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[ Abstract | Objective To prepare multifunctional nanoparticles targeting thrombus, and to explore the physico-chemical
properties, targeting effect, photoacoustic imaging ability and thrombolytic effect of the nanoparticles. Methods cCGPRPPC-
DiR-PFP-PLGA nanoparticles (TNP) were prepared by double emulsification method and modified by carbodiimide
technique, with poly(lactic-co-glycolic acid) (PLGA), near-infrared fluorescent iodide (1,1’-dioctadecyl-3,3,3",3’-
tetramethylindotricarbocyanine iodide, DiR), perfluoropentane (PFP) and cCGPRPPC cyclic peptide. The morphology, particle
size, zeta potential and polydispersity were observed by optical microscope and laser particle size analyzer; the encapsulation
rate of DiR was detected by ultraviolet spectrophotometer; the conjugation of cyclic peptide with nanoparticles was detected
by confocal microscopy and flow cytometry; the targeting properties of TNP were observed by confocal microscopy and
fluorescence microscopy; the imaging ability of TNP was analyzed by photoacoustic imaging experiments; and TNP were
used for thrombolysis in vitro and in vivo with low-intensity focused ultrasound (LIFU) irradiation. Results The particle
was round, the size of TNP was (262.67 +23.46) nm, the zeta potential was (—1.97+0.68) mV, the polydispersity index
was 0.06+0.05, the DiR encapsulation rate was (82.00+0.03)%, and the conjugation rate of peptide with nanoparticles
was (99.58+0.47)%. The photoacoustic signal intensity of TNP in vitro was concentration dependent. TNP could target
thrombus both in vitro and in vivo. In vitro, the thrombolytic rate was (71.43+1.00)% at 30 min after LIFU irradiation. In vivo
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thrombolysis experiment, the photoacoustic signal intensity of thrombus decreased with the prolongation of LIFU irradiation

time. Conclusion Thrombus targeting contrast agents, TNP, have been successfully prepared, which exhibiting photoacoustic

imaging ability and thrombolytic effect in vitro and in vivo.

[ Key words | phase transition; photoacoustic techniques; therapeutic thrombolysis; theranostic nanomedicine
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1 c¢CGPRPPC-DiR-PFP-PLGA K4l (TNP) HIRAE
Fig1 Characteristics of cCGPRPPC-DiR-PFP-PLGA nanoparticles (TNP)
A: Photograph of nanoparticles suspension; B: Optical microscopic image of TNP before LIFU irradiation (400 X); C:
Optical microscopic image of TNP after 1-min LIFU irradiation (400 X); D: Optical microscopic image of TNP after 3-min
LIFU irradiation (400 X); E: Size distribution of TNP; F: Zeta potential distribution of TNP. DiR: 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindotricarbocyanine iodide; PFP: Perfluoropentane; PLGA: Poly(lactic-co-glycolic acid); LIFU: Low-intensity focused

ultrasound.
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Fig 2 Ultraviolet absorbance spectra of DiR at different

ﬁlto ‘bﬁﬁélﬂ H@/ﬁ(ﬁw\l“ g:lg% ( IE 3D ) E‘/j—:\‘, TNP E(J concentrations
FITC & GHEN %8 (199.584+0.47 ) %, DiR: 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindotricarbocyanine iodide.
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Fig3 Confocal images of nanoparticles and flow cytometry results

A: FITC-labeled cCGPRPPC peptide (400 X); B: Dil-labeled nanoparticles (400X); C: Merged image (400 X); D: Conjugation rate
of FITC-cCGPRPPC peptide with nanoparticles analyzed by flow cytometry. NP: DiR-PFP-PLGA nanoparticle; TNP: cCGPRPPC-
DiR-PFP-PLGA nanoparticle; FITC: Fluorescein isothiocyanate; Dil: 1,1’-dioctadecyl-3,3,3°,3 -tetramethylindocarbocyanine
perchlorate; DiR: 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindotricarbocyanine iodide; PFP: Perfluoropentane; PLGA: Poly(lactic-co-
glycolic acid).
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Saline-PLGA nanoparticle

cCGPRPPC-saline-PLGA
nanoparticle

N

o~

TNP
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RTMERBILT, SRR E IO, TN ALiis
UKEYI R E ] MEERIRRAL . GO0 AR 0,
POFS, HhGEsO L Ot R 5%, WK 4.

FITC Merged

B4 HEEEMBRBEIIMSE@ER (200X)

Fig4 Effect of targeting thrombus in vitro observed under confocal microscope (200 <)

NP: DiR-PFP-PLGA nanoparticle; TNP: cCGPRPPC-DiR-PFP-PLGA nanoparticle; TD: Transmitted light detector; Dil:

1,1’-dioctadecyl-3,3,3°,3 -tetramethylindocarbocyanine perchlorate; FITC: Fluorescein isothiocyanate; DiR: 1,1’-dioctadecyl-

3,3,3’,3 -tetramethylindotricarbocyanine iodide; PFP: Perfluoropentane; PLGA: Poly(lactic-co-glycolic acid).
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cCGPRPPC-DiR-PLGA ZHK A 28 % i 4 o 1 AT 2
RO NS A KM, 2R TGIT¥E X
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P 0 . . . . .
= 5 10 15 20 25 30
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Wavelength/nm & 6 FEIATE S TNP HEIMNERELER
B 5 TNP BRSNS Fig6 Thrombolysis rates of TNP irz vitro at different time points
Fig 5 In vitro photoacoustic imaging of TNP "P<0.01 vs saline group. n=3, x*s. TNP: cCGPRPPC-
TNP: cCGPRPPC-DiR-PFP-PLGA nanoparticle; DiR: DiR-PFP-PLGA nanoparticle. DiR: 1,1’-dioctadecyl-3,3,3°,3’-
1,1’-dioctadecyl-3,3,3”,3’-tetramethylindotricarbocyanine iodide; tetramethylindotricarbocyanine iodide; PFP: Perfluoropentane;
PFP: Perfluoropentane; PLGA: Poly(lactic-co-glycolic acid). PLGA: Poly(lactic-co-glycolic acid).
Bright field Fluorescence Merged

NP oy - I
A ‘. D o &
- - } IIIIIIIIIIIIIIII

B7 WABRIEVURMEAMEEEELR (40X
Fig 7 Targeting thrombus effect in vivo observed under fluorescence microscope (40 X)
NP: DiR-PFP-PLGA nanoparticle; TNP: cCGPRPPC-DiR-PFP-PLGA nanoparticle; DiR: 1,1’-dioctadecyl-3,3,3°,3’-

tetramethylindotricarbocyanine iodide; PFP: Perfluoropentane; PLGA: Poly(lactic-co-glycolic acid).

B8 E4EMRATEE R iR RS BG4 R

Fig 8 Photoacoustic imaging of thrombus in vivo at different irradiation times

A-E: 0, 10, 30, 50 and 70 min under low-intensity focused ultrasound irradiation, respectively.
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RESR A 75 A A PR R ROR AR AR i 2, 24 A M
KA ZE R K R A2 v JE e, (R IKAT RE IR 45
BIEAEE N (RREEyt) o 25k, TNP K
AU EE T PFP, Jf4% cCGPRPPC M JIKEHE, Ik
B 5 (R A AR ARSI AR HA ¥R 1] RE T

TNP A iE 21555644 kL DIR, A3 323K 3|
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Bk /L, 1 A IAS AN 9 6 75 (5 5 3 I LT Y
e SR o Li U R RO S 2E ot
M AS HEAT I AR o A SE 56 A B TNP 1] § ]
I H AR BGBE Ty, i A R0 B Aok
FEAT T, I ARSI B L0

A A 5 H4 5 0 25 2R 3R B, cCGPRPPC-saline-
PLGA #44ki4H . ¢cCGPRPPC-DiR-PLGA 4474 5
Az BER 7K 2 A L IfAS: JoT oA UL s, AR OR
ASHAS . SR TNP L IfAR B e A BRER /K 2 s/ D B
i (P<<0.01) , H TNP 2 RETHER A
I RIS 1] 190 E A TN TR 5, X W] TNP X Il e
VAR IR T PFP AHAR 7 A= s A Ak0 . 25 fak
A RS0 2 A e S Oy (1R 23 A A O
TNP H AT RAF I IRRCR, (HIF R 25,
DOEEGR T A 2595 R 4 B e i A XU, [R) B
BT A AJAT IR S e i >

FEAA A I ) P S B v, NP AR Il ) b
LA S5, 1 TNP 4Lifie YA T sg 20
ML (09 A5 5, X UEM] cCGPRPPC 34 A& Hii 11t 40
KREAE A AR PRIRT IR 0 EL A7 8 ) 1, 5 A A o 12
GO 25— 30 LEIR S B I h, R R AR 17
AL AR RS, HOGR S S om i pi R aE R Ak
A ASCAR B[R] 9 ZE R s 55, T ATACA TNP i K
BRI A BB MBS E (5, HAERRER Sl U 4m
FETR AN A —E B R

g5 b, ARSEEG R A T R ) AR 12T AR OK
KL TNP, HEA RAFAARPN ML . OGS B&
AR, BA T WA IG RN TS . AR
FEAE—SEAN 2, TNP B ALsl . RN 25155
T2FIE . RPN 2E AP A5 n) B e i — 2R 5E



5 8 M. S, A BRI LRSS T KL A 2L SR A

* 889 -

[& % X ]

(1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

LAMMERS T, AIME S, HENNINK W E, STORM
G, KIESSLING F. Theranostic nanomedicine[J]. Acc
Chem Res, 2011, 44: 1029-1038.

XIE J, LEE S, CHEN X. Nanoparticle-based theranostic
agents[J]. Adv Drug Deliv Rev, 2010, 62: 1064-1079.
LOPEZ A D, MATHERS C D, EZZATI M, JAMISON D
T, MURRAY C J. Global and regional burden of disease
and risk factors, 2001: systematic analysis of population
health data[J]. Lancet, 2006, 367: 1747-1757.
MACKMAN N. Triggers, targets and treatments for
thrombosis[ J]. Nature, 2008, 451: 914-918.

LIU J, SHANG T, WANG F, CAO Y, HAO L, REN
J, et al. Low-intensity focused ultrasound (LIFU)-
induced acoustic droplet vaporization in phase-transition
perfluoropentane nanodroplets modified by folate for
ultrasound molecular imaging[J]. Int J Nanomedicine,
2017, 12: 911-923.

XU J, ZHOU J, ZHONG Y, ZHANG Y, LIU J, CHEN
Y, et al. Phase transition nanoparticles as multimodality
contrast agents for the detection of thrombi and for
targeting thrombolysis: in vitro and in vivo experiments
[J]. ACS Appl Mater Interfaces, 2017, 9: 42525-42535.
LIY H, WUY X, CHEN J T, WAN J L, XIAO C,
GUAN J K, et al. A simple glutathione-responsive turn-
on theranostic nanoparticle for dual-modal imaging and
chemo-photothermal combination therapy[J]. Nano
Lett, 2019, 19: 5806-5817.

DENG L, CAI X, SHENG D, YANG Y, STROHM E
M, WANG Z, et al. A laser-activated biocompatible
theranostic nanoagent for targeted multimodal imaging
and photothermal therapy[J]. Theranostics, 2017, 7:
4410-4423.

WOLBERG A S, ROSENDAAL F R, WEITZ J 1,
JAFFER I H, AGNELLI G, BAGLIN T, et al. Venous
thrombosis[ J/JOL]. Nat Rev Dis Primers, 2015, 1:
15006. DOT: 10.1038/nrdp.2015.6.

ZHONG Y X, ZHANG Y, XU J, ZHOU J, LIU J, YE
M, et al. Low-intensity focused ultrasound-responsive
phase-transitional nanoparticles for thrombolysis without
vascular damage: a synergistic nonpharmaceutical
strategy[J]. ACS Nano, 2019, 13: 3387-3403.

ZHOU Y, WANG Z, CHEN Y, SHEN H, LUO Z, L1 A,

[12]

[13]

[14]

[15]

171

(18]

[19]

[20]

et al. Microbubbles from gas-generating perfluorohexane
nanoemulsions for targeted temperature-sensitive
ultrasonography and synergistic HIFU ablation of
tumors[J]. Adv Mater, 2013, 25: 4123-4130.
FEER ARG, WO AR MR, F R AR PN, 55
PRS2 D REAARL Y ] 2 S ARSI LT . o
[l ASEAR S5IRYT#,2016,13:636-641.
B PRIFD, RO, AN AT S TR, 4
H517 cRGD Ik 14 48 1] 44 Ko s 75 3 52 70 1) ol 4 LA K%
PRONFHBSLI TS T]. b B2 R R, 2017, 33
810-815.
LIU M Z, ZHANG P, DENG L M, GUO D, TAN M
X, HUANG J, et al. IR780-based light-responsive
nanocomplexes combining phase transition for
enhancing multimodal imaging-guided photothermal
therapy[J]. Biomater Sci, 2019, 7: 1132-1146.
REZAEIANPOUR S, BOZORGI A H, MOGHIMI A,
ALMASI A, BALALAIE S, RAMEZANPOUR S, et al.
Synthesis and biological evaluation of cyclic [ ’mTc]-
HYNIC-CGPRPPC as a fibrin-binding peptide for
molecular imaging of thrombosis and its comparison
with [ mTc]-HYNIC-GPRPP[J]. Mol Imaging Biol,
2017, 19: 256-264.
MA L, WANG Y, ZHANG S, QIAN X, XUE N, JIANG
Z, et al. Deep penetration of targeted nanobubbles
enhanced cavitation effect on thrombolytic capacity[J].
Bioconjug Chem, 2020, 31: 369-374.
CUI C, YANG Z, HU X, WU J, SHOU K, MA H, et
al. Organic semiconducting nanoparticles as efficient
photoacoustic agents for lightening early thrombus and
monitoring thrombolysis in living mice[J]. ACS Nano,
2017, 11: 3298-3310.
LIB, FUC,MAG S, FAN Q L, YAO Y Y. Photoacoustic
imaging: a novel tool for detecting carotid artery
thrombosis in mice[J]. J Vasc Res, 2017, 54: 217-225.
BRUBLER J, STREHLOW B, BECKER A, SCHUBERT
R, SCHUMMELFEDER J, NIMSKY C, et al.
Nanoscaled ultrasound contrast agents for enhanced
sonothrombolysis[J]. Colloids Surf B Biointerfaces,
2018, 172: 728-733.
KLUFT C, SIDELMANN J J, GRAM J B. Assessing
safety of thrombolytic therapy[J]. Semin Thromb
Hemostasis, 2017, 43: 300-310.

[Ax#mig] Jb %



