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[(FE] HmY & — A AL TN ik 84 (sinoporphyrin sodium, DVDMS) | IR780 5 42 5 C 4
(perfluorinated hexane , PFH) i B ¥ - L W2 & (poly lactic-co-glycolic acid, PLGA ) s #l [n] 2 W) R &5 &
YKKL ( DIPP-NPs) |, PEAG HFR A BT, SR 15 L 55 DVDMS [ IR780 (1) W3 [F] 3 58 75 3] /114 YT ( sonodynamic
therapy , SDT) YEFH . Ji1k:  FHMEA WL AL 1 45 DIPP-NPs , % HLiE 47 3L AR 2 4F s SR 4510 B A 4
HECHT 5 9 KL AR A s B/ 75 UG R G PN ARSI B RE 11 5 3806 3 R 4 BB E 4 PP-NPs . DPP-
NPs . IPP-NPs DIPP-NPs 4 i RbiX] 4T1 Z| 9 40 M i (R F M ] BB ) 5 BRER S AR 7 (singlet oxygen
sensor green reagent, SOSG) PR HARIME S =& ; CCK-8 EEPEM HA M Ba e o8 4T1 FLIRIE 40 M 43
AT HR AL Y US 41 .2 DIPP-NPs 41 . DPP-NPs+US % .IPP-NPs+US 4 .DIPP-NPs+US 41 (n=3) , 3@t
CCK-8 JEAG I £5 ZH 20 MLA7 3 5 K PF FL AR S SDT A 5 7 4T 2L W98 oIR8 BB Y 5 9 A BR % AR
20 A US 40 ¥ DIPP-NPs 4 .DPP-NPs+US 41 .IPP-NPs+US £ .DIPP-NPs+US 2l (n=3) , iifl 32 M 4% 41
fr 968 BRI AR o i, T 53 I s AR R/ Jo i 41 o 3R PR LA Y SDT 502K, &5k Dl %5 DIPP-
NPs, AS[A] 5 1408 F W8 S BRI, K /NE) —, Rif% (341, 17£16. 97) nm, B {37 (= 12. 77+0. 88) mV,
DVDMS IR780 {24551k (92. 84+1.58) %  (96. 57+1. 48) % ; DIPP-NPs 244 7 45 B8 5 % H= AHAE
T T N 381 L 728 o e R s ) B 34 G, AR S/ 75 S A5 S L ] P 3 ot e TR s ) S 7 49 5 5
HIIE T RS 7R HG 75 15 5 B 9 KA v 2 T e 1T 498 e 5 JOG G 3R £ 1 B 4% 3] DIPP-NPs 41+ 4T1
24 i J] T (A 4R KR B . 22 1 At 3 405 SOSG AR SN 4 A2 UAG i 45 SR & B8 DIPP-NPs (143 P4 48 ™ o i s AR
P[] A2 T 3G 5 CCK-8 200 it 75 PG I 245 S S /R AN [R] VK i DIPP-NPs & ULB S2 40 B 51 5 (K41 SDT 25 5%
7R DIPP-NPs+US 20 [ 40 O 4715 %% R (56. 04+2. 28) % , B A T DPP-NPs+US 41[ (76.83+1.52)%] .
IPP-NPs+US ZH[ (74.03+2.64)% | , 2 F HA G it2 5 X (P<0.05) ; fAK Py SDT 525645 5 5 /R DIPP-
NPs+US 41 (1) i (A A/ i i 4k 2%k (73. 28 +1. 58) % /(75. 76+3. 49) % , W i 5 F DPP-NPs+US 4]
[ (46.93+4.41)%/(43.50+2.27) % |5 IPP-NPs+US 41[ (47.44+1.27)%/(44.87+4.30)% | , &5 A
AR L (P<0.05) o 8518 Byl & b 8 n] 2 D) g &2 G 48 Kk DIPP-NPs , H 2 AT [ 4/ Bip ]
wang SDT /R,
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[ Abstract | Objective  To prepare the tumor targeting multifunctional composite nanoparticles
(DIPP-NPs) by encapsulating sinoporphyrin sodium ( DVDMS) , IR780 and perfluorinated hexane (PFH) ,
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evaluate their physicochemical properties, and explore the synergistic enhancement of sonodynamic therapy
(SDT) between DVDMS and IR780. Methods

characterized. The changes of nanoparticles before and after ultrasonic irradiation were observed by optical

DIPP-NPs were synthesized via double emulsion and then

microscopy. Ultrasonic and photoacoustic imaging systems were used to evaluate the imaging capability in
vitro. Targeting ability in vitro was evaluated by confocal laser scanning microscopy. The production of reactive
oxygen species ( ROS) was demonstrated by singlet oxygen detection (SOSG). CCK-8 assay was used to
detect the cytotoxicity and synergistic enhancement of SDT in murine mammary carcinoma cell line 4T1. The
synergistic enhancement of SDT in 4T1 xenograft mouse model was evaluated by measuring tumor volume and
weight to calculate the inhibitory rates. Results DIPP-NPs were successfully prepared, as uniform round-
shaped particles, 341. 17+16. 97 nm in diameter and —12. 77+0. 88 mV in Zeta potential. The encapsulation
rate of DVDMS and IR780 was (92.84+1.58) % and (96.57+1.48) %, respectively. After irradiated with
ultrasonic, DIPP-NPs were getting bigger and bigger in diameter under a optical microscope. Meanwhile,
ultrasound imaging results showed that the ultrasound signals were enhanced with prolonged irradiation time.
In addition, photoacoustic imaging results showed that the photoacoustic signal intensity was increased with the
increment of nanoparticle concentration. Laser confocal microscopy demonstrated that there were more
nanoparticles around 4T1 cells in DPP-NPs, IPP-NPs and DIPP-NPs groups than in PP-NPs group. SOSG
detection results showed that the production of ROS was gradually increased with prolonged irradiation time.
CCK-8 assay indicated that there was no obvious cytotoxicity of the nanoparticles and the cell viability in
DIPP-NPS+US group was (56.04+2.28)% , which was obviously lower than that in DPP-NPS+US [ (76. 83+
1.52)%] and IPP-NPS +US groups [ (74.03+2.64) %, both P<0.05]. Xenograft experiment showed that
the inhibitory rate was (73.28+.58) % for tumor volume, and (75.76+3.49) % in weight in DIPP-NPS+US

group, which were significantly higher than those in DPP-NPS+US [ (46.93+4.41)%, (43.50+2.27)%]

and the IPP-NPS+US groups [ (47.44+1.27)%, (44.87+4.30)%, P<0.05]. Conclusion

The tumor-

targeting multifunctional composite nanoparticles DIPP-NPs are successfully prepared, which have a good

synergistic enhancement of SDT effectiveness.

[ Key words ]

sinoporphyrin sodium; IR780; poly lactic-co-glycolic acid; tumor targeting;

nanoparticles; sonodynamic therapy; synergistic effect
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IR780 f) i S5 (A 44 > TR780-NDs 2517 A BF 5%
W] : DVDMS (IR780 Yk R 4 1Y S W], 80 T
i 2 240 M A b A Hh ] P A SO, S U R A
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1.1 £ZEXA 5%
L1 F2H R IR R Gt R
P (PLGACOOH , %4 11, 50 = 50, Fpg f i) ; IR780 A4k,
Y(E[E Sigma 247]) ; DVDMS (5 Je m BHE B A R
A]) s PFH( B2 oA AU BHE A BRA H]) s DIl (B R
AW ATE]) s DAPL(TH L FEAE M) AN R 5 BRSO IRE
(singlet oxygen sensor green reagent,SOSG, 32 [E Thermo
Fisher 4] ) ; CCK-8 i & (ARIALFA R A ) /MR
FLIE 4T1 200 ( FE PR EE R 25 SRR T ) o
L2 FZis ARG AR (Sonic, K [H) 5 #
Jifi s (DF-101, 785 ) 5 562 B34 ( Olympus IX71,
HA) ; 3 47 W B8 (HITACHL, H A) 5 ki 42 I 5t X
(Malvern 22 +], B [E ) 5 S840 AT WG 43 66 BE T (15 e
2500UV-VIS, HAS) ; #0635 & 2 5% ( Nikon 22 7],
HAS) s i =X 40 24X ( Beckman coulter 42w, 3¢ ) 5 £
DEEMEPRIX ( Thermo A7), & [ ) s /NG A BURAX
(Vevo® LAZR2100, iIT&EK) ;{58 B 5 F5 B A IR YT X
(LIFU, # REEFF R 03§ 8 W b)) o
1.2 Fik
1.2.1 DIPP-NPs Byl 5 S RAE B A XFLAL
FAKHL, K 1 mg DVDMS ¥ T 100 wl PBS ¥,
25 mg PLGA .1 mg IR780 /T 1 mL =& e
CHHIAR) s PRI R4 1) DVDMS %53 (7K AH) (PFH %51
(ZKAH) £5 100 L fin 30 e 4 ey A v, RS AR AR
(3 min, 8 5 s {55 s, D3 45% ) HATH 1 IRFLAL; 15 m)
HAMA 4 mL 4% PVA ¥, PR R2AXFLAE (3 min,
S s 55 s, I 30%) ;a5 mL 2% 1) S N EE,
IRAFLBRE 1 4~6 h; ff S P b 2 ke, W
FEKES O PER (11 000 r/min, 5 min) 3 1%, il 45 3K 1%
DIPP-NPs, F 4 CH&MF MAfER . DL LT a 2 IRE#E
W VKB A5 T #47. DPP-NPs (CR#3 A IR780) IPP-
NPs( A7 fin DVDMS) .PP-NPS (IR780 . DVDMS ¥ 7%
Jim 3 BRI A 5 iR R

DIPP-NPs il &5 i M) )5 , PR WL HLAM IR AR 5 O
BE EOGIE R AR BAER E S AR N S HIE S KA
FFAE ; Malvern i A2 (SR HRLAR KIS (LA 431 5 5241
3R I 625 BE AR, 21 55 AP RBOG TS 5 A
WEh 2% ¥k 14 DVDMS | IR780 By 43 3 %, DVDMS/
IR780 {3} % = M,/M, x 100% , M, %/~ 1% T PLGA
gl K i ) DVDMS/IR780 4 5, M, 3275 DVDMS/
IR780 (A Bl o
1.2.2  DIPP-NPs & 51 75/ 7 A% 55 1 ¥
DIPP-NPs( 1 mL,1 mg/mL) I A BE A B J5 #5478 A

FRIR(3 W,0.60,180,300 s ; f FRASFAR Hfa A< 52 56 2 Bk
BEWFFEHEE ) , 8 T S e SR Kp AR 1k, /7=
UG RGP ARSI 75 L5 R 7, DFY - 11 AU 7 ]
185 B3 A A A S IX R SR

¥ DIPP-NPs (200 wL, 1 mg/mL) Jill A ¥ Ji i 1
J& , 6 R R GEAT A P K (680~ 970 nm ) F4, HEHL
P B e R AL XoF 1 38 PO WUk AS [l vk B2 DIPP-
NPs(0.5.1.0,1.5.2.0.2.5 mg/mL) , R4 575 &
1% I B SR SR
1.2.3  DIPP-NPs {RSMB m] 5000 KAk T X5 B0 Y
4TI Z40Ha(1x10°/ ML) b T IR FERE IR, 24 h 54
W53 AT 4 41: PP-NPs 41, DPP-NPs 4 IPP-NPs 4
DIPP-NPs 2l #%2H il A % (50 mg/mL, 1 mL/[IL) Dil
Pric AR KR, 5 AL 57 4 h 5, PBS 2k Bk
Ve BB A ] I ARRL, 4% Z R F K 1 mL [ 3 201
15 min, DAPT L} 200 pL JL 4400 4% 15 min, 06
IR A BB UK 5 UM 45 B 1 DL
1.2.4  DIPP-NPs {45 PE R 55 56 FH SOSG 1E
ML E IR RA . # DIPP-NPs(1.2 mL,100 pg/mL) |
SOSG BRI (0.3 mL) \PBS( 1.5 mL) 784MR4T, 1R
B H AR (3 W,0,15.30,60,120,240 s; 7
SRR A S 0 3 BEAE B SR 3 22 ), 2 o 6O e it
1E5% 500~700 nm I SOSG 2R .
1.2.5 DIPP-NPs W2 st S HAR SN 2y 11697 58
B 1E5%C0, .37 CHFEA T DMEM 58 4 3 57
F(10% 54 M3 1% W) K% 4T1 4, S50 35k
FHXPEOWAE K400, F 4T1 400 (1x10°/FL) P F
96 fLtk 1,24 h J543 0 6 4, B4 3~5 DAL, &4
A G (200 WL/ fL) ARk EE DIPP-NPs 15 77 Hoffi
FEW(0,20,40.,60.,80,100 pg/mL) , 5 40fHE L4557 24 h
J& A CCK-8 7, 4k 285 5% 1~4 h, Z I REEGHRAY
A 0 3153 4 MO AT 2%

¥ AT1 41 (1x10°/FL) #2280 F 96 FLAH,24 h
JE4r AR 6 4 BT B4 AX US 4 {{ DIPP-NPs
4 . DPP-NPs +US 4] . IPP-NPs+US 4] . DIPP-NPs +US
W, A 3~5 MR fl. K4 mAEE (50 pg/mL,
200 wL/FL) AHR 24 KA G 4T 8 P R R (3 W, 30 s;
FERR A AR P AR S 0 = R AR SR ik ) . TR IS
2 h A CCK-8 i 4k 215 57 1 ~4 h, Z I RERE R X
A 0 3153 4 MU AT 2%
1.2.6  sh¥ Ry e~z % DIPP-NPs [ {4 N 7 8l )
RITCRE HEE6~8 SRl MEME BALB/c /MR (16~
20 g) 18 H ¥ 4T1 423 (1x10°/mL) f2 F i 4 F
ANERA ISR (0. 1 mL/ ) 57 ey 9 BRRERY, 15 i
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RBUC E 2 100 mm® | FH TR 8 13RI P9
18 Hpipsa/INR A AT 6 4 (n=3) : FHEXT ]
41 X US 41 {1 DIPP-NPs 41 DPP-NPs+US 4 IPP-
NPs+US 2 DIPP-NPs+US 4, 4% 2H £ )& i Dk 1 5 45
(3 mg/mL,200 wL) AR gK b a4 FRER K )G 24 h,
FRUVRR TR 700 (0 A8 75 43 X 98 SR S 2 01 7 7
HHRIR(3 W, 3 min; §57 B PRAR P A 52 50 =5 RE AT 5%
W) . LRIRIF A 3 RER 1K, Mg R fA
2 Ridsk 13K, %S 16 dy B RF (mm®) = (4122 x
KA2) /2, WIS, SRR SO R L s 3

Yeit F oA
KT SPSS 22. 0 Gt #icffe THREBORL xxs
TR, PR R HUBER FHER PR AR S 70 AT , ZREAS I B LR
PR TT 2250 M, PHEEL ) 1k — A5 HL R LSD-t £

1.3

2

Ko P<0.05 Ry HA G o
&R

DIPP-NPs #9 3k A 22 4 Jy

B il %5 DIPP-NPs, PR IR 00 % 5 55 4 6 7L b 1)
(B 1A) B8 T RN — o3tk R & (& 1B) 5 306
IR BB T DIl ARiC %) DIPP-NPs 31—y 21 4
WKL (& 1C) 5 S LB T 2 BIBKIE (K 1D) 5 ByJR3C
RARACN AR R AR L HL A7 43 51 R (341, 17 £16. 97 ) nm
(Bl 1E) ((-12.77x0. 88) mV (& 1F) ; 24P IS5
& i 71 : DIPP-NPs T 405,795 nm b & 0 T 1 M4
FEW W (& 1G) , BB DVDMS [ IR780 jif ot #k T
PLGA ZfKpi s #i24f DVDMS (IR780 1 25 4 IS ' ik
E(F 1H . 1) 2% DVDMS [ IR780 A4 hx i il £& o] 15 7
T4 H:y=0.093 2x+0. 021 9,R*=0.998 9 y=
0.320 3x-0. 183 3, R*=0. 996 2, &% J5it & 15 3|
DVDMS . IR780 ) £} % 43 51| 7 (92. 84+ 1. 58) % .
(96.57+1.48) %,

2.1

50 pm
3 50 20 000 h
g “d | S 15000
— 30 = “
& R 10000
i 20 i [ \
i Eﬁ 5000
=10 H }
0 0
1 10 100 1000 10000 -100 0 100 200 F
kit /mm LV /mV
12 — 1.0 1.6
— l‘jree DVDMS — —2 pg/mL
f== Free IR780 —4 pg/mL 1.44 t—4 pg/mL
1.04 — DIPP-NPs — |6 pe/mL
0.8 6 pg/mlL
— PP-NPs 8 /L, 1.2 l—8 pg/mL
— 10 g, 10 pg/mL
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P mm

500

400 300

600

P /mm

600 700 800 900

Wkemm
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H

A s 2 K A ISR A £ B A 4% K 5 PP-NPs IPP-NPs .DPP-NPs DIPP-NPs; B DIPP-NPs #) 545 [ ; C: DIPP-NPs
o bR E B4 A ;D DIPP-NPs #9544 & 47 A ; E. DIPP-NPs 49 4342 5% ; F: DIPP-NPs 9 &, 45 5 A ; G: R F
YR A/ A A R SN BOKOR 3 B s H. DVDMS 69 % sh BBk 3 B 5 T: IR780 69 4 sh SOk b3 B

1 DIPP-NPs By E 7 T8 44 14 &R
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2.2 DIPP-NPs #9148 %/ % % mAR bk

JEEE T W2 2] I 5 P e R () 1) RE 4, K o
DIPP-NPs %46 Ry it , H B A2 i 7k /9 300 nm A2
A2 20 wm A2 A7 (& 2A) 75 BUAR 45 2R 0 s H:
[ 75 {55 it s PR [R) 28 i 1 ik (1 2B) , [l 7 0 i 1
ST aE RS BB AR — 3 (& 2C) s b A R 45 R 2
7, DIPP-NPs 172K 45, T 795 nm 40 UGS
(EERBKME, 75 N=795 nm PIEOCH IR, i (55 b
DIPP-NPs ¥ BEZRPESG I (1] 2D) , S5 {5 5 o it 4 it
SRS EBE R —B(E 2E) . DL Eg5 R B] DIPP-
NPs HAT RAFHEE S OG5 R me 1.

P IR Tl /s

2.3 DIPP-NPs X5 4T1 %n L6 4k b 25 4 L

5 4T1 40 3E853% 4 h J5, PP-NPs 4 0] WL YLy
21 M AZ JE) B A W /D 5 DIl AR ic B 21 (8 9 KRR 4R
Il DPP-NPs 4] ,IPP-NPs £ , DIPP-NPs ZH 4 Jifd #% J#] %]
P LR i 21 g Kok R 4L, H DIPP-NPs 4 Ji [H] 1Y
LRk T HABPIAL (B 3) . 45 R KW DVDMS
IR780 %4 4 B F 44 K ki £ b 53 41 M 19 £% L, 24
DVDMS \IR780 1 & /E FIET , S HUE FI 3 8
2.4 DIPP-NPs t9 /R iE A= AR

Vifi 5 H8 7  BEAST [B] (1 ZE K, 1% DIPP-NPs [ SOSG
PR BV T ) 9 G o B B i e o (16T 4A) o R AR 1Y
TE A B £

CEUS Mode

207 OB Mode
I CEUS Mode
15
=
o
=30
LR
2 s "I
0—=
0 60 180 300
T P A R 1) /s B
4—

DIPP-NPs ‘Z{?f{l_/mg'm]fl

0.5 1.0 1.5 2.0

il

T
1.0 1.5 2.0 2.5
DIPP-NPs ¥ % /mg * mL™! D

A: R FIA P 43 B EAF T DIPP-NPs 694k 9140 T RABLILIZ A AL 5 /38 % A% B: R FI A2 5 43 P 4 #F T DIPP-NPs 4%
IA P/ R AR E AT (n=3) ;C. R K DIPP-NPs 894k 5h K 5 A% ;D R Bl iR & DIPP-NPs & /R 5h 5 7

BRGEF AT (n=3)

2 DIPP-NPs {J1HZE (KIMNBFE/ KB R GEREEN T
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i ;B DIPP-NPs # 28 i &1 (n=3) ;C. DIPP-NPs #4/k 9} %5 3 77 & 77 2 B
1. PR BB 205242 US 225342 DIPP-NPs 28;4 DPP-NPs+US 225 [PP-NPs+US 226 DIPP-NPs+US

20 ;a:P<0.05, 5 A Mt 4Lt 4z ;b P<0.05,5 DPP-NPs+US 41kt 3% ;¢: P<0. 05,5 IPP-NPs+US 48 b4z

El4 DIPP-NPs piksMNEE“E

2.5 DIPP-NPs &) &m i &P BARSS = 3 1 o 97 2R
YRS R R (K] 4B) (4T1 4l 5 A Rk

DIPP-NPs 3557 24 h J&5 , 40 M A7 15 R 35 JC B I BEAIR,

W] DIPP-NPs HA 30 5 9 A W& ek, a7~ —
Mwaazﬁm{ JP45 R R (B 4C) A US 4 Y

RSB REINE B G R ITEMN

DIPP-NPs 2] (4 4 470 R 5 BP0 R 2 b A, 22 5
GeitoA T X, R FAAlE P R IR L gl DIPP-NPs 33047
W S5 FF) 40 0 7544 ; DPP-NPs+US 41\ IPP-NPs+US 4 5
BATEXT RZH LA, 22 5 B G274 L (P<0.05) , %
] DVDMS \IR780 4 3 (9 SDT il il ¥ b 98 4 e #) A=
K it Ah, DIPP-NPs +US 415 DPP-NPs+US 4, IPP-
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NPs+US i i, Z R B A G % E X (P<0.05) , 3%
H1>4 DVDMS \IR780 BX & 1F A, SDT A A4 % .
2.6 DIPP-NPs 94k 3 5 ) /178 97 2R

B X B AN US 41 . { DIPP-NPs 20 X Jif 9 4=
KICH B2, 22 R A BA G248 L R R A s
AR gl DIPP-NPs 3 A W S (% Bt Jib 983 3% 1 ; DPP-
NPs+US 41 . IPP-NPs+US 4] 5 AP X} B 4 Lh 4, 25 5
HA G257 L (P<0.05) , 321 DVDMS . IR780 4+ &
(9 SDT 4114 7 fif 8 1 2 K ; DIPP-NPs+US #5 DPP-
NPs+US 4 . IPP-NPs+US 4l %%, 25 B A S it %=
(P<0.05) , 728024 DVDMS . IR780 B:44E AR, SDT
YEHIRESR (ELS) .

3 Wit

AR, B AE X SDT IR AT, R 8 2 4L
J s ORI e B A T . DVDMS AR TRk
Wk B8 14— A B, FLAb 2R Sl Ry 98. 7%, 7 3
PG 5 T I P b R FR AU TRE ( HMME ) 45 H: A P bk 437 A=
Yy, B KSR B R UM B R R AT R
il b, TR P E B RO IRT80 4
LA g L e P 2 S A R HE B o) 1 5 e 40
o R A7 A X A e s A e o R 1A LB T
FAZIRZ IR (OATPs) %71,

Z LAWY )R &, A ST A i R A N

12007 —e- pptnt 1A

10007 :g ;?P%an 4
800 —F DPP-NDs+US 4]

——[PP-NDs+US 4]
600-] “©-IDPP-NDs+US 4

e A mm?

400
200

0+ T T T T T T T 1'
2 4 6 8 10 12 14 16
s Ia]/d A

= 041 be

Kk DIPP-NPs, DIPP-NPs 148 4] & i 522 80 SURRIE T
Wil , B il 6 12115545 3] DVDMS (TR780 fiY £ 3 %
A3y H (92, 84 1. 58)% . (96. 57 £ 1. 48) %, i W
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