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Purpose: Prepare a multifunctional ultrasound molecular probe, cell-penetrating peptide- 
modified 10-hydroxycamptothecin-loaded phase-transformation lipid nanoparticles (iRGD- 
ICG-10-HCPT-PFP-NPs), and to combine iRGD-ICG-10-HCPT-PFP -NPs with low-intensity 
focused ultrasound (LIFU) for precision theranostics against hepatocellular carcinoma (HCC).
Materials and Methods: The morphology of nanoparticles (NPs) and iRGD-ICG-10- 
HCPT-PFP-NPs was detected. In vitro, we examined targeting ability by flow cytometry 
and confocal laser scanning microscopy (CLSM), assessed penetration ability into hepatoma 
cells, and assessed killing ability. In vivo, we examined the targeting ability of the NPs with 
a photoacoustic (PA) imager and fluorometer (FL), while LIFU irradiation was used to 
trigger the release of chemotherapeutic drugs, which had a therapeutic effect on tumors.
Results: The particle size of iRGD-ICG-10-HCPT-PFP-NPs was 298.4 ± 10.42 nm. In vitro, 
iRGD-ICG-10-HCPT-PFP-NPs bound more to SK-Hep1 cells than ICG-10-HCPT-PFP-NPs. 
iRGD-ICG-10-HCPT-PFP-NPs could achieve PA/ultrasound imaging. The percentage of anti-
proliferative and apoptotic cells in the iRGD-ICG-10-HCPT-PFP-NPs+LIFU group was sig-
nificantly higher. In vivo, iRGD-ICG-10-HCPT-PFP-NPs can target tumor sites and achieve PA/ 
ultrasound imaging. The tumor volume in the iRGD-ICG-10-HCPT-PFP-NPs+LIFU group was 
significantly smaller, and the antiproliferative and proapoptotic effects were higher.
Conclusion: We successfully prepared a novel molecular probe that has good targeting, can 
perform ultrasound/PA dual-modality imaging, and can penetrate deep into tumors to achieve 
better therapeutic tumor effects, providing a new idea and method for theranostics of HCC.
Keywords: molecular probe, homing membrane peptide, precision diagnosis and treatment, 
dual-modality imaging

Introduction
Hepatocellular carcinoma (HCC), a malignant tumor that has long-afflicted and 
threatened human life and health, has a high incidence and mortality, and early 
diagnosis of this disease is difficult. Once diagnosed in the late stage, HCC brings 
heavy economic and life burdens to patients.1–3 The traditional treatment methods 
include surgical resection, transcatheter arterial embolization, and microwave abla-
tion, which have the drawbacks of incomplete resection and a high recurrence rate; 
similarly, the side effects of systemic chemotherapy are great, and the lack of high 
sensitivity chemotherapeutic drugs also brings substantial difficulty to the treatment 
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of HCC.4 Therefore, new ideas and directions need to be 
sought for the diagnosis and treatment of HCC.

At present, as an emerging diagnostic method, ultrasonic 
molecular imaging can be performed at the molecular level.5 

Compared with the traditional imaging method, this 
approach uses a molecular probe with a smaller particle 
size as the medium for enhanced imaging, which can 
improve the diagnostic efficacy of imaging, detect the 
tumor lesion at an earlier stage, and diagnose the disease 
more accurately.6 At present, the molecular probe that has 
been put into clinical use is ultrasonic microbubbles, which 
can be used as an enhanced contrast agent for common 
B-mode ultrasound (US) and has certain clinical application 
value.7 However, ultrasound microbubbles can only be 
imaged in blood vessels because of their large particle size, 
short circulation time, and inability to penetrate the tumor 
space, which is difficult to enrich at the tumor site to play 
a more accurate diagnostic role.8 Liposomal nanoparticles 
(NPs) are an emerging molecular probe that has been widely 
studied in recent years.9 They contain phospholipid bilayers 
and have good biocompatibility. At the same time, after 
polyethylene glycol modification, NPs are not easily phago-
cytosed by the reticuloendothelial system in vivo.10 With the 
help of the enhanced permeability and retention effect (EPR 
effect), they can reach the tumor site and accumulate to exert 
their effect.8,11,12 However, their numbers are obviously too 
low to rely solely on the EPR effect.13

Tumor homing peptides (THPs) with cell penetrating prop-
erties are a new type of small molecule peptide studied in 
recent years that can actively bind cell surface receptors and 
penetrate the intercellular space or even the cell membrane to 
deliver substances into the cell.14,15 Some peptides have the 
same sequence at the C-terminus, and peptides expressing this 
sequence are able to promote phagocytosis of substances into 
the cell interior.16,17 Peptides containing this sequence can 
specifically bind to the neuromucin-1 (NRP-1) receptor, with 
a molecular weight of 103 kDa and have the function of tissue 
penetration, a phenomenon known as the C-terminal rule 
(CendR).18,19 Only peptides with exposed arginine and lysine 
(exposed Cend) at the C-terminus can bind to NRP-1 and then 
enter endothelial cells. When there is a hidden R sequence 
inside the peptide chain, this sequence can be exposed, and this 
endocytosis process can be initiated by the hydrolysis of 
proteases. Many previous studies have confirmed that iRGD 
is a 9-amino acid cyclic peptide, and its sequence is that 
CRGDKGPDC actively targets tumor cells and promotes 
membrane penetration.16,20 Therefore, combining the iRGD 
peptide with liposomal NPs allows molecular probes to 

actively target tumor cells but also promotes NPs to penetrate 
the tumor cell membrane and deeply enter the interior of tumor 
cells.

Photoacoustic (PA) imaging is a new noninvasive and 
nonradioactive imaging method that has emerged in recent 
years.21–23 Its principle is that when the laser in the probe 
shines into the biological tissue, the substance containing 
light absorbers is injected into the biological tissue, and 
the light absorption domain of this substance will produce 
the ultrasonic signal. We call this ultrasonic signal gener-
ated by light excitation the PA signal.24 The PA signal 
generated in biological tissue carries the characteristic 
information of light absorption of the tissue, and the light 
absorption distribution image in the tissue can be recon-
structed by detecting the PA signal. PA imaging combines 
the advantages of high selection characteristics in pure 
optical tissue imaging and deep penetration characteristics 
in pure ultrasonic tissue imaging, which can obtain high- 
resolution and high-contrast tissue images, avoid the effect 
of light scattering from the principle, and realize deep 
in vivo tissue imaging of 50 mm.21,25 This imaging tech-
nology has the characteristics of real-time visibility and 
high efficiency. Indocyanine green (ICG), as the only light 
absorber approved by the US Food & Drug Administration 
that can be used in the human body, has strong light 
absorption ability in the near-infrared range, is completely 
metabolized in vivo without toxic side effects and is 
a better choice for the development of clinically available 
PA molecular probes, so ICG encapsulation into liposomal 
NPs is used as a light absorber for PA imaging.26,27

As a systemic chemotherapeutic agent, 10-hydroxyc 
amptothecin (10-HCPT) has a short half-life, is lethal to 
tumor cells and is clinically applied in advanced chemotherapy 
of various cancers.28 However, as a systemic chemotherapeutic 
drug, it cannot avoid the common defects of drugs lacking 
targeting and is toxic to normal tissues and organs of the human 
body, especially in patients with advanced HCC in a cachectic 
state. The drug is therefore encapsulated into liposomal NPs to 
deliver the drug to the tumor site via actively targeted NPs, 
thereby achieving precise drug release.29,30 At the same time, 
the addition of liquid fluorocarbon to NPs,31 and it indicated 
that phase-transformation lipid NPs coated with liquid per-
fluoropentane (PFP) can elicit liquid-gas phase transition. 
Using a certain intensity of external ultrasonic irradiation, PFP- 
coated lipid NPs can be changed into lipid microbubbles to 
enhance ultrasound imaging. And the NPs were irradiated by 
low-intensity focused ultrasound (LIFU) developed by our 
laboratory, enables liquid fluorocarbon to undergo liquid-gas 
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phase transition, which triggers nanoparticle rupture and pro-
motes drug release, achieving a better therapeutic effect.32

Overall, as shown in Scheme 1, we intend to prepare 
a novel multifunctional dual-modality molecular probe 
(iRGD-ICG-10-HCPT-PFP-NPs) in this study equipped 
with iRGD peptides with active targeting and promoting 
tumor cell penetration, ICG with PA imaging ability, liquid 
fluorocarbon that produces liquid gas phase transition after 
LIFU irradiation, and the chemotherapeutic drug 10-HCPT. 
This method allows the nanoparticle to have the ability of 
ultrasonic/PA dual-modality imaging while the nanoparticle 
can actively target and penetrate the tumor cell membrane 
and release the drug after LIFU irradiation to achieve accu-
rate killing of the tumor. For this reason, we performed the 
following experiments to examine the NP performance.

Experimental
Materials and Cells
Dipalmitoyl-phosphatidylcholine (DPPC) and cholesterol 
(Chol) were purchased from Avanti (USA). The iRGD 

peptide (sequence: CRGDKGPDC) was synthesized by 
ChinaPeptides (Shanghai, China). The DSPE-PEG2000- 
Mal was obtained from Xian Ruixi Biotechnology (Xian, 
China). The DSPE-PEG2000-iRGD was synthesized by 
Funuowei Biotechnology (Chongqing, China). The 10- 
HCPT (purity:99.9%) was purchased from Lanbei 
Technology (Chengdu, China). The ICG was purchased 
from Sichuan Ikeda Technology (China). The Dioctadecyl- 
3,3,3′,3′-tetramethylindocarbocyanine (DiI) was provided by 
Beyotime Biotechnology (Shanghai, China). Calcein green- 
AM/propidium iodide PI and diamidino-phenylindole 
(DAPI) were obtained from Sigma-Aldrich (Saint Louis, 
USA). Dulbecco’s modified Eagle’s medium (DMEM) and 
fetal bovine serum (FBS) were purchased from Gibco. 
(Carlsbad, USA). A Cell Counting Kit 8 (CCK-8) was pro-
vided by Dojindo Technology (Tokyo, Japan).

Asonicator was purchased from Sonic (VCX-130; Sonics 
& Materials, USA) along with a Yarong rotary vacuum 
evaporator (Shanghai, China). A confocal laser scanning 
microscope was obtained from Nikon (CLSM)(A1R-Si; 

Scheme 1 (A) Preparation process of iRGD-ICG-10-HCPT-PFP-NPs. (B) These nanoparticles are intelligent multifunctional theranostic agents for US/PA diagnostic imaging 
and targeted tumor therapy. The iRGD peptide is able to bind to tumor cells that highly express the NRP-1 receptor, penetrate tumor cells and penetrate deeper into the 
interior of tumor cells, allowing iRGD peptide-mediated nanoparticles to enter tumor cells at a deeper level. After LIFU irradiation at the tumor site, the liquid PFP core in 
the nanoparticles undergoes a phase transition from liquid to gas. After the phase change, the NPs increase and eventually rupture, and when the NPs rupture, they produce 
a physical burst effect, release 10-HCPT chemotherapeutic drugs, reach the tumor interior, and produce a synergistic effect to achieve more accurate and effective 
treatment.
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Nikon, Tokyo, Japan) and a transmission electron micro-
scope (TEM) (H-7500;Hitachi, Tokyo, Japan). 
A microplate reader (ELX800; Bio-tek Instruments,USA), 
dynamic light scattering analyzer (Malvern Instruments, UK) 
and LIFU instrument (LMSC051ACA; Institute of 
Ultrasound Imaging, Chongqing Medical Sciences, 
Chongqing, China) were used. A Vevo LAZR small animal 
photoacoustic imager was obtained from VisualSonics 
(VisualSonics, Canada).

A human HCC line (SK-Hep1) was purchased from 
Kunming Institute of Zoology, CAS (Kunming, China).

NP Synthesis Method
NPs were synthesized following the previously reported 
thin film hydration method and phacoemulsification 
method.30,33,34 First, DPPC 5mg, DSPE-peg2000-iRGD 
2mg, cholesterol 1mg, and 10-HCPT 1mg drug substance 
powder were added to a round-bottom flask and dissolved 
in 5mL trichloromethane. The round-bottom flask was 
connected to a rotary evaporator and evaporated for 1 
h at 52 °C. After dissolving 1 mg ICG in water, 200μL 
PFP was added, which was first emulsified with an ultra-
sonic sonicator at 100 W (5 s on, 5 s off) for 3 min, and 
then all products were emulsified at the same power for 8 
min. Finally, iRGD-ICG-10-HCPT-PFP-NPs were pre-
pared by centrifugation at 8000 rpm for 5 min at 4 °C in 
a centrifuge, discarding the supernatant, and resuspending 
with 2mL PBS solution three times. ICG-10-HCPT-PFP- 
NPs were obtained by the same procedures described 
above, except that DSPE was used instead of DSPE-iRGD.

NP Characterization Testing
The prepared NPs were diluted at a concentration of 
500 mg/mL, and their morphologies were taken under 
a microscope and a TEM. In addition, they were labeled 
with DiI and placed under a CLSM to take the morphol-
ogies of fluorescence. The particle size and potential of the 
two NPs were detected using a laser particle sizer.

We needed to detect the encapsulation rate and drug 
loading of the prepared NPs, so the standard curve of 10- 
HCPT was constructed using high-performance liquid 
chromatography. The prepared NPs were split in methanol 
solution and added to a high-performance liquid chroma-
tograph, their area under the curve was measured, and the 
entrapment efficiency and drug loading were calculated by 
the standard curve.

Cell Culture and Establishment of an 
Animal Xenograft Model
Hepatoma SK-Hep1 cells were adherently cultured with 
MEM complete medium (10% fetal bovine serum).30 The 
cells were all cultured in a cell incubator at 37 °C, 5% 
CO2, and 95% humidity and passaged or frozen when the 
cells were in the logarithmic phase. BALB/c nude mice 
(male, 4–5 weeks, 16–18 g/mouse) were purchased from 
the Animal Experiment Center of Chongqing Medical 
University, housed in SPF-grade cages, and maintained 
in accordance with guidelines set by the Animal Care 
Committee of Chongqing Medical University and 
approved by the Committee. SK-Hep1 cells were cultured 
until the logarithmic growth phase, the cell concentration 
was adjusted to 5–6 × 106/mL, and 200 μL of cells was 
subcutaneously injected into the root of the right hind leg 
of each mouse.32 Approximately 40 days later, the size of 
the subcutaneous tumor was approximately 0.6 cm3.

Establishment of 3D Multicellular Tumor 
Sphere (MCTS) Model
The 3D MCTSs were constructed following a previously 
reported gravity suspension method.35,36 SK-Hep1 cell 
concentration was adjusted to 5 × 104/mL. A 10cm cell 
culture flat bottom dish was opened, 30μL of cells were 
sucked up and dropped on the lid of the culture dish, 
approximately 20mL of PBS solution was added to the 
culture dish to ensure humidity, and the culture dish was 
gently placed in the cell incubator for 15 days.

In vitro Acoustic Phase Transition of NPs
The dilution concentration of NPs was adjusted to 500 mg/ 
mL, LIFU was turned on, the parameters were adjusted to 
pulse mode (2s on, 2 s off), the power was 3 w/cm2,32 the 
NPs were loaded into a 5mL EP tube, placed in the center 
of the LIFU probe, irradiated with a focal length of 1.5 cm, 
and the NPs were aspirated and dropped on a glass slide at 
1 min and 5 min of irradiation and placed under a light 
microscope for observation.

In vivo and in vitro PA/US Imaging of NPs
PA imaging of NPs was first performed by full-band scan-
ning with a wavelength of 680 −970 nm, and the wavelength 
with the strongest PA signal was selected as the experimental 
wavelength. The NPs were diluted at different concentrations 
and injected into the gel model holes.22 The acquired PA 
images were measured for intensity by a PA imager. At the 
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same time, at the concentration of the most intense PA signal, 
NPs were given LIFU irradiation to collect the enhanced 
ultrasound images.

To perform in vivo PA imaging, subcutaneous xeno-
grafts have been previously constructed. The tumor- 
bearing nude mice were divided into two groups, and 
then gas anesthesia was performed. The preimages without 
injection of NPs were collected, and then two kinds of NPs 
were injected from the tail vein. The PA images of the two 
groups were collected and analyzed as the excitation 
wavelength at 1 h, 3 h, 6 h, and 24 h after injection.

Targeting Efficiency of NPs in vitro
The concentrations of SK-Hep1 and L02 cells (L02 is 
normal hepatocytes) were adjusted to 5 × 104/mL, seeded 
in 2 cm flat-bottom dishes, and placed in a cell incubator 
for 24 h, discarding the supernatant. Serum-free medium 
containing DiI-labeled iRGD-ICG-10-HCPT-PFP-NPs and 
ICG-10-HCPT-PFP-NPs were added to each well, which 
was then placed in a cell incubator for 30 min and 
removed. The liquid in the dish was removed and washed 
with PBS 3 times. Then, 4% paraformaldehyde was used 
to fix the cells for 10 min, and the cells were washed three 
times.30 Finally, 100 μL DAPI was added to stain the 
nucleus for 5 min, and the cells were washed again with 
PBS. Finally, the dish was observed by a CLSM.

Intracellular fluorescence of individual targeted tumor 
cells was also detected by flow cytometry. The concentra-
tions of SK-Hep1 and L02 cells were adjusted to 5 × 104/ 
mL, seeded in a six-well plate, and placed in the cell 
incubator for culture for 24 h. The prepared iRGD-ICG 
-10-HCPT-PFP-NPs and ICG-10-HCPT-PFP-NPs labeled 
with DiI were added to the wells of a six-well plate, while 
PBS was used as a control group, and the 6-well plate was 
placed in the cell incubator for 1 h. The cells were digested 
with trypsin, resuspended in PBS, and sent for flow cyto-
metry later.

The Penetration Ability of NPs in vitro
The 3D MCTS model was carefully removed from the cell 
incubator and carefully transferred to a 24-well plate. DiI- 
labeled iRGD-ICG-10-HCPT-PFP-NPs and ICG-10-HCPT 
-PFP-NPs were added to the wells loaded with 3D MCTS 
and placed in the cell incubator for 1 h.30 The 3D MCTSs 
were transferred to a 2 cm flat-bottom dish, with a small 
amount of PBS left, sent to a CLSM for photography, and 
scanned at a thickness of 1 μm. Finally, 3D reconstruction 
was performed.

Antiproliferative Ability of NPs in vitro
The antiproliferative ability of the NPs in vitro was examined 
using the CCK-8 assay. First, the concentration of SK-Hep1 
was adjusted to 5 × 103/mL. The cells were added to a 96- 
well plate, and three accessory wells were set for each group, 
which were placed in the incubator for 24 h. The cells were 
divided into the following groups: 1: control, 2: ICG-PFP- 
NPs, 3: ICG-10-HCPT-PFP-NPs, 4: iRGD-ICG-PFP-NPs, 5: 
iRGD-ICG-10-HCPT-PFP-NPs, 6: LIFU, 7: ICG-PFP-NPs + 
LIFU, 8: ICG −10-HCPT-PFP -NPs + LIFU, 9: iRGD-ICG- 
PFP-NPs + LIFU, and 10: iRGD-ICG-10-HCPT-PFP-NPs 
+LIFU. NPs prepared with serum-free medium were added 
and placed in an incubator (the control group contained only 
serum-free medium), and the LIFU-treated group was irra-
diated at 3 w/cm2 for 5 min after 1 h of nanoparticle addition. 
After another incubation for 24 h, 10 μL CCK-8 kit was 
added to each well and then placed in the incubator for 1h. 
After incubation, the optical density (OD) at 450 nm was 
read on a microplate reader. Survival ratio= (As-Ab)/(Ac- 
Ab) × 100%. (As is the experimental group, Ab is the control 
group without NPs, Ac is the blank without cells and contain-
ing only CCK-8).

The Proapoptotic and Killing Ability of 
NPs in vitro
Flow cytometry was used to detect the apoptosis ability of 
NPs. The concentration of SK-Hep1 was adjusted to 5 × 
104/mL, added to six-well plates, and placed in the incu-
bator for 24 h. They were divided into the same groups as 
mentioned above. NPs prepared in serum-free medium 
were added separately and placed in the incubator, and 
the LIFU-treated group was irradiated 1 h later. Twenty- 
four hours later, the cells in the wells were digested with 
trypsin, resuspended in PBS, and sent to flow cytometry 
for detection of apoptosis.

The killing ability of NPs on tumor cells was detected 
by calcein green-AM/propidium iodide(PI) double stain-
ing. The concentration of SK-Hep1 was adjusted to 5 × 
104/mL and added to 2 cm flat-bottom dishes for 24 
h. These cells were divided into the following groups: 
Control, LIFU, ICG-10-HCPT-PFP-NPs, iRGD-ICG-10- 
HCPT-PFP-NPs, ICG-10-HCPT-PFP-NPs+LIFU, and 
iRGD-ICG-10-HCPT-PFP-NPs+LIFU. The AM-PI stain-
ing solution was prepared, and 10 μL AM stock solution 
and 15 μL PI stock solution were added to 5mL PBS.37 

The staining solution was added to each dish and then 
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placed in the incubator for 30 min, and the fluorescence 
was observed with a CLSM.

NPs Targeting Ability in vivo
To validate the targeting ability of NPs in vivo, tumor- 
bearing nude mice had been previously constructed. The 
fluorescent probe DIR was used to label iRGD-ICG-10- 
HCPT-PFP-NPs and ICG-10-HCPT-PFP-NPs (500 mg/ 
mL). The tumor-bearing nude mice were divided into 
iRGD-ICG-10-HCPT-PFP-NP and ICG-10-HCPT-PFP- 
NP groups, and then gas anesthesia was performed. First, 
the preimages were collected, and then the two NPs were 
injected from the tail vein. Tumor-bearing nude mice were 
placed in a fluorescence operating console, and fluores-
cence images at 1 h, 3 h, 6 h, and 24 h were collected. 
Afterwards, the tumor-bearing mice were sacrificed, their 
viscera and tumors were separated, and then fluorescence 
images were collected.37

Therapeutic Efficacy and Safety of NPs 
in vivo
The tumor-bearing nude mice were divided into the same 
groups as mentioned above. They were given 200 μL of 
the corresponding NP solution by tail vein injection, and 
the control group was given PBS injection. LIFU irradia-
tion was started 1 hour after injection and irradiated once 
a day for 10 days. Changes in body weight and tumor 
volume were recorded during this period and The tumor 
volume was calculated using the formula: tumor volume 
= length × (width)2/2. The relative tumor volume was 
represented as V/V0 (V0 is the initial tumor volume 
before treatment).At the end of the treatment, each 
group was sacrificed, the tumor mass was separated, 
pathological sections were obtained, hematoxylin-eosin 
staining (H&E) was performed, and terminal deoxynu-
cleotidyl transferase (TdT) dUTP nick-end labeling 
(TUNEL) and proliferating cell nuclear antigen (PCNA) 
detection were performed to determine the effect on 
apoptosis and proliferation. The isolated viscera (the 
heart, liver, spleen, lung, and kidney) were stained with 
H&E to assess the safety of NPs in vivo.

Statistical Analysis
Statistical analysis was performed using SPSS 25.0 statis-
tical analysis software for statistical analysis. Enumeration 
data were expressed as the mean ± SD. Analysis of var-
iance was used for comparisons between multiple sample 

parameters. The t-test was used for comparison between 
two parameters. P<0.05 was used to determine that the 
difference was significant. P<0.01 indicated that the dif-
ference was significant. P<0.001 indicated a highly sig-
nificant difference.

Results and Discussion
Characterization of NPs
We found that iRGD-ICG-10-HCPT-PFP-NPs were 
observed under a light microscope with a regular shape, 
good dispersion, and small overall particle size 
(Figure 1A), and the DiI-labeled NPs were observed 
under a CLSM, which was consistent with ordinary 
microscopy in a white light channel. A uniform distribu-
tion of red fluorescence was also observed under a red 
laser channel without significant agglomeration 
(Figure 1B and C). TEM showed that the shape of the 
NPs was regular (Figure 1D), the outer layer showed 
phospholipid bilayer encapsulation, the middle was 
dense PFP, and the overall structure was intact. The par-
ticle size of iRGD-ICG-10-HCPT-PFP-NPs was 298.4 ± 
10.42 nm with a potential of −35.4± 6.23 mV (Figure 1E 
and F), PDI was 0.073±0.23, and the particle size of ICG- 
10-HCPT-PFP-NPs was 238.1±12.45 nm with a potential 
of-21.7±5.12 mV (Figure 1G and H),and the particle size 
was stable in 7 days. The encapsulation was calculated to 
be 45.53 ± 2.31%, and the drug loading was 4.79 ± 
0.45%. Through the characterization of the NPs, we 
found that the shape of the NPs was regular, the surface 
and internal structure of the NPs could also be seen under 
TEM,41 showing a phospholipid bilayer, and the dense 
PFP was surrounded in the middle. The nanoparticle 
structure we prepared was intact and encapsulated all 
materials well in it. By particle size detection, the particle 
size of iRGD-ICG-10-HCPT-PFP-NPs was approximately 
300 nm, and this size was able to pass through the tumor 
interstitial space (380–700nm) better and to reach the 
surface of tumor cells.8,42 The potential is a negative 
charge, which can have a longer blood circulation 
time.43 Because of the modification of polyethylene gly-
col (PEG) by the film-forming material, PEG molecules 
form a protective hydrophilic layer, which helps to avoid 
recognition by the immune system, thereby reducing the 
uptake of PEG-coated nanoparticles by macrophages, 
allowing NPs to have a long circulation time in the 
body, and reducing the phagocytosis of the reticuloen-
dothelial system in the body.10,44 Through the detection 
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of a series of characterizations of the prepared NPs, we 
conclude that the NPs we prepared are regularly round in 
shape, have a small overall particle size, can better 

circulate in the body and enter the site of tumor tissue, 
and can perform subsequent in vitro and in vivo perfor-
mance detection experiments.

Figure 1 In vitro characteristics of iRGD-ICG-10-HCPT-PFP-NPs and ICG-10-HCPT-PFP-NPs (A) morphology of iRGD-ICG-10-HCPT-PFP-NPs under a light microscope, 
scale bar: 20 μm (B) morphology of iRGD-ICG-10-HCPT-PFP-NPs under the white light of a CLSM, scale bar: 20 μm (C) morphology of iRGD-ICG-10-HCPT-PFP-NPs 
under a red fluorescence channel of a CLSM, scale bar: 100 μm (D) structure of iRGD-ICG-10-HCPT-PFP-NPs under TEM, scale bar: 200 nm (E) particle size of iRGD-ICG 
-10-HCPT-PFP-NPs (F) zeta potential of iRGD-ICG-10-HCPT-PFP-NPs (G) particle size of ICG-10-HCPT-PFP-NPs (H) potential of ICG-10-HCPT-NPs.
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In vitro Imaging and Phase Transition of NPs
We observed that iRGD-ICG-10-HCPT-PFP-NPs were all 
able to produce PA signals at different concentrations of 
dilution, and the PA signals grew with increasing concen-
tration (Figure 2A). The region of interest was selected on 
the PA detector to determine the PA signal intensity, and it 

could also be found that only a weak PA signal was visible 
in the sample with a concentration of 10 μg/mL. As the 
concentration of ICG increases, the overall PA signal is 
linearly enhanced (Figure 2B). In the in vitro phase transi-
tion experiment of NPs, we first observed under a light 
microscope that the NPs presented better stability without 

Figure 2 PA imaging and phase transition of NPs in vitro (A) PA images of iRGD-ICG-10-HCPT-PFP-NPs varying with ICG concentration in vitro (B) PA signal values of 
different concentrations measured by PA apparatus (C) images of NPs before LIFU irradiation (D and E) phase transition of NPs after LIFU irradiation, scale bar: 20 μm. (F) 
B-mode and enhanced ultrasound images of NPs before LIFU irradiation. (G) B-mode and enhanced ultrasound images of NPs after LIFU irradiation.
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any treatment, and the particle size was in a stable state 
(Figure 2C). After 1 min of LIFU irradiation, the NPs 
began to show a small part of the phase transition, as 
shown by the increase in the particle size of a small 
amount of NPs (Figure 2D). However, after 5 min of 
LIFU irradiation, the degree of phase transition of the 
NPs was more pronounced, more bulky NP distribution 
was observed throughout the field, and in practical obser-
vation, the NPs began to become unstable, showed four 
movements, and had ruptures (Figure 2E). Similar phase 
transitions can also be found after excitation with a laser. 
Additionally, NPs can produce enhanced ultrasound 
images under LIFU irradiation (Figure 2F and G).

As a light absorber, ICG is a near-infrared dye that is 
nearly harmless to the human body and easily 
metabolized.26,27,45 After loading the ICG package into 
NPs, they are excited by PA instruments to enable PA 
imaging, which is the basis for the ability of this nanopar-
ticle to act as a molecular probe for PA imaging. Through 
experiments, we found that in in vitro PA imaging, NPs 
were able to produce PA signals at low ICG concentra-
tions, and the resulting PA signals could be linearly 
enhanced as ICG concentrations increased, suggesting 
that the NPs were able to absorb light and to convert 
into PA signals. It has been documented that the sensitivity 
of PA imaging is better than that of computed tomography 
(CT), and this result is also of reference value for clinical 
practice.46

Moreover, 10-HCPT encapsulated in NPs can play an 
antiproliferative and proapoptotic role; however, due to the 
direct effect in vivo, the drug cannot be accurately 
released, and there are many side effects when applied to 
the whole body. Encapsulating it into NPs and giving 
accurate release can reduce both systemic side effects 
and the dose of the drug used to play an improved ther-
apeutic role.29,47 LIFU is a low-intensity focused ultra-
sound independently developed in our laboratory and is 
characterized by a small total energy, a small and precise 
irradiated area, and the ability to focus ultrasound energy 
to achieve precise irradiation.30,32,48 NPs were adminis-
tered in vitro for LIFU irradiation, and it was observed that 
NPs that were otherwise small in size and regular in 
morphology showed varying degrees of phase transition 
and rupture over time after receiving LIFU irradiation. 
This finding is because through the irradiation of LIFU, 
the encapsulated PFP in the NPs produces a phase transi-
tion, which is converted from liquid to gas, so that the NPs 

enlarge, thereby enhancing their ability for US imaging 
while triggering the rupture of the NPs and releasing the 
10-HCPT encapsulated in them, playing a role in releasing 
the drug.

In vitro Targeting of NPs
SK-Hep1 highly expressed the NRP-1 receptor, and we 
applied two assays to target NPs in vitro (Expression of 
NRP-1 by individual cell lines is described in the 
Supplemental Material). Under a CLSM (Figure 3), blue 
fluorescence was emitted by the nucleus, and red fluorescence 
was emitted by DiI-labeled NPs. We found that in the SK- 
Hep1 group, red fluorescence could be seen around the 
nucleus in the DiI-labeled iRGD-ICG-10-HCPT-PFP-NP 
group, and after passing through Merge, red fluorescence 
could be found to focus around the blue fluorescence, suggest-
ing that the NPs have the ability to target tumor cells. In the 
DiI-labeled ICG-10-HCPT-PFP-NP group, only blue fluores-
cence emitted from the nucleus was observed, and no more 
significant red fluorescence was observed around the cells. 
However, in the L02 group, in both the DiI-labeled iRGD- 
ICG-10-HCPT-PFP-NP group and the DiI-labeled ICG-10- 
HCPT-PFP-NP group, only blue fluorescence emitted from 
the nucleus was observed, and no red fluorescence was 
observed around the cells. These results suggest that NPs 
equipped with the iRGD peptide have strong targeting ability 
and no obvious targeting ability to normal hepatocytes.32 

Similar results were found by measuring the fluorescence 
intensity inside the cells by flow cytometry (Figure 4A). In 
the SK-Hep1 group, the intracellular fluorescence intensity of 
the DiI-labeled iRGD-ICG-10-HCPT-PFP-NP group was sig-
nificantly higher than that of the DiI-labeled ICG-10-HCPT- 
PFP-NP group, and the difference was highly significant 
(P<0.001). In the L02 group, no significant fluorescence was 
observed in the two groups, and the difference was not statis-
tically significant (P>0.05). No significant intracellular fluor-
escence was observed in the control group, also suggesting 
better targeting of iRGD NPs (Figure 4B).

NPs are equipped with the iRGD peptide, a small poly-
peptide called a tumor-homing peptide. This peptide is able 
to target tumor cells, and, through its attachment to the NRP- 
1 receptor on the surface of tumor cells, promotes the entry 
of the carried substance into the interior of tumor cells. 
Hepatoma SK-Hep1 cells highly expressed the NRP-1 
receptor as previously described, so these cells were selected 
for cell experiments.16–19 From the CLSM results, in hepa-
toma cells, after coincubation of iRGD-ICG-10-HCPT-PFP- 
NPs, NPs significantly accumulated around tumor cells. The 
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Figure 3 iRGD-ICG-10-HCPT-PFP-NPs and ICG-10-HCPT-PFP-NPs were used for target-finding experiments with SK-Hep1 cells and L02 cells, respectively, as observed 
under a CLSM, scale bar: 100 μm (n=3).

Figure 4 Detection of the target-finding ability of NPs by flow cytometry. (A) iRGD-ICG-10-HCPT-PFP-NPs and ICG-10-HCPT-PFP-NPs were used in target-finding experiments 
with SK-Hep1 cells and L02 cells, respectively, and fluorescence was detected by flow cytometry (n=5) (B) statistics of fluorescence intensity in each group, ***P<0.001.

https://doi.org/10.2147/IJN.S325891                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6464

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


results demonstrated that iRGD-ICG-10-HCPT-PFP-NPs 
are targeted to tumor cells with good targeting, which lays 
a foundation for the future use of NPs in the treatment of 
tumors. At the same time, the same conclusion was reached 
when the intensity of intracellular fluorescence was detected 
by flow cytometry, again demonstrating the targeting of 
iRGD-ICG-10-HCPT-PFP-NPs.

Killing Effect of NPs on Tumor Cells
Stained SK-Hep1 cells were excited by emitting two wave-
lengths of lasers by a CLSM, where green fluorescence repre-
sents surviving cells and red fluorescence represents dead 
cells.37 We found that only green fluorescence was emitted in 
the control group, suggesting that all cells survived 
(Figure 5A). When ICG-10-HCPT-PFP-NPs and iRGD-ICG 
-10-HCPT-PFP-NPs were added alone, a small amount of red 
fluorescence was observed, and most of them still exhibited 
green fluorescence, suggesting that only a small part of the 

cells died (Figure 5B and C).In the LIFU irradiation alone 
group, the results were similar to those of the previous two 
groups (Figure 5D). However, in the ICG-10-HCPT-PFP-NPs 
+LIFU group, more red fluorescence was observed, which was 
generally similar to green fluorescence, suggesting that cell 
death and survival were close, and the number of surviving 
cells was less than that in the previous three groups 
(Figure 5E). In the iRGD-ICG-10-HCPT-PFP-NPs+LIFU 
group, a large amount of red fluorescence and only a very 
small amount of green fluorescence were seen throughout the 
field, suggesting that a large number of cells died overall and 
that only a small number of cells survived (Figure 5F). Tumor 
cells were killed more after administration of iRGD-ICG-10- 
HCPT-PFP-NPs and irradiation with LIFU.

Penetration Ability of NP to Tumor Cells
We judged the penetration depth of NPs by the red 
fluorescence emitted by DiI under a CLSM. We found 

Figure 5 The killing effect of NPs on hepatoma cells in vitro was detected by AM/PI double staining and observed under a CLSM: (A) control, (B) ICG-10-HCPT-NPs, (C) 
iRGD-ICG-10-HCPT-NPs, (D) LIFU, (E) ICG-10-HCPT-NPs+LIFU,and (F) iRGD-ICG-10-HCPT-NPs+LIFU; scale bar: 100 μm.(n=5).
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that after 3D reconstruction by a CLSM, the overall 
MCTS had a spherical shape with a diameter of approxi-
mately 100 μm.30 At the layer-scanned interface, it was 
found that in the iRGD-ICG-10-HCPT-PFP-NP group, 
the overall penetration depth of DiI-labeled NPs was up 
to 49.34 μm, and there was much red fluorescence at the 
edge and inside of the MCTS as a whole (Figure 6A). In 
the ICG-10-HCPT-PFP-NP group, the penetration depth 
was 24.39 μm, and the red fluorescence at the edge of the 
MCTS was weak (Figure 6B). The penetration depth of 
the group loaded with iRGD peptide was twice that of the 
group without peptide, suggesting that NPs loaded with 
iRGD peptide have a strong targeting and penetration 
ability for tumor cells. In addition to targeting tumor 
cells, iRGD peptides also promote the penetration of 
the carried substances into the tumor cell membrane 
and deep into the cell interior. We constructed a 3D 
MCTS, a cell environment that has the advantage of 
being more stereoscopic and closer to the in vivo tumor 
growth environment than cells commonly, thus also bet-
ter verifying the penetration ability of iRGD peptides.36 

This finding laid the foundation for subsequent treatment, 
especially when chemotherapeutic drugs were released 
after LIFU irradiation rupture, which could play 
a deeper role in releasing drugs to achieve a better ther-
apeutic effect.

Proapoptotic Ability of NPs on Tumor 
Cells
We verified the proapoptotic effect of NPs with different 
treatment modalities on SK-Hep1 cells by flow cytometry 
(Figure 7A). We found that the early and late apoptotic 
rates were the highest in the iRGD-ICG-10-HCPT-PFP- 
NPs+LIFU group and the difference was highly significant 
(P< 0.001). In addition, the iRGD-ICG-PFP-NPs + LIFU 
group was second highest and the difference was signifi-
cant (P < 0.01). The rates of both of these groups were 
higher than those in the group without LIFU irradiation 
and supplemented with the same NPs, and the other groups 
given LIFU irradiation had little difference in the overall 
early and late apoptotic rates between the non-LIFU irra-
diation group. The apoptotic rate was also not very differ-
ent between the control group and the LIFU irradiation 
alone group. The experimental results suggested that the 
iRGD-ICG-10-HCPT-PFP-NPs+LIFU group had the 
strongest proapoptotic effect on tumor cells (Figure 7B).

Antiproliferative Ability of NPs Against 
Tumor Cells
We found that in the iRGD-ICG-10-HCPT-PFP-NPs 
+LIFU group, the cells had the lowest survival rate, the 
strongest antiproliferative ability, and greater toxicity to 
the cells, and the difference was highly significant 
(P<0.001) (Figure 7C). Second, the iRGD-ICG-PFP-NPs 
+ LIFU group had lower cell survival than the group 
supplemented with the same NPs without LIFU irradia-
tion. However, in the remaining LIFU-treated and non- 
LIFU-irradiated groups, the cell survival rate was similar 
and higher than that in the previous two groups. Cell 
survival was highest in the control group and the LIFU 
irradiation alone group, with no significant difference. 
These results suggest that the antiproliferation ability of 
cells is the strongest in the presence of iRGD-ICG-10- 
HCPT-PFP-NPs + LIFU. We performed three experiments 
to examine the killing effect of NPs as well as the ability 
to resist proliferation and to promote apoptosis in vitro, 
and we found that the iRGD-ICG-10-HCPT-PFP-NPs 
+LIFU group was the best. It is concluded that after 
iRGD-ICG-10-HCPT-PFP-NPs actively target tumor 
cells, they penetrated deeply into the tumor interior, 
while undergoing phase transition and rupture by LIFU 
irradiation, produced a physical burst effect and released 
the carried chemotherapeutic drugs, which has 
a synergistic effect in vitro and can promote apoptosis 
and antiproliferation of tumor cells.

Targeting of NPs in vivo
Through the detection of fluorescence in vivo (Figure 8A), 
we found that no significant fluorescence signal was 
detected in either group when the NPs were not injected. 
In the first hour after injection, the iRGD-ICG-10-HCPT- 
PFP-NP group showed a strong fluorescence signal in the 
liver, and a small amount of fluorescence signal was 
detected at the blood vessels between the liver and sub-
cutaneous tumor, while in the ICG-10-HCPT-PFP-NP 
group, only the fluorescence signal was observed in the 
liver, and no significant fluorescence signal was observed 
at the other sites. At 3h after injection, in the iRGD-ICG 
-10-HCPT-PFP-NP group, the fluorescence signal in the 
tumor area became stronger. However, in the ICG-10- 
HCPT-PFP-NP group, there was still only a fluorescence 
signal in the liver region, and no more significant fluores-
cence signal was observed in the tumor region. At 6 hours 
after injection, the fluorescence signal in the tumor area 
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continued to increase in the iRGD-ICG-10-HCPT-PFP-NP 
group. In the ICG-10-HCPT-PFP-NP group, the fluores-
cence signal could still be observed only in the liver 

region, and after 24 hours it was the same as at 6 hours. 
The viscera and tumor mass were separated from the two 
groups of nude mice after sacrifice, and the detected 

Figure 6 The penetration of NPs was detected by 3D MCTS. (A) iRGD-ICG-10-HCPT-PFP-NPs were coincubated with 3D MCTS and scanned at a thickness of 1 μm per 
layer, and 3D reconstruction was performed; scale bar: 100 μm. (B) ICG-10-HCPT-PFP-NPs were coincubated with 3D MCTSs and scanned at a thickness of 1 μm per layer, 
and 3D reconstruction was performed; scale bar: 100 μm.(n=3).
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fluorescence signals were consistent with those in vivo. 
This finding was confirmed by counting the fluorescence 
signal intensity at each time point (Figure 8B).

We found similar results on PA imaging of tumor- 
bearing nude mice (Figure 8C). No significant PA signal 
was detected in the tumor area of nude mice in either 
group before injection of NPs. At 1 hour after injection, 
a small amount of PA signal began to appear in the iRGD- 
ICG-10-HCPT-PFP-NP group, but no significant PA signal 
was detected in the ICG-10-HCPT-PFP-NP group. Over 
time, after 3h, the PA signal gradually increased in the 
iRGD-ICG-10-HCPT-PFP-NP group, and only a small 
amount of PA signal was detected at the edge of the 
tumor area in the ICG-10-HCPT-PFP-NP group. After 6 
hours, the PA signal remained in the iRGD-ICG-10-HCPT- 
PFP-NP group, and a small amount of PA signal appeared 
in the ICG-10-HCPT-PFP-NP group, and after 24 hours it 
was the same as at 6 hours. This finding was confirmed by 
counting the intensity of the PA signal at each time point 
in the tumor area (Figure 8D). At the same time, two 

groups were given ultrasonic detection, and the following 
results were obtained. No significant contrast-enhanced 
ultrasound (CEUS) signal was detected in the tumor area 
of either group before nanoparticle injection. At 1 hour 
after injection, after irradiation with the two groups of 
LIFU, more CEUS signals appeared in the iRGD-ICG-10- 
HCPT-PFP-NP group, while no significant CEUS signals 
were detected in the ICG-10-HCPT-PFP-NP injection 
group (Figure 8E).

We constructed a subcutaneous xenograft model of SK- 
Hep1 to simulate the situation of tumors in vivo and contin-
ued to verify the performance of NPs with experiments 
in vivo. This result indicated that iRGD-ICG-10-HCPT- 
PFP-NPs also had equally good targeting in vivo and were 
able to reach the tumor site more quickly than ICG-10-HCPT 
-PFP-NPs, thereby increasing enrichment in the tumor area. 
This finding is also mediated by the excellent targeting of 
tumor homing peptides.17,49 In PA imaging experiments 
in vivo, we found the same results. This experiment demon-
strates the ability of NPs to perform PA imaging in vivo, and 

Figure 7 Detection of proapoptotic and antiproliferative properties of NPs (A) apoptosis of HCC cells in each group detected by flow cytometry (n=5) (B) statistics of 
flow cytometry results,*P<0.05,**P<0.01,***P<0.001 (C) anti proliferation detected by theCCK-8 assay, *P<0.05, **P<0.01, and ***P<0.001 (n=4).
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due to their strong targeting, they can quickly reach the tumor 
area, which also provides a basis for NPs to achieve early 
diagnosis of tumors. At the same time, in the US imaging 
experiments in vivo, no CEUS images appeared before the 
injection of iRGD nanoparticles. However, at 1 hour after 
injection, after LIFU irradiation, CEUS images of the iRGD- 
ICG-10-HCPT-PFP-NP group were visible. Additionally, the 
targeting of iRGD-ICG-10-HCPT-PFP-NPs in vivo and the 
ability to enhance ultrasound imaging under LIFU irradiation 
were demonstrated.

Therapeutic Effect of NPs in vivo
After treating the tumor-bearing nude mice in different groups, 
we observed the following results (Figure 9A). There were no 
significant changes in body weight during the overall treat-
ment time in either group (Figure 9B). The iRGD-ICG-10- 
HCPT-PFP-NPs+LIFU group had the greatest tumor changes 
and the highest tumor inhibition rate by measuring the tumor 
size and sacrificing the nude mice and isolating the tumor after 
the end of treatment, and the difference was highly significant 
(P < 0.001). The iRGD-ICG-PFP-NPs + LIFU group was 

Figure 8 FL and PA/US imaging of Nps in vivo. (A) In vivo fluorescence as well as ex vivo organ fluorescence images in the iRGD-ICG-10-HCPT-PFP-NP and ICG-10-HCPT- 
PFP-NP groups. (B) Fluorescence intensity statistics of tumor sites, **P<0.01 and ***P<0.001 (n=3). (C) PA signal intensity statistics of tumor sites in the iRGD-ICG-10- 
HCPT-PFP-NP and ICG-10-HCPT-PFP-NP groups. (D) PA signal intensity statistics of tumor sites, **P<0.01, (n=3). (E) B-mode ultrasound and enhanced CEUS ultrasound 
images of tumor sites in the iRGD-ICG-10-HCPT-PFP-NP and ICG-10-HCPT-PFP-NP groups before and after LIFU irradiation in vivo.
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the second highest, and the difference was significant (P < 
0.01) (Figure 9A and C). There was no significant difference 
in tumor size or tumor suppression rate between the control 
group and the LIFU irradiation-alone group. These results 

suggest that the iRGD-ICG-10-HCPT-PFP-NPs+ LIFU 
group had the best therapeutic effect.

In pathological tissue sections (Figure 10A), we found 
that in H&E-stained sections of tumors, a large number of 

Figure 9 The situation of receiving various nanoparticle treatments of nude mice in each group (A) images of nude mice in each group before and after treatment and 
pictures of separated tumors after treatment (B) body weight changes of nude mice in each group during treatment (n = 5). (C) Changes of tumor volume of nude mice in 
each group during treatment, *P<0.05 and **P<0.01.
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Figure 10 Histopathological section after treatment (A) tumors were isolated after treatment of nude mice in each group, and H&E staining, TUNEL and PCNA were 
performed, scale bar: 40 μm (B) proapoptotic index statistics (C) antiproliferative index statistics.
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cell ruptures and nuclear fragmentation findings were 
observed in the iRGD-ICG-10-HCPT-PFP-NPs+LIFU 
group. In TUNEL staining, the cells were stained brown-
ish-yellow as apoptotic cells, and a large number of 
brownish-yellow cells were observed in the iRGD-ICG 
-10-HCPT-PFP-NPs+LIFU group, suggesting the strongest 
proapoptotic effect on the tumor. In PCNA, the cells were 
stained brownish-yellow as proliferating cells, and no 
more significant brownish-yellow cells were seen in the 
iRGD-ICG-10-HCPT-PFP-NPs+LIFU group, suggesting 
a significant inhibition of proliferation. The proapoptotic 
index and antiproliferative index were statistically ana-
lyzed separately (Figure 10B and C).30 Finally, H&E 
staining of the viscera of each group showed no significant 
pathological changes, suggesting that the NPs have good 
biosafety (Figure 11). By injecting different NPs into 
tumor-bearing nude mice for treatment, we observed that 
the body weight of all groups of nude mice did not change 
significantly, and there was no significant decrease after 
receiving LIFU irradiation, which indicated the biosafety 
of NPs and LIFU in vivo. By treatment, we observed that 
in the iRGD-ICG-10-HCPT-PFP-NPs + LIFU group, the 
overall tumor inhibition rate was the highest, suggesting 
that its therapeutic effect was the best, and this result was 
also consistent with previous in vitro experiments, demon-
strating our conjecture about the therapeutic effect of this 
nanoparticle in vivo. To examine further the therapeutic 
effect of NPs, the tumors were isolated and pathologically 
sectioned after sacrificing each group of nude mice. As 
observed by H&E staining, there was a large amount of 

cell fragmentation and karyolysis in the iRGD-ICG-10- 
HCPT-PFP-NPs+LIFU group. Following TUNEL and 
PCNA staining, the results consistent with in vitro experi-
ments were also obtained, with the iRGD-ICG-10-HCPT- 
PFP-NPs+LIFU group having the best antiproliferative 
and proapoptotic effects.30,50 Therefore, iRGD-ICG-10- 
HCPT-PFP-NPs also had the best therapeutic effect on 
tumors in vivo after combined LIFU irradiation. After 
H&E staining of the organs of nude mice in each group, 
no obvious pathological changes were observed in each 
group, indicating that the biosafety of NPs in vivo is also 
more reliable because all the materials used are biocom-
patible and easy to metabolize.37

Conclusion
In summary, ultrasonic molecular imaging, as a research hot-
spot, opens new ideas for the diagnosis and treatment of 
many diseases and is finding new directions. In some studies 
of molecular imaging in the past, its direction was mostly 
single, and some studies were based on therapeutic purposes 
but were more biased towards pharmaceutical research.38,39 

In such studies, the prepared nanoscale molecular probes are 
mainly able to target accurately the disease or tumor site and 
to release drugs, such as liposomal doxorubicin, which has 
been put into clinical use.40 However, this is only in the field 
of using nanoscale molecular probes for treatment, and there 
is a lack of diagnosis for diseases. Therefore, the organic 
combination of diagnosis and treatment is in line with the 
direction of future molecular imaging research development. 
Our research undoubtedly works in this direction.

Figure 11 Nude mice in each group were sacrificed after nanoparticle injection, the heart, liver, spleen, lung and kidney were isolated, and H&E sections were performed to 
observe the safety of nanoparticles; scale bar: 100 μm.
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The iRGD-ICG-10-HCPT-PFP-NPs are a novel multi-
functional molecular probe with regular shape, small particle 
size, and the ability of ultrasound/PA dual-modality imaging 
but also to target the tumor area, to penetrate deep into the 
tumor, and to release the drug under LIFU irradiation, to 
achieve a better therapeutic effect on the tumor. Our study 
is based on the results of previous ultrasonic molecular 
imaging studies, moving towards the goal of integrated diag-
nosis and treatment and precise treatment and exploring new 
ideas and methods for the treatment of HCC.

Data Sharing Statement
All experimental data to support the findings from this 
study will be made available to interested investigators.
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