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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

JI 9 2 T S0 L DAY A 23 R B8 38 A ey 1) — ol
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Wi J37 45 5 1) A7 P 50 oA F SR I8 CAn it  pHL LS O g
PESE) 7 2 KO 5 1) 21 figg TR AL, FH T IR A IR
ST, FA BA B )15 e TowE AR B /N
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JER AR S A B Y S v S BT AN E Y AR M, AIFSE
IR, Cre Xof Z2 7 i Jeg 4 i 1 AT — S i A i /R ™
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1 ##
1.1 FENER

A5 BIF FH Y £ B R AT MO0 SCT R (0 £
W S R G (RIS sh ) BRI 7 BH R AT BR A DD
Varioskan LUX #I £ 1 fig i #7121 ( 3¢ [ Thermo Fisher
Scientific A F] ) \MF52-N %Y 5] F 5 't i i e () M i B
T ARA PR F] ) \FACSCelesta %1 37 20 41 i A% ( 5
BD /A ) . IVIS Lumina Series I 71 /)N 8l 47 1 14 i 1%
X (3% [ PerkinElmer /A 7] ) \BPN-190CH #! — & fb ik 1%
A (g —Ta Rl 22 A BR A 7)) (HH-2 RUE R K
B Co N AR E 25 BR S )\ L550 AU R A B 0L
(g S S U R BR A FD D
1.2 FEHBSRAF

NPs[Cre 7% &}y 6 /L. fU 5 % K 83.78% . kit Ky
(247.67+2.49) nm Zeta FL1 A ( —9.40 + 0.54) mV]Hl
25 FANPs (2 Cre) ¥ 2 g R 25 R AF# 25 7 S0 0 % H
il s B2 MY 75 8 R -4 R DMEM B 5t iR h 5%
R (PBS) 40 B L1 3K R R AE R AT BR S | 5
FERRG W H R R & A RN A 5 CCK-8 17
& (At ATWDO07091) 14 [ AR (250 P AR A BR
3 F) s Matrigel 3 51 )2 14 [ 3 [E Corning 23 A 5 FA (4t
CR2204101, 4iJ&F 98% ) .DAPI 4} (41t 5 CR2307030)
W F BB AE SR A R AT RN 7] 5 4t ] B A I 5]
& (Jit5 2406263 ) 4 H RIS L w A Y H AR A R A
AP TR 2 (A5 MA0220-2) 1 [ K% 26 G A Wi
AA BR2S 7] 5 76 M 48 (reactive oxygen species , ROS ) £ il
RF (K42 011124240515) W 7 b3 5 RAYH A
JBAR AT BRZS ) 5 IC-10 2R E L {37 (mitochondrial mem-
brane potential, MMP ) 5 il X 71 & (L5 240007002) It
Atz =R R A ],

1.3 4Hpatk

/N EUITTAEE M09 41 W) 1 30 P = 1% A= R AT R
A) s N6 AB49 4 il I 17 5005 v 8 2E A B A BR
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14 LI

SPF ¢ BALB/c/INEL 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]
WES : SCXK (31)2021-0002, /NEURAIFE T = h B 25K
SR R R SR TR 22~25 °C X EE N
50%~70% .12 h Y61 5 12 h BBREAZ B 9 R BE b, AT
T RL A TR R F SN Y500 P A 23 i o Hit
(L HES . R-062024008 )
2 Ak
2.1 ZHREEESR

4 M109 1 A549 2 B 48 T 10% JiG 4R 175 F1 1%
MLH DMEM 56 ki35t B F 37 °C .5%CO. I 1E iR
BRI R R TR o AN A %3k 80%~90% LAY, fif
FHAL TR I A A A A 7 5250
2.2 RTEEARIERHIFE

H4 M109 4 i L A5l 1 X 10280 96 FLA 3
FLEE SR 24 h, REANEFEA MG F0. 1.2 h A4,
B2 3 90 Jin AAS TR] Joi 12 6 B 9 NPs (50, 100, 150, 200,
250,300,350,400 wg/mL, DL Cre i ; M3 4k 791 52 46 Ko SCiik
(1014 2 ox F ik 5 ), B4 o et R S350 8 5 52 AL 5 [RI A
BEE XS ML ANZS (AL BRI LAN , Ay 3 3 7EXT
o7 B[] B 7 s TR R e RSk T LRI TAT, 4
U 2 min, )., §55%24 h)5, FIPBSTEVE 1k, &
LI AHTBC A & 109%CCK-8 i i 58 4 85 37 55 100 L,
A G FEAE R 2 h, B FRCAE 450 nm I 4 A0 A6
WG RE (A, T35 200 FE 14 B 410 1) 2%« 240 PR 1 2 400 ) 2%
(%) = (A uyn—Asp)/(Agu—A 1) X100%.,
2.3 iHFES FA ¢ M109 . A549 4 Bl i) BE B SL 36

FRECFA ¥3 K 10 mg, i A 1 mL B R S 4 7K VA T
(pH 9.0) 78431 , Fl DMEM 58 255 32 B4 MR B 2 0
10,1001 000 wg/mL, P F B FR — S B K B O 15 &
pH=T 5% M. 43 51K M109 F1 A549 4 il A 45 £ 1 X
10" 1 96 FLAR H , B FLEE 5% 24 h, B E S FA 41
A 25 FA+NPs (NPs [l 2 V¢ 2 28 200 pg/mL, A Cre 1)
ZH, WIZH Y FA B 44 9 0,10 ,100 .1 000 wg/mL (AR
PE S g 2 Rt e B W ) R iR 5 N AL, 4
4 53 SR AT 25 24 5 AN 7 R 25 24 i KRR A TR Ak
(R 2,27 0T G 18 AR 7S B R S R T R R R T
[6]) , ARG FRAA TP 4R S 15 9% 24 h, #2227 T F 5 i
2 L 3 T 71
2.4 M109,A549 ZRAE 3T NPs B9k SMEEUSEIE
2.4.1 FIEIOLRMGNEE

43K M 109 F1 A549 A LAEEFL 5 X 10° 45T 6
U, B F% 24 h, LA 2 mL 5555 1 NPs (195 4 55
FEIE (DR JH N 25 wg/mL) , 53 AR 75 4L FEE 7=
BB E 3L, e 3E3.6.12 h i, I PBSIE
PE3 U, A 400 WL B 7 DAPT Y (a3 (T i IR A 2
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2.4.2  NPsHEEHCRAM
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X2 (25 (UG AR ASEE S SEO0 4 MR PR S0 A,
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L &2 FINPs 58 el 70k . A2 e ahEsi3s 3.6 .12
h, HI PBS ¥ ¥k 3 U, H 2 i BE il b A3 (3 & % 1 750
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2.5 MI109 4R FNEZEEE 110
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R A, A E 3N E L. BIIA B R
Jei B AR AT IR S R — KR AE 0,24 h i 48
fbo i Image J A4 it 09 5 B, I H05 20 B R R
AR AMERIR A AR (%)= (0 hRIJE5EE —24 h &I
R VLS )/0 h IR B X 100%
2.5.2  YHMUEZERE I

K H] Transwell /N2 SEH HEA TR . K Matrigel 5&
O 5 TG ML 4 95 B4 1 S IR AR HLIR AT, B 60 WL i
JnE Transwell /NE =45 B/ NSO 24 FLARIN
B IR iRAEREFRAE T 3 h U, K M109 41 i LA 1L
5X 10" HEFP T 6 fLAR H, B 57 24 h, B X IRAH (25 1
FR AR ) MNP AR A L m iR B2 (100,200,300 pg/mL, A
P TS B 45 SR T VR ) A, I E 3R AL, A
IS R IR, 24 h e, B O US4, )T PBS
THUE LUK, FH TG L3 5 5 25 70 40 % 5 4 o 285 2y
1 X 10°4~/mL; B 200 wL 400 B 3/ 5 Transwell /N5
FE, FEMAS0 L ek, B TR RA PR
48 ho i AR BB ARAZ RN AL, DL 4% 2 R P R
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VRJE , B B AU B MR A M 1R 28 1 D4 4
MR 2% B 2 UL R 22 68 T i
2.6 M109 4 T4
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PBS{HUE 1 X, T4 A 500 pL 1 X Binding Buf-
fer F AN, B4 1A 5 L Annexin V -FITC 110 pL
PI, % il B 685 77 10 min, £ FH 3 =X 40 A ARG 41 A 94
T,

2.7 M109 4 BE ) EA 43 F d il

4 M109 20 42 “2.5.2" TN J5 ko Al V45 245 Bk
R 24 h)E AT IR ML, FH PBSTH R 11K,
INATRA 8 70% £ 1 1 mL, T 4 °CHEE K, WHE
L, 30 BT IAHURC B9 42 2 T 4E & (PI+RNaseA ) 500
wL IR, 37 °CREEEE 37 30 min, i FH 3t 2 41 A SAS: )
LRI o3 A
2.8 M109 4 BE A ROS 7K F46i)

4 M109 4 i dae “2.5.27 T R J5 o4l (5 25 Mk
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) o BEFREEHUE , FH PBS IR 1 YK, JIA 500 pL
PBS F 4 i, SR 5 5 A% 22 i A v A o =X 4 A
oI 20 M G5 B o 't 5 B B 3 WY A4 i P ROS 7K
2.9 MI109 4HFE A MMP 22 4L 46

4 M109 4 42 “2.5.27 TR Jy o4l 45 25 MK
AR, 24 h e IHARIFICER 40, FH PBS TR UE 11X,
JIA T mL JC-10 B8 TAR MRS, 737 °CF 15 5% 20
min, B0, 55 LI, B 19 JC-10 L (.28 v itk PE & 20
L2 0, A 2 mL 58 445573, FHEE 20 I s i 4¢
A i Image J A0 BT 45 AN A0 21/ 2% 58 G kL
1B (ZL/8 50 LU = L1 5O G R BE/AR B 0O | T
(BRI W] 240 i N MIMP AR AT
2.10 INBHYDTEMRE G ER

R L M109 41 Jifd 1) % Bk 5X 10" 4~/mL, B 100 pL
SRR, VR T/ N CT  A /N M1 09 e T s
AR AR K 2 (200 + 20) mm” i, 6 B F % i
T AR TC 0 3 25 S i) /N BRI AL 23 S AR 75 2 45 245 0
h P2 (45 25 )5 S RV ) MR 2505 1 h i 4, B34 5
Ho 4 H/NRUE B IKEST 0.2 mL NPs(DiR Jif e JE
0.5 mg/mL ) , 8 75 41 45 245 Ji5 (o FH R 75 R 3k X i 3 A5 8
7520 min, 350 T A ZYAT 425 )5 0.5.1.1.5.2.4.8,
24.48.72.96.120 h #EATIH AR CAIHE , WA 4/ B
AN T oAl AdH] Living Image 1 /4-%f #1153
AT PR, R AL S . AR 4l R ) 4 28 (tumor-
targeting index, TTI) LA S 1514804 TTI-B ] 1 26
Ifi FH (area under the TTI-time curve, AUTC) K PF4/ NPs
E/IN B P9 16 i 4 1) B 3, TTI(% ) = g DX 3¢
3R B /4 B R EE X 100%
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211 ZitFEFHE

fd 11 SPSS 26.0 A X B AT e it M. PR 5L
PEILLx + s TR, Z UL HLBCR FH B R 205 2208, 4
(B A L35SR FH LSD-¢ K 86 o AGr 56 7K ME = 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 388 FE 1 ) 55 (P<<0.05) 5 ANl 75 £ B 45
255 0 hlB S AL LA, 45 205 1.2 hlE A AL i A i s A0
Tk (P<0.05);H 54255 1 hl S A i, 452552 h
P 2 0 A 3 B A R Y B T AN B B (P>0.05) o
W, AR RIS o J A S A L ST 55 A P T ] i 25 24
Jalho 53R,
F1 R FAERTE SR M109 240 RS 55 HD Hl 2
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NPREKE (uginl)  AEFE SAROMEEE  SAR R SAREEA
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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
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a: 5 AR H UL LA, P<<0.05;b: 545255 0 W 5 40 H g, P<
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3.2 iHFES FA T M109 ., A549 4 i f BRI 45 52

Ui 125 FA 2 2 Folv 240 Jf0 %) 38 BB 400 1] 2R 9 7E — 3% ~3%

ZI8], UL AR B BORER A P R R S5 N L U S FA
£ 0~1 000 wg/mL JiT f Ve B i ] A xoF 2 b 448 it vy A 4
YITCH AN, BT FA+NPs A H A I, 5 R 2H 1
0 wg/mL [LHZ , & 17 25 FA T vk FE 1938 hn (10 pg/mL
Jo R U BE IR A1 ) NPs X MILO9 200 Jf 1) 64 5 4100 1) 56 °F [
(P<<0.05) , MM %F A549 4 its JC W i 52wl (P>0.05) ; 5741
A LR, A 205 L h RS I 7R A7 FA TR IR T
2 7 4 L P 2 B ) 32 34 2 T (P<<0.01) . 4
k2,
R2 HE FA ST M109 ., A549 2R 13 54 ) A 220 (x +

s,n=5)
a3 FARREIRE/ M09 BTN %1% ASA9 BRI 0

(ug/mL) R BAi W Nl BHIR | i

e FALl 0 L4£041 1G0T 2351088 —24:018
10 —086+084  21:08 L8028 203405

100 1244040 2000075 2454034 —258+082

1000 —284090 1243049 23104 135404

e FANDS ] 0 SINEAS G6THAM 30351 21084478
10 81596 G66113TF  I3S6+22 1934431

100 Q4748 09013470 163 19294287

1000 NMUESH TSRS DR 20614238

a: 5 [FZH AN I L8, P<<0.01;b: 51 B FA+NPsZH 90 wg/mL
A, P<<0.05,
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3.3 M109.A549 LA A%t NPs FREN L R
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2 B BTG A A RIS A, M109 40 i 7E 5
A ] 5 DIR 208 B Y B S o T AB49 Aiiff . BX &
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a1 T

e
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E1 MI109.A549 ZHBEXT NPs iIBEV I BB (DIR &)
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3.3.2  NPsHEIBUCRKGI 255
TEANHIFE S22 rp |, Bl 2 15 35 5 1] B B K, 2 Feh 200 i
PR R R XA 20 T o 5 TR R 355 SR [B) T, MLL09 4 e
B $ BRI 2 5 T AS49 41 (P<<0.01) . 5N A 5K
55 2 [R) S TR 240 0 LU 25, R SIE U 2 1 2 B AR 7 45 35 5=
] 25T (R4 HURE A A i i g, He v M09 248 Jif 7 35 57
3 h I F A549 40 i 7685 55 12 h IR UK 2 R E 5
T2 L(P<<0.05) o X R BIEA 8 7 i IR AR A E 400 ifL
PRI, 518 O BB A A R — 3, R 3,
%3 BEFEAFEREGF ML109.A549 4k %t NPs #1358 X
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N MEFSHRAL [
gl o ; " ,
AS404I MI09 4 AS494I MI09 24
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6 19534080 3524095 19944053 45954274
1 2160+0.74 61.08+2.48° 2644+ 164 62274318
a: 5N LI A ASAOAN I L5 , P<<0.01;b: 5 [ AL AR [7]
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3.5 M109 £ B 1= K 4H B B B 4a i 25 3R
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WETFE (P<<0.01) ., 55 REZH HoAE NP A P e i
ZH S T2 i L ) 34 B 2 A (P<<0.01) , T Go/Gy Fil G/M
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