nm, &5 AR 782 nm) M E 25 FLEE GRS, TR 40
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2.5 MI109 4R FNEZEEE 110
2.5.1  4MLERLRE SR

SR FH A M X0 IR S B A TR I . K M1O9 4t if L 5L
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R A, A E 3N E L. IS R
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b f#H Image J APFIN B 401 JR 9, 1 H 340 i R
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2.5.2  YHMUEZERE IR

K H] Transwell /N3 SEH HEA TR . K Matrigel 5&
O 5 T LT 4 95 R4 1 S AR AR HLIR AT, B 60 WL i
JnE Transwell /NE =45 B/ NSO 24 FLARIN
B BRAEREFRAE T 3 h U, K M109 21 i LA 1L
5X 10" HEFP T 6 LA, B 57 24 h, B X IRAH (25 1
FR AR ) MNP AR A L iR B2 (100,200,300 pg/mL, A
P TS B 45 SR o VR ) A, I 3R AL,
i BCA A RIR  FE 24 h e, B O US4, )T PBS
TR LUK, FHJC I3 15 77 5 T AN - R S 40 2% 13y
1 X 10°4~/mL; B 200 wL 40 2 30 %) Transwell /N5
%, FEMAG00 WL 58 R I3, B TR IR ff b s 97
48 ho il HAR B R B ARAZ RN AL, DL 4% 2 R PR
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VRJE , B B AU B MR A I 1R 2B 1 DU 4
MR 22 E R B 2 ULV R 28 68 T ok
2.6 M109 4 pa i T4

4 M109 20 42 “2.5.27 IR Jy ik or il (25 245 MR
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PBS iEE LUK, T oA 500 pL 1 X Binding Buf-
fer TR AN, B4 A 5 L Annexin V -FITC 110 pL
PI, % il B 615 77 10 min, £ FH 3 =X 40 A 1SRG 41 A 94
T,

2.7 M109 48 B 2 4 A dil

4 M109 4 ffadie “2.5.27 TR Jy o2l (45 25 Mk
R 24 h)E AT IR ML, FH PBS TR 11K,
IMATUA Y 70% 281 mL, T4 °CREERK . RHE
L, 30 BT IAHURC B 4% 2 T AE & (PI+RNaseA ) 500
wL IR AT, 37 °CHREYGREFE 30 min, fd FH 37 2 40 i SRS
LR A3 A
2.8 M109 4BE A ROS 7K F46i)

H M109 20 g4 2.5.2" T R 5 e ol V45 24 I Bk
HEFEARIE . 24 h)F  TEARISCEE AR, FH PBS Y VE 1k,
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2.9 MI109 4HFE A MMP 22 4L 46
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min, B0, 55 LI, B 9 JC-10 Yy (.28 vtk P 20
L2 9, A 2 mL 58 445 573, FHB S 90 I s i g¢
A i Image J A0 45 L AN A0 21/ 2% 58 G kL
1B (ZL/8 5 LU = L1 5O GaR BE/AR B0 LIRE) | T
BRI W] 240 i N MMP AR AT
2.10 INBHYDTERE R ER

A RE M109 20 Jifd (1) %5 B 2 5107 >/mL, HX 100 pL
SRR, VRIS T/ AT A /N M09 e T s s
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T AR TC 10 3 25 S i /N BRI HIL 23 S AN 75 2 45 245 0
h P2 (45 25 )5 S RV ) FIZR 2505 1 h i 4, B34 5
Ho 43 H/NRUE B KEST 0.2 mL NPs(DiR JiiH ik JE
0.5 mg/mL) , 8 75 2H 25 24 i (o FH R P S XoF e 8 7
7520 min, 350 T A2 AT A4525)5 0.5.1.1.5.2.4.8,
24.48.72.96 120 h #EATIH AR CAHE , WA 4/ B
HIARNZOE A s B . {8 H] Living Image 14X} & i
AT PR, R AL SO . AR i R ) 4 2K (tumor-
targeting index, TTI) LA S I 151484 TTI-B ] 1 26
I FH (area under the TTI-time curve, AUTC) K PF4 NPs
FE /)N B P9 16 g 4 1) B 3, TTI(% ) = g DX 3¢
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211 SitFEFHE

fd 11 SPSS 26.0 FAF X B AT e it M. T 5L
PEILLx + s R, Z UL HLBCR B R 2805 2208, 4
(B A HL 3R FH LSD-¢ K 86 o A5: 56 7K HE = 0.05,
3 HFHR
3.1 AHFEERERNFEER

SR 5, 45 24 )5 16 & B8 75 4R IR AE 42 /5 NPs X
M109 2 fifd it 38 FE ) 55 (P<<0.05) 5 AN M 7 £ B 45
255 0 WS AL LA, 45 205 1.2 il A AL i A A0
Tk (P<0.05);H 54255 1 hil S A R, 452505 2 h
P 2 0 A 3 B A R Y B T AN B B (P>0.05) o
W, ASBIF TSR o J A S A L ST 55 A 7 T ] i 25 24
Jalho 53R,
F1 R FAERTE B XT M109 240 RS 55 HD §l 2

BISNE (x £ 5,n=5)

NPREKE (uginl)  AEFE SAROMEEE  SAR R SAR2EE
30 0.690.14 260£0.24¢ 6.14£086° 6.04£1.70°
100 2392048 5042082 8934178 897£321°
150 24.8613.65 28571532 35141365 3451£3.04°
200 4998134 59.23£5.53¢ 66.97+3.53* 07.841645°
250 68.61£3.62 76.32£4.56° 81.50£2.90° 8178397
300 78521256 80.05.£5.04¢ 85.17£2.99° 84791246
350 81.7421.96 8232286 86.964.01° 88.181.19°
400 85.00£2.49 85.83£2.93 91.27+3.05° 91.13£4.07°

a: 5 AR M UL LA, P<<0.05;b: 5 45255 0 hR 5 4 H g, P<
0.05,
3.2 MRS FAXE M109 ., A549 4 i f BRI 5 52

Ui 125 FA 2 2 Folv 240 Jf %) 38 BB 400 1] 2R 9 7E — 3% ~3%

Z 8], LA AEIR & BRI A P R IR S5 N L U S FA
£ 0~1 000 pwg/mL Ji7 7 Ve B i ] Ay xoF 2 7 448 L g A
YIICH] AN, BT FA+NPs A H A I, 5 R 2H 1
0 wg/mL [LHE , & 1 25 FA T v FE 1938 hn (10 pg/mL
Jo R U BE I A1 ) NPs X5 MLO9 201 Jf 1) 164 5 4100 1) 556 °F [
(P<<0.05) , TMii%F A549 4 its JC W i 52wl (P>0.05) ; 541
A LR, A 20 1 h RS B 7R AR I FA TR IR T
2 4 P 2 B R 32 34 2 T (P<<0.01) o R
k2,
R2 HE FA ST M109 ., A549 2R A3 54 ) A 220 (x +

s,n=5)
a5 FARREIRE/ M09 AIHERAN %1% ASA9 BT 0

(ug/mL) N BA  h Nt IHIR | i

e pALl 0 L4£041 1G0T 2351088 —24:018
10 —086+084  212:084 L8028 203405

100 1244040 2000075 2454034 —258+082

1000 —084090 1243049 231404 135404

e FANDS ] 0 SINEAS G6THAM 00351 21084478
10 SASIE596  G66113TF  I3S6+22 1934431

100 Q4748 Q09013470 163 19294287

1000 NMUESH TSRS DR 20614238

a: 5 [FZH AR I L8, P<<0.01;b: 51 BSFA+NPsZH 90 wg/mL
A, P<<0.05,
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3.3.1  fEIE 5O B B I A R
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3.3.2  NPsHEIBCRKGI 255

TEAN K S2IG2H rp | Bl 2 15 35 5 18] B 2B K, 2 Feh 200 i
PR LR XA 20 T o 5 TR R 355 SR [B) T, ML09 4 ifd
B $% R I 2 5 T AS49 41l (P<<0.01) . 5N A 5K
55 2 [R) S TR 240 0 LU A5, A SIE I 2 1 2 B AR it 7E 45 35 5=
] 25T (R4 HRE A A i i ey, He v M09 241 Jif 7 35 77
3 h I FT A549 40 075 15 3% 12 h B iR BUR 22 R 46 48
T2 L(P<<0.05) o X & BIIA 8 7 i IR AR A 1 400 if
PRI, 518 O BB A A R — 3, AR 3,
%3 BEFAFEREE M109.A549 4 %t NPs &35 X

KB (x+s,n=5,%)

N MEFSHRAL BFRA
HHtE o ; " ,
AS494I M09 AS494I M09 24
3 836+0.72 18524046 9214095 21.5940.50°
6 19534080 3524095 19944053 45954274
1 2160+0.74 61,08+ 248" 2644+ 164 622743.18

a: AT SR ABAOAI L LA , P<<0.01;b: 55 RIS R4 Ha [+
B ] (AR 4L 1L, P<<0.05.,
34 MIOOHEIBEREIKER

5 X R [ AR A5 28 (71.80 £ 6.22) % Atz
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