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Ultrasound responsive nanoparticles for ultrasound/photoacoustic
imaging guided sonodynamic/starvation therapy of
colorectal cancer in mice
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[Abstract] Objective To prepare ultrasound responsive nanoparticles (NP) TPZ-GOD NP with zinc porphyrin (TPZ),
glucose oxidase (GOD) and perfluoropentane, also to evaluate the effect of ultrasound/photoacoustic imaging and mediating
sonodynamic therapy (SDT)/starvation therapy for colorectal cancer in mice. Methods Ultrasound responsive NP were
synthesised by using a film hydration method with TPZ and GOD. The properties of TPZ-GOD NP were assessed, and the
release amount of GOD assisted by ultrasound irradiation was evaluated. The intracellular uptake of CT-26 cells co-
incubated with TPZ-GOD NP were studied with flow cytometry after various intervals of incubation. The cytotoxic reactive
oxygen species generation of TPZ-GOD NP after ultrasound stimulation were observed under fluorescence microscope. Both
in vitro and in vivo enhanced ultrasound/photoacoustic imaging performances were detected as well. The effects of SDT,
starvation and the combined therapy for xenotransplant model mice were observed with ultrasound/photoacoustic imaging
under the guidance of TPZ-GOD NP. Results TPZ-GOD NP were successfully fabricated, showing homogenized size
distribution, the average particle size was (262. 104-62. 92)nm. Upon ultrasound irradiation, the release of GOD increased
with time. TPZ-GOD NP could be phagocytized by CT-26 cells, and a large number of cytotoxic reactive oxygen species
could be produced after ultrasonic irradiation. Liquid-gas phase transition occurred to enhance the effect of contrast-
enhanced ultrasound in vivo and in witro. In vitro photoacoustic imaging showed that the photoacoustic signals of TPZ-
GOD NP increased linearly with the increase of concentration. After injection of TPZ-GOD NP into the tail vein of mice,
the photoacoustic signals of tumor area remarkably enhanced. CT-26 cells were killed after the treatment of SDT or
starvation therapy alone, while the killing effect of the combined therapy was better than of single ones. Conclusion The
successfully prepared ultrasound responsive TPZ-GOD NP could be used for combined therapy (SDT/starvation therapy)
for colorectal cancer in mice under the guidance of ultrasound/photoacoustic imaging.
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(# ZE] BM 68 UR Sk eE (TPZ) 4 8 A AL (GOD) 5 4 J5UN e 11 88 75 i 1o 14 4 K 2+ (NP) TPZ-GOD
NP, Al H A /O 7 WU 2 B4 % SR B A 575 3 13697 (SDT B S WL IA YT /D BUAS B iR . A5k LATEIR K
bkl £ # TPZ K GOD ) NP, W% TPZ-GOD NP AR , L8 A3 566 B TG I 48 75 4 B T B GOD 2, L3R
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7 8l 711897 (sonodynamic therapy, SDT) JG4 .
PRAE TR | 75 2 2 3 B R O i e ) L 2
FIARTT R AV R 1 S 5 R AR A kA B3R T
O3 A TC s BIARA AR, ek BEL D % N o e g
240 HL Ak T DLARER 25 B R BT R AT I R E SR, B
EAEMER TR R B L AT T B H AT A
AL SRS AR TT R N 4 T AR BN R S AR 2 1R
BB ARBFSE ANk AE (zine porphyrin, TPZ) /5
7 24 08 SE (L (glucose oxidase, GOD) %%k T g i
PP, i £ 88 75 me B Pk 94 K KL - (nanoparticles, NP)
TPZ-GOD NP, LI 52 B 7 /06 7 BB 285 1818 51 %
T BRE YLVEIR T /N A B .

1 MRERE

L1 F=EIY e 5M8E 37 R IJoH & W ik
(specific pathogen free, SPF) 2 M4 BALB/c /N,
4~6 JE % AR 18~25 g, B 5 R BE R R 505 3
Py ARG G 3% TR IR 37°C B 40%~70%
W DL IBImE W 12 h, A R E 510K,

k& M mE W MR BE MR AR ( dipalmitoyl
phosphatidylcholine, DPPC) , — fif i ik 5 i fig W £ I -
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F 4R Bk 5B 20 5 2000 (distearoyl phosphoethanolamine-
methoxy polyethylene glycol 2000, DSPE-mPEG 2000)
JOEL 51 st (9 22 i R A= ) Bk A PR A 7)), 3,37,5, 571
FA FLBC AR % (tetramethylbenzidine, TMB) , BAR i 4 1k 4
fit Chorseradish peroxidase, HRP), 1 14 48 2¢ YG K &1 27,
TR A KO R DL M B (20,70
dichlorodihydrofluorescein diacetate, DCFH-DA), GOD,
TPZ K45 % b (perfluoropentane, PFP) (Sigma) , =& F
Bt C R AR AL T A BR 2 Rl DMEM 41 Jfg 55 57
(Gibico) . JBRE (11 3 5 KA Y H A RAFD . 4 i 1t
%1855 &-8 (cell counting kit-8, CCK-8) (Dojindo),

i B 28 R AN C b T S0 2 A A AS A AT BR A W), P 4R
1 (Sonic) , Malvern Zetasizer Nano ZS90 ki 42 il &
8. Hitachi S-3400N i 4t 1 52 1%, BD it X 41 g 4%,
UV2500-VIS 25053060 BE T, 1o B2 5 4l A (PR
BERL R 2 o 7 R A BEHD | Esaote 2 Wil 7548,
Visual Sonics Vevo LASER Y67 B8 4% .
1.2 4 TPZ-GOD NP 3 J # JB K 1k 2 il #%
TPZ-GOD NP, #§ 12:4:4:5 Wil DPPC, DSPE-
mPEG 2000, BB [ B2 & TPZ i fit T = S B ke i 7 b
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50°C FHERZR K 2 h, Ff B IS BE I N I A 48 (6 5 75
JIMA 5 ml #8582 £ 2% W & (phosphate buffer solution,
PBS) P8 JiS B i BT s T K 2% 1 T R S Ak 200 pl
(5 mg/ml) GOD Fil 200 ul PFP, Jj 3 100 W, B [A]
2 minCTAES s [A1BR 5 ), 2 J5 8 Hom A b iR g 5
Wb gk s 2L 4k 3 min, Dy (R Y. DAAK TR B0 P B 0
5 min (5 000 rmp) , IWHE | % H ) TPZ-GOD NP,
1.3 KeDEAM T LU S SIS TPZ-GOD NP
JEAS VB R . DL T JR SO R B SRS I R A% 5 A
UV-2 500 848006 BRI TPZ 5 GOD Ry M Ik
i 2wl M S FR M £k .3 TPZ 5 GOD [t &t
RE#H R K TPZ.GOD 5 TPZ-GOD NP %84}
W . R TMB 358U TPZ-GOD NP 1 GOD
Wk el pH 5.5 BT BR -G PR A 22 vh i .1 mg/ml
() HRP 7K % % . 10 mmol/L (%) 75 % 4 15 W DL & &%
10 mg/ml 4 TMB — H & WX W, #% 2% v i . TPZ
NP/GOD/TPZ-GOD NP,HRP., TMB, #;j % #% (1 i /¥
RO E R, IR FRE R = 96 LR,
SR I AR AL 2 TMB W% A, il £ 1) TPZ-
GODNP & T EPEWN,.UMHHBIIE 2 W/em’,
$i#% 1 MHz) ,200 kDa 325 7 B it 8 %5 W W 48 WA 5
SR 58 A1 43 06 0 BE T A6 I JFE W ' B A L T B3 AS (] B )
BT GOD ) 23 B il . 4 GOD 259 BTt 4% .
L4 4 FwEfEH RIS R4 B ke CT-26 40
o J T Ak %o B0AE K B A0 L O DL 1 X107 A/ FL I vk
JEHER T 6 FLAN . 24 h R 3 B AL B FR 3 A
W R 1 mg/ml Dil &4 f) TPZ-GOD NP JG IfiL i 5
TR ARSERE R 1.2.3.4.24 h, 7 B EE Y Ak ik 4E 40
e, A9 X 4 B A 4 A

1.5 PRAMEMESEKI g sEfh + 6 fLAR 24 h )5,
B H Ay ol xt B4 B8 S 4, TPZ-GOD NP 41 J2 TPZ-
GOD NP+ A A, aulmfa 2 e im A TPZ-GOD
NP % (1 mg/mD % 3.5 h J5 M A DCFH-DA &
WAL F 0.5 h, KL PBS % £ LA B TPZ-GOD
NP F1k #F A 40 g N 9 DCFH-DA, 1 %F # 75 41 &
TPZ-GOD NP8 75 28 jifii fin #7548 |/ 30 s, L9t i
Tl AR 25 0GR

1.6 &4 SDT BCEYUHRIAYT IO $i2E < 10 48 g
1X 10" A4/ FL A e B 32 R T 96 FLAR PN & 45 41 i 43 A XoF
MRZH EE A 2H . SDT 4 YL IG 97 Sk G iR yr 4l .
A5 A AL, FEA LN ML 2 80% J5 . %t SDT
HimA TPZ NP, YLH G IT 4 B G iRryr A ¥m A
TPZ-GOD NP % (1 mg/mD . & 4 h; L PBS ¥k

UM 3 W . X M A A SDT 20 K B & 3R 7 41 it Jin 48
PR 30 s A CCK-8 ¥ T, K60 45 4 4 M v 1 . 55
W I TR AR R A AEK 2 7000~
80 %6 T~ AH [F] b 38 J5 i A 55 B % 3R/ Ak ik mE e et e
o, FROGHERE T WA A6,
L7 RSN SCRE RER ¥ ARk E TPZ-GOD
NP(100,200,300,400,500 pg/ml) 5 A BE I
R IR 30 s, 2 JF R A & 72 (contrast enhanced
ultrasound, CEUS) E 1%, ¥ TPZ-GOD NP & %
(2.5 mg/mbD i A EE AL A, 47 0% 7 OB A 4 i K
(680~970 nm) 4, KM EAL B A WK, AR E
TPZ-GOD NP(0.5,1.0,1.5.,2.0,2.5 mg/mD & & .
PIRS A8 W B 100 ] 2 058 e B AL v, D) i A 9 K 0
HEUIR SR SR AH N ok B 6 75 IR L 2 43 BT RO OGS
EREEP
1.8 BEAVH A B AR NS /6T iR IR X B A K
W1 CT-26 4 M0, DL 0. 2500 R A Ak J5 B 0 . B
0.1 ml 40T B (29 1X10°4Y) T/ BT &8 je R 55,
i Z W s o PR AR AL 25 100 mm® B, LA Esaote
AW IR 7 MHz L5k R g (R
B, 3 HUNER 2 B ik i 200 pl TPZ-GOD NP
VWL (5 mg/mbD , 75 R IF B 2047 9 CEUS., 55
B3 HUNBRAT R O A iU 4 T 2 R KO S
NP i J& R 4R g 6 g 1A
1.9 &N SDT BKEYLHIATTY % 6 /N #Ik i
4 DIR %264 kbR TPZ-GOD NP ¥ #i (5 mg/ml) .
FHHHF 0.5.1.2.4.6.8.24 h 2 HR Bk P Bt i ok B Af.
M DIR 2% 565 B . 2 i 1R P9 i v A% 3 il 26, 11 5%
TPZ-GOD NP £ #], 8 h J5 &b HE /N B, 1) B 98
N1 NN TN = S A = N T

P H A 26 RBHE /N EBEHLST N 5 2H (n=5) , [A]
1.6, &RE#EIKES TPZ-GOD NP(5 mg/mD8 h &,
XJ R A 2 SDT 21 R A A 7 20 LA P e B/ B g
X3 10 min, (BB 5 K 8 &, 1 (8] W50 /)N B 2 5
AR, 15 K5 AL FE /N BT 31 25 g, k) i Jm
17 HE &7,
.10 Seit2gar e KA SPSS 22. 0 G840 #rdk 1
Phox£ s R ih i GEoRk, g IR b A R B WGl ST RE R ¢
K, P<<0.05 NZESFHGI¥E L.
2 BR
2.1 TPZ-GOD NP JAMIR B4 HE T TPZ-GOD
NP 2 5k, K/ — (B 1A, F ¥ ki 42 (262. 10 +
62. 92)nm; HH TPZ A3 (76. 834+6. 07) % 4R 2 =
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(14.78+£1.16) %, GOD {5 K (14. 67 +3. 01) % . 5k 24
(0. 564+0.12) %, TPZ-GOD NP %84 Ui 1% A] W,
ANMIEME (257 nm 5 425 nm 40, Bl TPZ-GOD NP i)
2 TPZ M GOD (K 1B)., F 1% % & W W GOD #1
TPZ-GOD NP % S 30 i #5517 TPZ NP 3 3t
KR (8 10) 5 GOD F1 TPZ-GOD NP i TMB OD
{7 (E 1D) . 8 8 B J5 TPZ-GOD NP B it GOD
TG B TA] G 25V BE RS, T 240 s TR
WEAE[(78. 60 4. 62) % 1,300 s J5 & W F-Ra [ (77. 52+
2.8 % J(E 1E),
2.2 MMEWEMEN DI &M TPZ-GOD NP 5
CT-26 4 g I [R5 5 /5 40 ML N 2885 5 Bl o . 4 h

1.0

TPZNP. | GoD qTZ-GOD P
08 GOD |
e S TPE L ' ,
= g6k  —— TPZ-GOD NP
b
= 0.4

Ja D B A B {E (58.95+6.44)%,24 h J5 &
N ERN

2.3 ARSMEEAR I SO0 WA T UL A Ok S
TPZ-GOD NP A4 K it 4 g 35 PR 06 P 4, 2 ] B 4
%t TPZ-GOD NP 41 7] WL 55 2¢ )6, Hoay 2 4l LG
RN 2) .

2.4 &4 SDT BE& MUEYLEIAYT  CCK-8 454
IS ER R IR L BCA VA YT LA AT R A T A
B (P <0.05), WA 3, #MOLIL R & ME T W
IR0 7 4 40 Jf 52 20 655 O, BB M T /3R 58 ; SDT
H 5 YU IA TT 20 WA 2 4 40 9 't 5 X I 2 K e P A4 2
il 5 e 0,5 (B 4D

(;u{_\ : L e :
250 300 350 400 450 500 550 600
4 (nm)
1.0F 100 -
; - i
0.8 20+ —— Ffaf 3
0.8 E‘: 60 F
3o = B 1 TPZ-GOD NP HAMER A
%2 S a0k EH B B SRR C.
S GOD B & 1 & 1 s D. GOD i i P I
X
i 20t BRI s E. B ORI TPZ-
§ GOD NP 1 GOD 24 ¥ B i it £&
TPZ NP GOD TPZ-GOD NP 0 60 120 180 240 300
IR [ (5) (1E]

A

B2 JOLRMET T WK AEEA A XA

; BO#A4l; C. TPZ-GOD NP 4 ; D. TPZ-GOD NP+ @ 4
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0.05), WLIEL 7, ARG BG4 TPZ-GOD NP 5,
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FEHTTPZ-GOD NP FERITPZ-GOD NPJ5
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5 B B 2 A A M LA AR KT GOD X B-D- 45 i L
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B ) 1 IV BB IR YT
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N 17T A 5 b 96 200
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75 1R N B 0N 3% 3o I R I P R TR B L 6 R R TR
SEHL SDT s “ 7 BUM AR " 7= A U i 3 s 75 (5 5 R
W ST R GOD i sE B SDT. B A & vl 4 R ik
I7 N AN L A58 ) £ 0 7 S0 K il R 38 T Ry ol s/
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