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An experimental study of editable DNA nanoflowers inhibiting the

proliferation, migration and invasion of Lewis lung carcinoma cells
Cao Yuchao ,Liao Hongjian ,Hu Can,Guo Jiajun,Du Yonghong
(State Key Laboratory of Ultrasound in Medicine and Engineering , College of Biomedical Engineering ,
Chongqing Medical University)

[ Abstract] Objective : To investigate the effects on the proliferation, migration and invasion of Lewis lung carcinoma (LLC) cells in-
duced by DNA nanoflowers (DFs) carrying doxorubicin(DOX) and hypoxia inducible factor—1a(HIF-1a) antisense oligonucleotides.
Methods : DFs containing HIF-1a antisense oligonucleotides (DHA-DF) were synthesized by rolling circle amplification, and the
physical properties of DHA-DF were examined. DOX was loaded into DFs to form DDF.We evaluated the cell viability of LLC cells
treated with DHA-DDF by using Cell Counting Kit-8; assessed the effects of DHA-DDF on the migration and invasion of LLC cells by
using scratch assay and Transwell assay; and measured the expression level of HIF-1a in LLC cells by Western blot and quantitative
polymerase chain reaction. Results : DHA-DF appeared flower—like porous spherical particles with a size of (421.26 +7.90) nm. Com-
pare with free DOX and DA-DDF, DHA-DDF significantly decreased the mRNA and protein expression of HIF-1a in LLC cells, and
significantly reduced cell viability, the area of wound healed and the number of invasive cells (all P<0.05). Conclusion: DHA-DDF
could effectively reduce the expression of HIF-1a, and inhibit the proliferation, migration and invasion of LLC cells, providing new
ideas for clinical treatment of tumors.

[Key words ]DNA nanoflower; hypoxia; lung cancer; antisense oligonucleotide

YEBENLE: & T4, Email :610826991@qq.com, ALS7 R R IR 18T i E By Rz — , sk
e P BP0 80 F 0BE M, e B S

BIS1E# ALK 3, Email : duyonghong@cqmu.edu.cn, 5 *IN

HEETE: TATHAGNE R ALREAGERBTAD (55 a2 R EESE SRR Y BB
este2019jsex-msxmX0255 ). F—1a(hypoxia inducible factor—1a, HIF-1a) J&—Ff

% B BR - https://link.cnkinet/urlid/50.1046.R.20240925.1741.012

(2024-09-26) 5 AR i BEAH S B 1, R RE T R SR YT R %



— 1106 —

BERERKFZR 2024 £55 49 E5 9 #5 (Journal of Chongging Medical University 2024.Vol.49 No.9 )
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Ji e

A 5 i 45 O A AS1411 3E Bt 44 R HIF- 1o
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1.1 &AM E5ME

AT T DNA B K5 1 e B3 2R T A=) T AR LAy
ABRA R G RS Ak, WL# 15 T4 DNA ZE R . DNA lad-
der g [ It 5T Takara 23 6] ; ANTPs 5 W W A A T4 T
AR A B ] s 2R 3L 53 28 9 kg (1,3—diphenylisobenzo-
furan, DPBF) | 53 i 450 % 2% Y 2 (fluorescein isothiocyanate,
FITC) #5ic dUTP J4 H 3 [H sigma-Aldrich 23 7 5 i 2F 1l
(fetal bovine serum, FBS) . DMEM %% 3% 3£ 114 [ 25 [E Gibco 2
] ;Phi29 DNA %4 il 35 B Al DNA ¥ 1(deoxyribonuclease
I,DNase DI { EIE R RAYHEARGIRAF 5 4o
(cell counting kit-8, CCK-8) 1 H H 7% Dojindo 5% JIT ; Falcon
Al a3 3% /2= W H 32 [ Corning /A 7l s Matrigel 3 5 2 14 H 22
Invitrogen 23 1) ; PRSI M B H A =22 LT L~ # kX
23t s HIF-1o—4T (NB100-105) 1 [ i 5 ] [l B 52 5 ( 1236F)
HBRAF .

AR T B ( scanning electron microscopy, SEM) Fll
A (0 H X P2 BE T (energy dispersive spectroscopy , EDS ) Il
H H 7S Hitachi 22 7 5 g%i%ﬁﬁ'ﬁ*ﬁﬁfﬂ(dynamic light scat-
tering, DLS) W [ 32 [ Zetasizer 24 w] 5 #0630 R £ W HUER
(confocal laser scanning microscopy , CLSM) 4 H H 7K Nikon 2%
5 HLRGE G 55 B A 5T K154 (inductively coupled
plasma optical emission spectrometer, ICP-OES) . £ Yj fig fiff 5
A A IR 1AW [ 55 [ Thermo Scientific BHE 2 H] 3 411
JEICEETHIE H H A B HEIAE R
1.2 Zaf sk R A& 3 I

LLC 4k A L3 & 05 LR R A BRAY R, S
b B AN FR 16HBE 20 ) R 5 R PR RO R o B WL
RS FE R AL LLC 4 F 16HBE 20 i 2 fd FH % 10%
FBS 1 1% 7 % F /55 % £ 19 DMEM 35 3: %8, 78 5% C€0,.37 C
ER R ) 25 R R
1.3 Zik
1.3.1  DNAZURAERYHI & S RAE  DNA 4K AL i il & i A
LI 1,

¥ dNTP @ Phi2o DNAKATG ® DOX @ F:mkffh

1 #DOXHIDNAHRIEH &R T B E



BERERKFZR 2024 £55 49 E5 9 #5 (Journal of Chongging Medical University 2024.Vol.49 No.9 ) — 1107 —
*1 DNABZEBRIERFFTI

S JPHI(5°~3")

DHA Template Phosphate-TGCTGCGGCATATCGTACGATATGCCATAGCGATACGCGTATCGCTG

DA Template

DH Template

HA Template

CAGCTTGGACACTGGTGGCTCATTCCACCACCACCAACACCACCACCACC
Phosphate-TGCTGCGGCATATCGTACGATATGCCATAGCGATACGCGTATCGCTG
CAGCAAAAAAAAAAAAAAAAAAAACCACCACCACCAACACCACCACCACC
Phosphate-TGCTGCGGCATATCGTACGATATGCCATAGCGATACGCGTATCGCTG
CAGCTTGGACACTGGTGGCTCATTAAAAAAAAAAAAAAAAAAAAAAAAAA
Phosphate—AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAATTGGACACTGGTGGCTCATTCCACCACCACCAACACCACCACCACC

DHA Primer
DH Primer

HA Primer

Drug Loading
AS1411 aptamer
HIF-1a ASO

TATGCCGCAGCAGGTGGTGGTGGT

TATGCCGCAGCATTTTTTTTTTTT

TTTTTTTTTTTTGGTGGTGGTGGT
TGCTGCGGCATATCGTACGATATGCCATAGCGATACGCGTATCGCTGCAGC
CCACCACCACCAACACCACCACCACC

TTGGACACTGGTGGCTCATT

1311 MBI 8 DNA B AE (MR EE N 1 umol/L) Al
SRR 5 0B (B R 1.5 umol/L) I 3] T4 4% iR 7% 42 1
ge Rk 2 B LB S A T4 DNA #4515 (17.5 U/ul) , T
16 ‘CINE 13 h, 65 CIN 10 min {7 fiff 2 16 L2 -0
1.3.1.2 W 8 R DNA A AR (0.5 pmol/L) |
Phi29 DNA %4 (1 U/pL) . dNTP 3 & ¥ (8 mmol/L) fil A
F| RCA JZ % # & [50 mmol/L Tris—HCl, 15 mmol/L MnCl,,
10 mmol/L(NH,),S0,,4 mmol/L DTT|FFiEA]. WA Y ET1H
MRV AL 30 “CRUVE 10 h, B 5 IR E 65 °C N 10 min LA
LR . BT AR FE 122 10 000 r/min 350 AR BUIUHE , 25 85 1
KU 3G B T 4 CURFIIRTT . R LT 2 il &
DHA-DF.DH-DF .DA-DF . HA-DF, 7E RCA JZ i & & thin
A FITCHRIEI) dUTP, & % FITC-DHA-DF il FITC-DH-DF
1.3.1.3  DNAZUKAEMIRAE 2% IS BHEE RS Ay A6 ) 5 |
Yy BEAR AL W RCA 729 (AR X 43 & . DLS A& il
DHA-DF [ki42 & Hifv . SEM W< DHA-DF [ W IE 51 )F
it EDS 73t T R4 .

1.3.2 DNA GKTE 0 B A0 pH i i 44 4 564iF DHA-
DF 1) Il % & 1 RN 470 A% % 185 [ A B8 17 L ¥ DHA-DF 5 &
10% FBS 1 10 U/mL DNase 1% DMEM 532388 4, 737 C
AP E AR 12.24.36.48 hURE . A& HIE DHA-DF
B pH Wi M L 8 DHA-DF HI MES (pH 5.5) A &, T 12,
24.36.48 h FUFEIF IS pH £ 7.0, ¥ ke S 3E4T 2% BiiR
FHEE IR HL PKORT DLS K50

1.3.3 DNAZOKRAEIEZ L] 3% DOX 5 DF LRI E
T[] B [ 0 BRI B, A 2R 40 43 0 B D £
233 nm &b Y2 G B (absorbance , A) i LA i3 DHA-DF #l
HA-DF 935255 . [AAIf DOX . DHA-DF .DHA-DDF [
L HERE , CLSM WL FITC-DHA-DDF, DB IE DOX it /.5
4%, # DHA-DDF JTVE MES(pH 5.5) VA B, TR [m]I
] 15 (0.25.0.50,1.00.,2.00.4.00.,8.00, 12.00,24.00,48.00 h)
B Y W0 £ 233 nm AR A {EL. 1 IE IR R 1ICP-OES il

i Mo B . DOX 282458 DOX BRI R A Mo B iR 11
BT : DOX 325 % (% ) =DOX 71 28, 15:/44 K A8 Jit it x
100% ; DOX B % (% ) =DOX B i £#:/DOX 1 3% & x100% ;
Mn B (% ) =Mn> B/ Mn™ 7 2k X 100% .

134 IGPESEZLERE 1T DPBF W54 il 5 5 8 1
7K .DOX . MnCl,.DHA-DDF (pH7.2) 2% DHA-DDF (pH5.5) i
B FIMA H0, B (AR BE R 1.5%) o 43 min P22 113K
420 nm Zb 9 A B, HE 268 x B W A B SON 1. iRYEIR R b
DPBF [ HFEAR PPN il A P 0™ £ B8 ) TS A
DPBF {H#E4% (% )=(1,-1)/1,x100% .

1.3.5 DNAZPRAER PRI UE ¥ LLC ML LA 1x10° 4>/
L2 B R TR AAE M P IEEE 24 h, il A 2 pg/mL
FITC-DHA-DDF 5 FITC-DH-DDF £ (A B 5% 4 i 52 56 3%
A3 BT 25 9 ¥ LA TE L% DMEM 55 35 L1041, 25 9 ¥k )3 L)
DOX ). WH 3 h, FH 4% £ R R 2, DAPLYL IR Y 0,
A LSS FH PBS PR 3 ¥ . CLSM WML %% LLC 40 )i 5
FITC-DHA-DDF 8§ FITC-DH-DDF A9 4445 1

1.3.6  DNAZOKAGH L tERE  # A K RITHY 16HBE 41
M LA SX10*A/HL 1) %5 BEHEFP T 96 fLEG SRR P i 3R 24 h )5
5K A # i DOX 8§ DHA-DDF ¥ # (0.00.0.25.0.50.,1.00 .,
2.00.4.00.8.00 pg/mL)FL[AMFFH 4 he PBSEZBAZhY), &
eHr 9 JCIMTE DMEM K5 358 4k £, 3720 51 746 24 .48
F172 hffi FH CCK-8 151 Kl 1 6HLBE 290 At 7% 4 05 1 o

1.3.7  DNA GRAEXT LLC 4036 M 4 52 )

1.3.7.1  CCK-8 ¥ 5 2 # 1i] ¥4 £ (half maximal inhibitory
A4 K R B9 LLC 40 i LA 5x10° 4~ /4L
1% BEHe R T 96 FLEE SRR T I AR B A IR R P 5 55 24 W (U
SE UG A0 MG R B 2 A BRI A A SRR R AT ) .
DOX £ . DA-DDF 4{ 1 DHA-DDF 41, 41 i% 3 M L. ]
A A #e /) DOX ., DA-DDF, DHA-DDF % i (0.00., 0.25 .
0.50.1.00,2.00.4.00.8.00 wg/mL)JEH 4 h, PBS ¥ % 3 YOIf:
T Y B SR AL, 24 h R CCK=8 3R A I LLC 20 B 1 3%

concentration, 1C,,)
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PEIHE AR5 1C,,

1.3.7.2 WU AR I A0 1 f AR K R 49 LLC 41
JL Rl 6 FLAR, 43 A Xt IR 4 . DOX 41 .DA-DDF 41 fl DHA-
DDF 41 , 43 5 4d Fl JC 1L 3% DMEM % 72 % . DOX . DA-DF FI
DHA-DDF i HALHE 4 h (325540 A9 DOX ¥R FE A 2 pg/ml) , B
50 (4 T 1ML 15 9 S R AR S RE 5 24 ho MRUER 1X10° 4T,
1 500 t/min £§.0> 5 min, PBS PE¥& , ILA T4 1) 70% £, B [ 5
4 ho 1500 r/min B0 KR LV, A RNA 7K ik il Atk
PIE (propidium iodine, P1) % i Y644 (4 30 min, iR 40
JRUASCASHIN I 43T 4%

1.3.8  DHA-DDF X} LLC 4 il 5 FIR 2268 1 1) 52 Ml
1.3.8.1 RRESLES ¥ LLC AU fh T 6 FLAK , 3537 4
K o TG 3k R 28, PBS W9 o 234 B 245 1y Ak 3 )
“1.3.7.27 . FEHS 0 h 24 h LI TR, F FH Image J 4440
14420 RIIR AR AL I PEMY LLC 41 i YT R AiE

1.3.8.2  Transwell /N%E 52K Matrigel £ 5t I8 5 JC 1L 7
DMEM 5 32 3638 A (1:8) J5 A L 2 8 M s 8, 2= m A
300 L 4 i 510 /mlL (1) LLC 20 B e (4320 B b 3 [
)L I AE R E FAIA 800 pl & 20% FBS (K DMEM 35 323k |
YREEREFRE 24 ho 4 "CHIRERE 52 J5 T 19% 45 b 58 R 4L 44, PBS
Y BT R AR TR

1.3.9 DHA-DDF X HIF-1a 235 HI52 M 4% LLC 41 ML) 1x
10°A/FLAEFP T 6 FLAR , W BE S I A 25 5 4 h(43 4 Je kb
PRIF“1.3.7.27) , 30U 41 LLC 40 M s 1Y 25 11 S mRNA
1.3.9.1 HHAREEEIIC I (Western boltting, WB) 1 FE

A 293 IR BBERL Tk A5 2R

30
0
£ 20
=
g
= P
#10-
=
) C
= N Mn
0_
0 1 %) 3
A (KeV)

F. 2%B S MDHA-DF  G. 2%3 iR Mk I DHA-DF

B p £33 7 4
E. DHA-DFAYEDSHERE /1745 AR AT B

i AT SDS-PAGE HE i HL Uk 73 23 Jf- 5% # B PVDF B I . & 14
Joi ARUCEATAR N TBST 15 , 5 J N & 6 b 5 A4
1.3.9.2 & B A HHE N (quantitative polymerase chain re-
action, qPCR)  mRNA £ 5 AR 45 150 W 55 B A 20 B 47 33 %
SERVE T, UL B-actinfE A N Z i@ 0d 2722 S5 HIF-1a BY
FXS RSB, HIF-1a #5149 :5°-~ACCCATTCCTCATCCG
TCAA-3", FiiF5[4):5 -CTTCCGGCTCATAACCCATC-3"
1.4 %it#s ik

K H GraphPad Prism 8.0 J{43F47 2 81 58l 43t . 11
TEGOR AR £ A2 (x + ) B8, 2 4118] FL AR A A ST b
A KBSy HT . KK =005

2 & B

2.1 DF#y¥r2 st

Ty W R g P UK 285 2 7 (81 2A) , Ak ™= ) e A %
RN, 1M RCA 774 W45 B8 A AR AL AL e W e 2y il 45 34
IR DNA A5 A I38 33 RCA W& BLEAT R A43F 119 DNA /=
Y. SEM M ELE R (8 2B) /R , RCA P29 h B ZLIE I
ARG R4 1 BRIE UKL, 3E W 2 & B DF . DLS 43 87 25 5L (18]
2C.2D) &7~ , DHA-DF M9-F-3 k4% 4 (421.26 + 7.90) nm, F-
BIH A (-18.0 £ 1.8) mV, il EDS /34T DHA-DF HH G
FA L (E 2E) /%] C N0 .P K MnJ G, DF yDNA 5
R AR A 41T A 774, 1 C N O P & Mn & DNA 1
MR EEANOTE .

40
30
o 20
R 10
0
10 100 1000 10 000
4% (nm)
8 % 10° C. DHA-DFRJ k42
& 6x 10°
T 4x10°
S 2x10°
0 T T T T 1
200 -100 0 100 200
ZetaFL i (mV)
D. DHA-DFHJEH B iz

600
-a-DNase I+FBS-=- MES pH5.5

Hifa] (h)
H. MES (pH=5.5) Z{FBS+DNase I
Ab P35 DHA-DFHIRIAR 254k

IR 23 it

WA LTI EE, 2 MR, 3 HFMEFE, 4 8 RCA P24, 5 1 DNA ladder; F /7 1 3 DNA ladder,2~5 & DHA-DF X5 DNase I+FBS i 5 12,
24.36.48 h;GH 1 2y DNA ladder,2~5 4 DHA-DF 7E MES(pH=5.5) iF % P i# 5 12.24.36.48 h
E2 DNAZKIERIMIB4FIE
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2.2 DF B RIF694% 2 P Fa pH vy 5P

fifi 1 DNase 1F1 FBS B4 N & 5 1R B 10 IR 5%, A 460
DHA-DF WF8E M. 2% SR e e 45 5 (161 2F) o | il 1
2~5 P DHA-DF {1315 B FE AR FL AL , 200 HAT HAT 5 1)
FEXT 4> F . DLSZE S (K 2H) 1 2 7 , 48 h A DHA-DF 11
PRI A, LR R, 4 DNase | #1 FBS 4b 3
48 h N, DHA-DF R4l o0 , BA BORAFEPE .

i FH MES ¥ V8 RS 400 i I8 N 5 R 14k #4455, 30 UiF DHA-DF
) pH R R Gl 2G s, 838 2~5 Y DHA-DF #4584
TENNAEALBR R , 287 DLS Z5 4L (181 2H) /R , 4 MES Ab 35
DHA-DF RiA% BE T (2R E 8N o F iRl S, 7e iR 1 31
i, DHA-DF () SE W R 5 9 A% 2 1 53 i BOCHOR AR U
A DNA S 4EFRE5H KU RE e 4 o
2.3 DF#y#& At

13k DOX i DNA 94K A8t (28 M T (0 (B 3A) , B
5 DOXAHML Y S A1 L 7E 233 nm F1480 nm 2L 45 57
PE IS 4 ([ 3B) . CLSM WL%E FITC-DHA-DDF (& 3C) , $%
T AR LT R S . A& 3D TR, DF 7ERSAE AT (1 h
W) BIAT 5¢ B DOX 1266 48, Ho b DHA-DF iy DOX 1 0%
9 (59.96 £2.64)% , 1= T JC 2k 25 )7 5] HA-DF [ (34.49 =
4.19)% . DHA-DDF ) DOX 45 H (& 3E) {78 : DHA-
DDF7E 4 5544 T (pH=7.4) BEWEa T , 48 h BITRCRIUCH
(8.33+0.69)%; FEFRYEZME T, DOX REPLH B, 48 h Bt
BRI IK (86.19 £2.69) %, Mn* fEBR M 440 #1465 DOX
AHLR R 2 (I 3F) .
2.4 DHA-DDF /AL ROS 4 A&,

T8 23 46 DPBF (4314 #E 5K 5 Bt ROS (1977 1t (81 4A) , 7
JC DOX I MnCL, (1 HIIRE , DPBF 2218 754, 15 min P AER

{24 (5.89 + 0.06)% . 7EDOX B MaCLAZLEMEHLT , 15 min
P i) DPBF (¥ 74 #€ 28 43 5l 24 (25.95 +£0.36)% #1 (19.55 =
1.50)%. 1S , DHA-DDF #4k ROS 7 A5 I g )y ¢
55, DPBF I #E % 4 (16.81 £ 0.07) % ; iRk 4 F DHA-DDF
B B M 4k ROS 7= 42 B8 71, 15 min ) DPBF JHFES
(36.41 £0.48)% . #5FFEM , DHA-DDF &R TEH 5 HA
R AL ROS P2 AR Y AE
2.5 DHA-DDF A A feé it

ii & CLSM WLZE LLC 41 ig 5 FITC-DHA-DDF % FITC-
DH-DDF ) 3% 4% 0 (& 4B) , ZE MRl 280444 F , FITC-
DHA-DDF 41 LLC 4 ifd 3 1 ¢ 5% {5 5 58 & & T FITC-DH-
DDF 4 , & # FITC-DHA-DDF 5 LLC 40 il B 5 5 110 % 5
o KLU A AS1411 551 /9 DHA-DF EAT 45 11
SRS LLC 40 iRy BE
2.6 DHA-DDF B R 4549 £ M40 %t

fifi I CCK-8 3251 46 1 28 DHA-DDF 5% DOX 4b 2 J5 fiY
L6HBE 4 jfd i #: (|81 4C~E) . AH [F] ¥ & 4 14 &, DOX X
16HBE 4 i 75 14 B2 i 5 i B &, 1 DHA-DDF X} 16HBE 4
MOV M/, 7E 72 hiF MR BE SR 8 pg/mL i, 22 DOX 4b
FHJ5 16HBE 21 JitL Ay AH X 240 Jf 3% P A K (0.802 = 0.61) %, T
% DHA-DDF 4b ¥ (% 16HBE 41 M 9 #H X5 4i i 3% 1t
(46.23 £ 0.58) %, 22 5 A g it 5 L (1=36.401,P=0.000) , %
A 3 DHA-DF 2% DOX 1Y JE 2X A8 5 F A% DOX X 1E 4 41
L REEAE T
2.7 DHA-DDF %t A &9 #) LLC 4a i3 75

i F CCK-8 ¥ ¥ DOX .DA-DDF Fl DHA-DDF X%f
LLC 20 it 36 P 0y 52 i (1] SA) , 741 [E] ¥ T, DHA-DDF X%}
LLC 40 fifd 7% 1 (4 52 i W & 1= F DOX Rl DA-DDF (1=3.793, P<

200 300

400 500 600

s WK (nm)
A. DHA-DFFIDHA-DDF B. DOX. DHA-DFHIDHA-DDF 484t A

C. FITC-DHA-DDF 3t 3R 2 g5

(FRRHA100 pm )
801 1007 100+
< 60- S 804 - ) 80
g A £ - pHS.5 F o
3 - = =
> 404 . % + pH7.4 o
/ . s o & g s o s % 40 ;_:: 40
J % a =
20 -=- DHA-DDF 20 20-p
= HA-DDF o053 * .
0 1T 0 T T T T T 1 0 T T T T 1
02505 1 2 4 8 1224 36 48 0 5 10 1520 25 30 35 40 4550 0 5 10 15 20 25
ikl (h) ikl (h) i (h)

D. 4K AE 571 2D OX I ] — %5 2 5]

E. DHA-DDF7EARIFIpHA (T R
DOX I 1] -3 4]

F. pH=5.5%%4 FDHA-DDF
T Mn 2 s ] X3 14

3 DNA#KTER) DOX i KR
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100 DAPI FITC Merge
=
S 2
S i
ﬁ 80~ _m ddH,04H EI
N
E(-‘ —— DOX%H é
= =
fv:é 60 — MnClzﬁﬂ rS
g DHA-DDF(pH7.2)4 2
—+— DHA-DDF(pH5.5)41 =
40 T T T T 1 _
0 3 6 9 12 15 S
i 18] () =
A RIFRIZEAF T DPBFRI T FENS UL B. FL 3 £ BB A K AL 5 LLCANM A5 0L (FRR 100 pum )
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