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Abstract

Objective: Prepare a multifunctional ultrasound molecular probe, hyaluronic acid-mediated
cell-penetrating  peptide-modified  10-hydroxycamptothecin-loaded  phase-transformation  lipid
nanoparticles (HA/CPPs-10-HCPT-NPs), and to combine HA/CPPs-10-HCPT-NPs with low-intensity
focused ultrasound (LIFU) for precision theranostics against hepatocellular carcinoma (HCC).

Methods: HA/CPPs-10-HCPT-NPs were prepared using thin-film dispersion, ultrasound emulsification,
and electrostatic effects. HA/CPPs-10-HCPT-NPs were characterized for particle size, zeta potential,
encapsulation efficiency and drug-loading efficiency. In vitro, HA/CPPs-10-HCPT-NPs were tested for
acoustic droplet vaporization (ADV) at different time points/acoustic intensities; the ability of
HA/CPPs-10-HCPT-NPs to target SMMC-7721 cells was detected by confocal laser scanning microscopy
(CLSM); the penetrating ability of CG-TAT-GC-modified NPs was verified by CLSM in a 3D multicellular
tumor spheroid (MCTS) model; the effect of HA/CPPs-10-HCPT-NPs combined with LIFU on killing
SMMC-7721 cells was measured by CCK-8 and flow cytometry. In vivo, the tumor-target efficiency of
HA/CPPs-10-HCPT-NPs was evaluated by a small-animal fluorescence imaging system and CLSM; the
enhanced ultrasound imaging efficiency of HA/CPPs-10-HCPT-NPs combined with LIFU was measured
by an ultrasound imaging analyzer; the therapeutic effect of HA/CPPs-10-HCPT-NPs combined with LIFU
was evaluated by tumor volume, tumor inhibition rate, and staining (hematoxylin and eosin (H & E),
proliferating cell nuclear antigen (PCNA) and TUNEL).

Results: Mean particle size and mean zeta potential of HA/CPPs-10-HCPT-NPs were 284.21+13.3 nm
and - 16.55*1.50 mV, respectively. HA/CPPs-10-HCPT-NPs could bind to SMMC-7721 cells more
readily than CPPs-10-HCPT-NPs. Penetration depth into 3D MCTS of HA/CPPs-10-HCPT-NPs was
2.76-fold larger than that of NPs without CG-TAT-GC. HA/CPPs-10-HCPT-NPs could enhance
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ultrasound imaging by undergoing ADV triggered by LIFU. HA/CPPs-10-HCPT-NPs+LIFU group
demonstrated significantly higher efficiency of anti-proliferation and apoptosis percentage than all other
groups. In mouse liver tumor xenografts, HA/CPPs-10-HCPT-NPs could target tumor sites and enhance
ultrasound imaging under LIFU. HA/CPPs-10-HCPT-NPs+LIFU group had a significantly smaller tumor
volume, lower proliferative index (Pl), and higher tumor inhibition and apoptotic index (Al) than all other

groups.

Conclusions: Combined application of HA/CPPs-10-HCPT-NPs and LIFU should be a valuable and

promising strategy for precise HCC theranostics.

Key words: Hepatocellular carcinoma; cell-penetrating peptide; phase-transformation; low-intensity focus

ultrasound; ultrasound molecular imaging; theranostics

Introduction

Worldwide, hepatocellular carcinoma (HCC) is
the fifth most prevalent cancer type and the third
most deadly [1-3]. Optimal treatment for HCC is
radical resection, but many HCC patients have
advanced HCC or distant metastasis, so treatment is
challenging and the prognosis poor [4]. Due to the
poor sensitivity of HCC to existing chemotherapy
drugs, the effect is unsatisfactory [4, 5]. Thus, there is
a critical, unmet need to explore new target sites and
new methods to develop new drugs to diagnose and
treat HCC.

The ultrasound contrast agents “ultrasound
microbubbles” have been used widely for the
diagnosis/differential diagnoses of diseases [6-8],
especially liver diseases [9]. Ultrasound microbubbles
are also used widely in experimental research as
vehicles for carrying anti-cancer drugs or genes
[10-12]. However, due to their micro-sized
dimensions, ultrasound microbubbles cannot
penetrate the vascular endothelial space of the tumor
(380-780 nm) [13, 14] and the imaging and treatment
of the extravascular tumor tissue is difficult [15]. Lipid
nanoparticles (NPs) were developed to address this
dilemma. As anti-cancer drug carriers, lipid NPs can
penetrate the vascular endothelial gaps of tumors and
deliver chemotherapy drugs to tumor tissue.
However, conventional lipid NPs enhance
backscattering depending on the gathering of NPs,
and the imaging effect is inferior to that of ultrasound
microbubbles [16]. In recent years, several studies
have indicated that phase-transformation lipid NPs
coated with liquid perfluoropentane (PFP) can elicit
ADV. Using a certain intensity of external ultrasonic
irradiation, PFP-coated lipid NPs can be changed into
lipid microbubbles to enhance ultrasound imaging
[14,15,17].

Cell-penetrating peptides (CPPs; also called the
“protein  transduction domains”) can deliver
macromolecular substances (e.g., proteins,
polypeptides, nucleic-acid fragments) directly and
actively through cellular membranes into the
cytoplasm or nucleus without causing cytotoxicity

[18, 19]. CPPs have high affinity for cell membranes
and permeate the membranes quickly without
destroying cell structures or degrading rapidly [20].
The human immunodeficiency virus type-1
transactivating transcriptional activator (HIV-1 TAT)
protein is one of the most popular CPPs. As one of the
shortest peptides, TAT can translocate across
membranes into cell nuclei without causing
cytotoxicity [18, 21]. TAT peptide (TATp)-modified
nanocarriers (e.g., liposomes, micelles) can deliver
various drugs and genes into cells in vitro and in vivo
[20, 22]. Studies from our research team [20, 23, 24]
have  shown  the novel  cysteine-flanked
cell-penetrating peptide CG-TAT-GC to have better
penetration than the unmodified form of TAT, but is
non-specific. Therefore, such non-specific CPPs need
to have a targeted “guidance system” to reach the
target site.

Common lipid NPs lack specific targets and the
number of NPs reaching the target site actively are
few, so effective molecular imaging and targeted
therapy is challenging. Targeted NPs need to be
developed to overcome this problem. The targeting
strategies include ligands-mediated active targeting
and ultrasound or radiofrequency-mediated passive
targeting [25-27]. The human hepatoma SMMC-7721
cell membrane overexpresses cluster of differentiation
(CD)44 [28]. This is a cell adhesion factor with a
molecular weight of 82 kDa. CD44 is related to the
genesis, invasion, and metastasis of tumor cells to the
lymph nodes. Importantly, CD44 can bind hyaluronic
acid (HA) specifically [29, 30] and is a potential target
for the treatment of liver cancer. HA has non-immune
characteristics, good biocompatibility and
bio-degradability, and is a natural macromolecular
polysaccharide [27, 31]. HA has high affinity for the
specific overexpressed markers present on the surface
of tumor cells such as CD44 [30]. In addition, when
conjugated with drugs, HA can enhance the
endocytosis mediated by receptors, making the drug
target focal areas actively, avoiding toxicity to normal
cells and improving its therapeutic index [27].
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Hyaluronidase (HAase) is distributed widely in the
acidic extracellular matrix of tumor cells and can
hydrolyze HA to expose CPPs in HA-coated NPs [27,
32]. NPs modified by specific substances have been
shown to be promising vectors for targeting cells and
tissues and to be effective deliverers of chemotherapy
drugs [4, 33, 34].

10-hydroxy camptothecin (10-HCPT) is a
broad-spectrum anti-cancer agent. The required dose
of 10-HCPT for antitumor therapy is >20-times lower
than that of paclitaxel or doxorubicin [35, 36].
10-HCPT is a cell cycle-specific drug that selectively
inhibits DNA topoisomerase (TOPO I) [37]. 10-HCPT
is used mainly to treat cancer of the liver, stomach,
head, neck as well as leukemia. However, 10-HCPT
has limited application in the clinic owing to its low
aqueous solubility, instability, and because it leads to
nausea, vomiting, bone-marrow suppression and
other adverse effects [38]. Studies have shown that
chemotherapy drugs encapsulated by liposomes can
reduce their toxicity as well as improve their stability
and efficacy [10, 39-41].

“Low-intensity focused ultrasound” (LIFU) is a
system developed by our research team that
integrates diagnosis, treatment, monitoring, and

efficacy evaluation. Studies have shown that LIFU has
damage
leads to

effect, does not
tissue, and

a precise focusing
surrounding  normal

negative charge

s @ :
Y |
‘;--0?{.'

-9(-){

quantitatively controlled release from drug-delivery
systems [15, 42]. In addition, LIFU has good
penetration and anti-attenuation, which conventional
diagnostic ultrasound does not have.
Ultrasound-targeted microbubble destruction
(UTMD) is a passive targeting strategy used widely to
promote gene transfection, drug delivery, and
increased capillary permeability [43-46].

Here, we wished to develop a new precise
system for the diagnosis and treatment of HCC based
on a novel multifunctional ultrasound molecular
probe combined with LIFU. As shown in the
schematic diagram (Figure 1), hyaluronic acid-
mediated cell-penetrating peptide-modified 10-hy-
droxycamptothecin-loaded phase-transformation
lipid nanoparticles (HA/CPPs-10-HCPT-NPs)
mediated by HA accumulated in tumor tissues near
tumor vessels through the vascular endothelial gaps
after injection (though the tail vein) of mice. HA on
the surface layer of HA/CPPs-10-HCPT-NPs was
degraded by HAase, and CPPs were exposed in a
HAase-rich tumor microenvironment. CPPs-10-
HCPT-NPs could penetrate deep into tumor tissue
and cells through the stroma and cell membranes of
tumor cells. After irradiation by LIFU, NPs in tumor
tissue and cells turned into microbubbles after ADV,
thereby enhancing ultrasound imaging at the cellular
level. Soon afterwards, LIFU triggered microbubble
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positive charge
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Figure 1. Combined application of HA/CPPs-10-HCPT-NPs and LIFU for precise theranostics of liver cancer (schematic). (A) Degradation of HA by HAase. (B) Disassembly of
HA/CPPs-10-HCPT-NPs to CPPs-10-HCPT-NPs. (a) NPs injected intravenously in blood vessels. (b) NP accumulation at the tumor site via active and passive targeting. (c)
Degradation of HA by HAase and exposure of CPPs in a HAase-rich tumor microenvironment. (d) CPPs induce uptake of NPs in SMMC-7721 cells. (e) Internalization of NPs
into SMMC-7721 cells. (f) Generation of ADV by LIFU irradiation. (g) Explosion of NPs triggered by UTMD to promote drug release in the cytoplasm and nucleus.
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rupture and promoted local release of antitumor
drug, thereby realizing physicochemical synergistic
treatment of the tumor. Our results showed,
conclusively, that HA/CPPs-10-HCPT-NPs + LIFU
could realize the early, precise and visual theranostics
of liver cancer.

Materials and Methods

Materials and animals

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholi
ne (DPPC) and 3-(N-(N',N'-Dimethylaminoethane)
carbamoyl) cholesterol (DC-Chol) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA).
CG-TAT-GC (which had a sequence of CGYGRKKRR
QRRRGC) was synthesized by ChinaPeptides
(Beijing, China). DSPE-PEG-COOH was obtained
from Nanocs (Boston, MA, USA). DSPE-PEG-CG-
TAT-GC (DSPE-CPPs) was synthesized by Funuowei
Biotechnology (Chongqing, China). 10-HCPT (purity
=99.9%) was purchased from Lanbei Technology
(Chengdu, China). An injection of 10-HCPT was
obtained  from  Hubei  Huangshi  Feiyun
Pharmaceuticals (Wuhan, China). Sodium hyaluronic
acid (HA: molecular weight = 240 kDa) was
purchased from Freda Biochem (Shandong, China).
1,1'-Dioctadecyl-3,3,3',3'tetramethylindocarbocyanine
perchlorate (Dil) and 3,3’-dioctadecyloxacarbocyanine
perchlorate (DiO) were provided from Beyotime
Biotechnology (Shanghai, China). Hyaluronidase
(HAase), 4, 6-diamidino-2-phenylindole (DAPI) and
1,1'-Dioctadecyl-3,3,3',3'tetramethylindotricarbocyani
ne iodide (DiR) were obtained from Sigma-Aldrich
(Saint Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco Co. (Carlsbad, CA, USA).
Penicillin-streptomycin was obtained from Boster
Biology Technology (Wuhan, China). Cell Counting
Kit 8 (CCK-8) was provided by Dojindo Molecular
Technology (Tokyo, Japan). Methyl alcohol and
trichloromethane were purchased from Chongging
Chuandong chemicals (Chongqing, China). All other
reagents were of analytical grade and used as
received.

A rotary vacuum evaporator (RE-52A) was
purchased from Yarong (Shanghai, China), along with
a sonicator (VCX-130; Sonics & Materials, Danbury,
CT, USA) and centrifuge (5804R; Eppendorf,
Hamburg, Germany). An inverted fluorescence
microscope (IX53) was obtained from Olympus
(Tokyo, Japan), along with a confocal laser scanning
microscope (A1R-Si; Nikon, Tokyo, Japan) and
transmission electron microscope (TEM) (H-7500;
Hitachi, Tokyo, Japan). A microplate reader (ELX800;
Bio-tek Instruments, Winooski, VI, USA), dynamic

light scattering analyzer (Malvern Instruments,
Malvern, UK) and a LIFU instrument (LMSCO051
ACA; Institute of Ultrasound Imaging, Chongging
Medical Sciences, Chongqing, China) were also
obtained.

A human HCC line (SMMC-7721) was provided
by the Chongging Key Laboratory of Ultrasound
Molecular Imaging (Chongqing, China). Balb/c nude
mice (4 weeks; 18-22g) were obtained from the
Laboratory Animal Center of Chongqing Medical
University (Chongqing, China) and maintained in
accordance with guidelines set by the Animal Care
Committee of Chongqging Medical University.

Cell and multicellular tumor spheroid (MCTS)
cultures

SMMC-7721 cells were maintained in DMEM
containing FBS (10% v/v), penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37°C in a humidified
incubator in an atmosphere of 5% CO,. Cells were
digested by 0.25% trypsin when they were in the
exponential growth  phase for subsequent
experiments. The cell numbers for all the experiments
were determined using a hemocytometer.

Three-dimensional (3D) MCTS was cultured as
described previously [47]. Briefly, SMMC-7721 cells
were digested and centrifuged, and cells were
resuspended in fresh cell culture medium to obtain a
single-cell suspension. The concentration of cells was
adjusted to 2.5X10*/mL. The lid of the culture dish
was inverted, and a cell suspension (20 pL) added
gently to the dish lid. Then, 6 mL of phosphate-
buffered saline (PBS) was added to the dish, and the
dish was covered by the lid. The dish was placed in a
humidified incubator (37°C, 5% CO) for cultivation of
MCTS. The dish was observed every 3 days and the
culture medium replaced if necessary.

Establishment of animal and tumor xenograft
models

All nude mice were pathogen-free and allowed
access to food and water ad Iibitum. Animal
experiments were carried out with the permission of
the Animal Ethical Commission of Chongging
Medical University.

To create a hepatic tumor xenograft model, nude
mice were inoculated with SMMC-7721 cells (1X106
cells/100 pL, s.c.) resuspended in DMEM with free
FBS into the dorsal flank. Tumor-bearing nude mice
were allowed to grow under standard conditions for
20 days after tumor inoculation and used for
subsequent experiments. Tumor volume (V) was
determined by measuring the length (L) and width
(W) of the tumor using vernier calipers, and
calculated as V =L X W2/2[10, 48]. The mean tumor
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volume reached ~ 0.512 cm? at 20 days after tumor
inoculation before experimental studies began.

Preparation of NPs

NPs were prepared by thin-film dispersion and
ultrasound emulsification according to a procedure
reported previously [15, 27]. Briefly, 10 mg of DPPC, 4
mg of DSPE-CPPs, 3 mg of DC-cholesterol and 2 mg
of 10-HCPT were dissolved in 5 mL of methyl alcohol
and 10 mL of trichloromethane, which were removed
with a rotary vacuum evaporator (1 h, 50°C). A thin
film of lipids was formed at the bottom of the flask.
This film was hydrated in 4 mL of distilled water.
After precooling in an ice bath and addition of 60 pL
of PFP, the suspension was emulsified in an ice-water
bath using a sonicator (Sonics & Materials) at 125 W
for 6min (5s on and 5s off). To remove free lipids and
excess reactants, the NPs were centrifuged at 8228 X g
for 5 min at 4°C and then washed in distilled water.
The centrifugation and washing process were
repeated thrice. CPPs-10-HCPT-NPs were obtained
and then stored at 4°C until further use.

HA/CPPs-10-HCPT-NPs were obtained by
adding CPPs-10-HCPT-NPs to 0.6 mg/mL HA
solution (1:1, v:v).

10-HCPT-NPs and HA/10-HCPT-NPs were
obtained by the same procedures described above,
except that DSPE was used instead of DSPE-CPPs.

To prepare fluorescent NPs, 5 pL of Dil or DiR
fluorescent dye was added to the lipid solution before
film formation with tinfoil to prevent light exposure.

Characterization of NPs

The mean particle size and zeta potential of NPs
were measured by a dynamic light scattering analyzer
(Malvern Instruments). The particle distribution of
NPs was observed using an optical microscope
(Olympus) and confocal laser scanning microscope
(Nikon). Morphologic characterization of NPs was
done using a transmission electron microscope (TEM)
(H-7500; Hitachi).

Encapsulation efficiency (EE) and drug-loading
efficiency (LE) of NPs

We wished to determine the EE and LE of the
different formulations of 10-HCPT-loaded NPs. A
high-performance liquid chromatography (HPLC)
system was used to assay the 10-HCPT concentration
in various 10-HCPT formulations dissolved in
chloroform and methanol [38]. The EE was defined as
the percentage of 10-HCPT encapsulated in the NPs
from the total amount of 10-HCPT used initially. The
LE was the percentage of 10-HCPT encapsulated in
the NPs versus the total amount of NPs (n = 3) [10].

In vitro ADV and ultrasound imaging of
HA/CPPs-10-HCPT-NPs

We wished to investigate the ADV of HA/CPPs-
10-HCPT-NPs triggered by LIFU (1.0 MHz, focal
length of 1.5 cm, duty cycle of 50%, pulse-wave mode)
irradiation in wvitro. First, 500 pL of a HA/CPPs-
10-HCPT-NPs nanoemulsion (1 mg/mL) was added
to agar gel phantom (3% agar w/v in distilled water).
An ultrasound coupling agent was filled between the
agar gel phantom and the LIFU probe to ensure that
the focus of LIFU sonication was at the center of the
nanoemulsion. We investigated the time-dependent
(1-4 min) and acoustic intensity-dependent (2, 2.4 and
2.8 W/cm?) ADV of HA /CPPs-10-HCPT-NPs in vitro,
respectively. We also explored the optimal parameters
of ADV triggered by LIFU. The ultrasound images
before LIFU irradiation were the control. After each
irradiation, ultrasound images of the nanoemulsion in
the agar gel phantom were obtained. Then, the echo
intensities of the regions of interest in B-mode and
contrast-enhanced ultrasound (CEUS) were calculated
by an ultrasound imaging analyzer (DFY-II; Institute
of Ultrasound Imaging) [15, 20].

Targeting and penetration efficiency of
HA/CPPs-10-HCPT-NPs in vitro

To evaluate the targeting capability of
HA/CPPs-10-HCPT-NPs in vitro, SMMC- 7721 cells
were seeded in culture dishes at a certain
concentration and cultured at 37°C with 5% CO, in a
humidified incubator. After 24 h, cells were divided
into three groups: HA /CPPs-10-HCPT-NPs, CPPs-10-
HCPT-NPs, HA/CPPs-10-HCPT-NPs+HAase. HA/
CPPs-10-HCPT-NPs were mixed with an equal
volume of 2 mg/mL HAase solution for 1 h. The
corresponding Dil-labeled NPs were administered at
the same 10-HCPT dose of 4mg/kg for each group.
After 30 min, cells were washed thrice with PBS, fixed
with 4% paraformaldehyde for 10 min, and then
incubated with DiO and DAPI for 5 min each. After
fixing and dye administration, the cells were washed
thrice with PBS. Finally, the dishes were stored away
from light and sent for confocal laser scanning
microscopy (CLSM).

3D-MCTS was used to mimic NPs in vivo and to
confirm the penetration ability of HA/CPPs-10-
HCPT-NP  [49]. HA/CPPs-10-HCPT-NPs  and
HA/10-HCPT-NPs were co-cultured with 3D MCTS
for 1 h, washed thrice with cold PBS, and sent for
CLSM. Multiple-level scans for 3D MCTS were done
at 2 pm intervals to measure penetration.

Anti-proliferation assay

The anti-proliferation efficiency of a combination
of HA/CPPs-10-HCPT-NPs and LIFU was assessed
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by the CCK-8 assay. The concentration of SMMC-7721
cells was adjusted to 3x10*/mL. A cell suspension
(100 pL) was seeded into each well of 96-well plates
and cultured in an incubator overnight. Cells were
divided into 12 groups: control, freel0-HCPT, HA/
CPPs-10-HCPT-NPs, CPPs-10-HCPT-NPs, HA/10-
HCPT-NPs, 10-HCPT-NPs, LIFU, 10-HCPT+LIFU,
HA/CPPs-10-HCPT-NPs+LIFU, CPPs-10-HCPT-
NPs+LIFU, HA/10-HCPT-NPs+LIFU, and 10-HCPT-
NPs+LIFU (n=5). The control group received no
treatment. 10-HCPT treatment groups received the
same 10-HCPT dose of 4 mg 10-HCPT/kg
corresponding to NPs. LIFU irradiation (1.0 MHz; 2.4
W/cm? duty cycle, 50%; focal length, 1.5cm; pulse
wave mode; 3 min) was undertaken after drug
administration for 1 h [15]. Twenty-four hours after
treatment, 10 pL of CCK-8 reagent was added to each
well and incubated for 1 h in an incubator. The optical
density (OD) was read at 450 nm by a microplate
reader. Cell survival rate was calculated using the
following equation: Survival rate (%)=
(As-Ab)/(Ac-Ab) X100%, where as is the OD value in
the experimental groups (culture medium containing
cells, CCK-8 reagent, NPs). Ac is the OD value in the
control group (culture medium containing cells,
CCK-8 reagent, without NPs) and Ab is the OD value
in the blank group (culture medium without cells and
NPs, CCK-8 reagent).

Apoptosis assay

SMMC-7721 cells in the exponential growth
phase were digested and the cell concentration
adjusted to 5x10°/mL. Each well of six-well plates
was seeded with 1 mL of the cell suspension, and then
incubated at 37°C with 5% CO; in a humidified
incubator for 24 h. To assess the effects of
HA /CPPs-10-HCPT-NPs+LIFU irradiation on
apoptosis, cells were divided into groups and treated
as described above for the anti-proliferation assay.
After overnight culture, cells were digested,
centrifuged and collected. They were then washed
thrice with cold PBS. Finally, cells were resuspended
in 500 pL of PBS and underwent flow cytometric
analyses to test for apoptosis.

In vivo targeting efficiency

To evaluate the distribution and tumor-targeting
efficiency of HA /CPPs-10-HCPT-NPs in mice bearing
the HCC xenograft, six mice were divided randomly
into the HA/CPPs-10-HCPT-NPs group and
CPPs-10-HCPT-NPs group. DiR-labeled NPs were
injected via the tail vein. Real-time imaging was
conducted by a small-animal in vivo fluorescence
imaging system (IVIS Lumina III; PerkinElmer,
Waltham, MA, USA). The distribution and intensity of

fluorescence signals in vivo were observed at 4 h and
24 h. After 24h, the mice were killed, and the tumor
and organs extracted for additional ex wvivo
fluorescence imaging to assess the change in
fluorescence intensity.

In vivo ADV and ultrasound imaging

To verify further the targeting capability and
effect of enhanced ultrasound imaging of
HA/CPPs-10-HCPT-NPs in wvivo, 15 mice bearing
tumor xenografts were divided randomly into three
groups: (1) HA/CPPs-10-HCPT-NPs+LIFU, (2)
CPPs-10-HCPT-NPs+LIFU, (3) HA/CPPs-10-HCPT-
NPs. Mice were injected with PFP-coated
corresponding NPs via the tail vein. One hour after
injection, the tumors of group (1) and group (2) were
irradiated by LIFU (3.2 W/cm? duty cycle, 50%; pulse
wave mode; 2 min) [15]. An ultrasonic coupling agent
was placed between the tumor surface and LIFU
probe to ensure that the focus was in the tumor (focal
length = 1.5cm). The linear array probe of the
ultrasonic apparatus was used to scan tumor sites
before and after LIFU irradiation. Ultrasonograms of
tumor pre- and post-LIFU irradiation were observed
to evaluate the enhanced ultrasound imaging of NPs
irradiated by LIFU. The echo intensity of the images
was calculated using an ultrasound image analyzer
[15, 20].

Therapeutic effect in vivo

To evaluate the anti-tumor therapeutic effect of
combined application of HA/CPPs-10-HCPT-NPs
with LIFU in mice bearing tumor xenografts, the
tumor-bearing mice were distributed to 12 groups at
random (n = 5): control, free 10-HCPT, HA /CPPs-10-
HCPT-NPs, CPPs-10-HCPT-NPs, HA/10-HCPT-NPs,
10-HCPT-NPs, LIFU, 10-HCPT+LIFU, HA/CPPs-10-
HCPT-NPs+LIFU, CPPs-10-HCPT-NPs+LIFU, HA/
10-HCPT-NPs+LIFU, and 10-HCPT-NPs+LIFU. The
control group received an injection of physiologic
(0.9%) saline. The different formulations of 10-HCPT
were injected at the same 10-HCPT dose of 4mg/kg
body weight through the vena caudalis once every 2
days. 10-HCPT treatment started 20 days and ended
31 days after injection into SMMC-7721 cells. LIFU
irradiation was carried out for 5 min at 1 h after
injection of the 10-HCPT formulation. The LIFU probe
was positioned directly above the tumor xenografts
with the coupling medium. The LIFU parameters (3.2
W/cm? duty cycle, 50%; focal length, 1.5 cm; pulse
wave mode) were based on our previous study [15].
After 31 days, all mice were killed and tumor
xenografts excised. The weight and size of tumor
xenografts were measured and used to calculate
tumor inhibition [42] and tumor volume. The
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proliferation and apoptosis of tumor cells were
assessed by immunohistochemical (IHC) staining
with antibodies against proliferating cell nuclear
antigen (PCNA) and the terminal deoxynucleotidyl
transferase (TdT) dUTP nick-end labeling (TUNEL)
assay, respectively. The proliferative index (PI) and
apoptotic index (Al) were calculated according to the
number of positively stained tumor cells divided by
the total number of cells, which were counted from six
randomly  selected  high-power fields. The
histopathologic change of paraffin tissue section
stained with hematoxylin and eosin (H&E) was also
documented.

Statistical analyses

Data are the mean + standard deviation, and
were analyzed using SPSS 21.0 software (IBM,
Armonk, NY, USA). One-way ANOVA and the
Student’s t-test were utilized for statistical evaluation.
Differences were considered significant at P<0.05.

Results and Discussion

Characterization of the NPs

NPs were punctiform in shape with good
dispersity under optical microscopy (Figure 2A) and
CLSM (Figure 2B) and showed a spherical
morphology on TEM (Figure 2C). The mean particle
size of CPPs-10-HCPT-NP and HA/CPPs-10-HCPT-
NP was 245.1+10.3 nm and 284.2+13.3 nm (Figure

e
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2D), and the mean zeta potential was 45.50+2.09 mV
and -16.55+£1.50 mV (Figure 2E), respectively (Table
1). The surface potential of HA/CPPs-10-HCPT-NP
formed after incubation of CPPs-10-HCPT-NP with
HA solution was obviously negative. The change in
the charge of NPs demonstrated that HA as an outer
corona was introduced via electrostatic interaction. In
addition, the Fourier transform infrared (FTIR)
spectra also demonstrated successful modification by
HA (Figure S1).

The UV-vis spectrum of HA/CPPs-10-HCPT-
NPs ascertained that 10-HCPT was loaded
successfully (Figure S2). The EE and LE of
HA/CPPs-10-HCPT-NP were 48.10% %= 3.13% and
5.23% +0.34%, respectively.

Table 1. Particle size and zeta potential of HA/CPPs-10-HCPT-
NPs and CPPs-10-HCPT-NPs.

Nanoparticles Particle Size (nm) Zeta Potential (mV)
HA/CPPs-10-HCPT-NP 284.23+13.28 -16.55+1.50
CPPs-10-HCPT-NP 245.08+10.32 45.50+2.09

Values are the mean+SD (n = 3).

In vitro ADV and ultrasound imaging of
HA/CPPs-10-HCPT-NPs

PFP-coated NPs can be triggered to undergo a
liquid-gas phase-transformation by external factors
(e.g., ultrasound, temperature, lasers), but ultrasound

C
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Figure 2. Characterization of HA/CPPs-10-HCPT-NPs. (A) optical microscopy image of HA/CPPs-10-HCPT-NPs, scale bar: 20 um. (B) CLSM image of Dil-stained
HA/CPPs-10-HCPT-NPs, scale bar: 25 um. (C) TEM image of HA/CPPs-10-HCPT-NPs, scale bar: 100 nm. (D) Size distributions of HA/CPPs-10-HCPT-NPs. (E) Zeta potential

of HA/CPPs-10-HCPT-NPs (n = 3).
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is the best way to trigger ADV [50]. ADV denotes a
transformation from liquid to gas when a liquid
fluorocarbon reaches its phase-transformation
threshold under irradiation with ultrasound energy
[51]. In the ADV of HA/CPPs-10-HCPT-NPs
triggered by LIFU in vitro, we investigated the
influence of irradiation time and acoustic intensity on
ADV. Before LIFU irradiation, a nanoemulsion of NPs
in agar gel phantom showed low echo or no echo
intensity (Figure 3A). Under B-mode ultrasound, the
echo intensity of NPs increased with increasing time
in the 2 W/cm? group. In the 2.4 W/cm? group, the
echo intensity peak was at 3 min, and began to decline
at 4 min. We speculated that some of the
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phase-transformation NPs ruptured when their
volume increased to a certain extent, and so the echo
intensity of the NPs declined. In the 2.8 W/cm? group,
though the echo intensity of the NPs increased with
increasing time in the first 3 min, the echo intensity of
the NPs began to decline at 4 min. Interestingly, the
echo intensity was lower than that of the 2.4 W/cm?
group at 3 min. A possible reason is that the acoustic
intensity at 2.8 W/cm? at 3 min was sufficient to
induce =~ UTMD  caused by  LIFU, the
phase-transformation NPs formed microbubbles, and
then the microbubbles ruptured, and so the echo
intensity was markedly reduced.
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Figure 3. ADV and ultrasound imaging of HA/CPPs-10-HCPT-NPs with encapsulation of PFP in vitro. The time- and acoustic intensity-dependent ADV and ultrasound imaging
of HA/CPPs-10-HCPT-NPs triggered by LIFU (left of each ultrasonogram: B-mode; right of each ultrasonogram: CEUS-mode) (A). Quantitative analyses of the echo intensity of
NPs after different acoustic intensities and different times of LIFU irradiation in B-mode (B) and CEUS-mode (C).
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Thus, the optimal condition of ADV generated
by LIFU was 2.4 W/cm? at 3 min (Figure 3A, B). We
could also draw the same conclusion from the CEUS
mode (Figure 3A, C). Under LIFU irradiation, the echo
intensity of HA/CPPs-10-HCPT-NPs without PFP in
agar gel phantom did not change with the change of
ultrasound intensity or time. Both in B-mode and
CEUS mode, the nanoemulsion of NPs without PFP
showed no echo (Figure S3). The results stated above
demonstrated that a nanoemulsion containing NPs
with encapsulated PFP generated a high echo signal at
a certain intensity of ultrasound due to PFP causing
ADV.

Targeting efficiency of
HA/CPPs-10-HCPT-NPs in vitro

To improve the efficiency of NPs targeting to
tumors, a ligand-mediated active targeting strategy is
regarded as the ideal choice [25]. HA has numerous
excellent properties: non-toxicity, non-immuno-
genicity, and biodegradability, HA is also involved in
the motility, matrix adhesion, and proliferation of
cells [31]. The target-binding experiment of
SMMC-7721 cells with HA/CPPs-10-HCPT-NPs or
CPPs-10-HCPT-NPs showed many HA/CPPs-10-
HCPT-NPs surrounding SMMC-7721 cells, and that
some entered SMMC-7721 cells. These observations

DAPI DiO

HA/CPPs-10-HCPT-NPs

CPPs-10-HCPT-NPs

HA/CPPs-10-HCPT-NPs+HAase

suggested that HA / CPPs-10-HCPT-NPs could closely
adhere to SMMC-7721 cells overexpressing CD44
(Figure S4A) and could penetrate cells through the
cell membrane (Figure 4A). However, in the
CPPs-10-HCPT-NP group, NPs rarely adhered to
SMMC-7721 cells (Figure 4 B), which demonstrated
that HA had an important role in helping NPs to
target SMMC-7721 cells. The HA/CPPs-10-HCPT-
NPs+HAase group had no or few NPs adhering to
SMMC-7721 cells after HAase administration, which
further demonstrated that HA was an important
mediatory factor targeting HCC (Figure 4C). HA can
bind to its receptors, such as CD44 and receptor for
HA mediated motility (RHAMM), so HA has been
used widely for the study of tumor-targeting
drug-delivery systems [27]. HA is considered to be a
“switch” coating on the surface of NPs via electrostatic
interactions and protects NPs from plasma proteins to
prolong the circulation of NPs. More importantly,
HAase (an endo-glucosidase present extensively in
weakly acidic tumor microenvironments) can
hydrolyze HA, which “turns off” the protective
function of HA, and simultaneously “turns on” the
penetrating activity of CPPs-10-HCPT-NPs for
improved uptake by tumor cells [27].

Figure 4. Efficiency of various NPs targeting SMMC-7721 cells in vitro. CLSM images of SMMC-7721 cells incubated with different NPs (scale bar: 100 pm); blue: nuclei stained
by DAPI; green: cell membrane stained by DiO; red: NPs stained by Dil; (A) HA/CPPs-10-HCPT-NPs group, (B) CPPs-10-HCPT-NPs group, (C) HA/CPPs-10-HCPT-NPs+HAase

group.
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HA/CPPs-10-HCPT-NPs

HA/10-HCPT-NPs

Figure 5. Penetration of Dil-stained NPs in SMMC-7721 cells using 3D MCTS. Multi-level scan of MCTS at 2 um intervals showing the penetration of HA/CPPs-10-HCPT-NPs
(A) and HA/10-HCPT-NPs without CPPs (D). 3D stereogram of MCTS in the HA/CPPs-10-HCPT-NPs group (B) and HA/10-HCPT-NPs group (E). Penetration depth of

HA/CPPs-10-HCPT-NPs (C) and HA/10-HCPT-NPs (F).

Penetration efficiency of
HA/CPPs-10-HCPT-NPs in vitro

3D MCTS can better mimic the tumor
microenvironment (such as heterogeneous tumor
perfusion, high cell density, acidic pH, and increased

interstitial pressure) of solid tumors in vivo than
monolayer tumor cells [52,53]. Thus, to determine the
penetrating efficacy of HA /CPPs-10-HCPT-NPs, a 3D
MCTS experiment with SMMC-7721 cells was
undertaken. In the HA/CPPs-10-HCPT-NPs group,
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the number of NPs clustered around the 3D MCTS
and that had penetrated into the cell sphere was
greater than that of the HA/10-HCPT-
NPs group (Figure 5A, B, D, E), and the penetration
depth was 27.14 pm (Figure 5C). However, in the
HA/10-HCPT-NPs without CPPs group, only a thin
layer of NPs adhered to the 3D MCTS and penetrated
into the 3D MCTS with a depth of only 9.83 pm
(Figure 5F), which was 2.76-fold thinner than that of
the HA/CPPs-10-
HCPT-NPs group. These results suggested that
CG-TAT-GC markedly promoted the entry of NPs
into 3D MCTS, and that HA/CPPs-10-HCPT-NPs
could penetrate deeper into 3D MCTS than
HA/10-HCPT-NPs. We  hypothesized that
HA/10-HCPT-NPs could not penetrate into the cells
in a timely manner after binding to CD44 on the cell
membrane. However, when CD44 on 3D MCTS was
saturated with HA, no more NPs adhered to 3D
MCTS.  More  importantly,  cysteine-flanked
CG-TAT-GC could induce HA/CPPs-10-HCPT-NPs
to penetrate deeper into 3D MCTS than was observed
in the control group [24].

Anti-proliferation assay

The CCK-8 assay was used to analyze the
anti-proliferation efficiency of a combination of
HA/CPPs-10-HCPT-NPs with LIFU. The cytotoxicity
of free 10-HCPT was higher than that of
HA /CPPs-10-HCPT-NDPs, CPPs-10-HCPT-NPs,
HA/10-HCPT-NPs, or 10-HCPT-NPs, so cell survival
in the free 10-HCPT group was lower than that of the
other groups without LIFU (Figure 6). One reason for
this result could be that 10-HCPT is more susceptible
to passive diffusion, internalization, penetration, and
entry into cells than NPs, whereas the 10-HCPT in
NPs was released gradually into the plasma, and
cytotoxicity increased with time [10]. There was no
significant difference (P>0.05) between the control
group and LIFU irradiation-only group in terms of
survival, showing that the LIFU irradiation dose was
safe for cells with no obvious toxicity. Cell survival in
the 10-HCPT+LIFU irradiation group was lower than
that of the free 10-HCPT group, which could be
related to the increased permeability of cell
membranes caused by LIFU irradiation, which
facilitated 10-HCPT entry into cells [8, 28, 54]. More
importantly, the cytotoxicity in the HA/CPPs-10-
HCPT-NPs+LIFU group was higher than that of other
NPs+LIFU groups. Cell survival in the HA /CPPs-10-
HCPT-NPs+LIFU group was also the lowest of all
groups. This finding was because guidance by the
targeting function of HA, increased the number of
HA/CPPs-10-HCPT-NPs surrounding SMMC-7721
cells compared to CPPs-10-HCPT-NPs without HA.

With the guidance of CG-TAT-GC, HA/CPPs-10-
HCPT-NPs showed increased penetration,
surrounded the cells, and could pass through the cell
membrane into the cytoplasm and even into the
nucleus to a greater extent than the HA/10-HCPT-
NPs and 10-HCPT-NPs groups. In addition, under
LIFU irradiation, the drug-loaded NPs surrounded
SMMC-7721 cells and penetrated the cell membrane
to enter cells to undergo ADV and then UTMD. This
phenomenon  promoted drug release from
drug-loaded NPs and enhanced cell destruction. The
microbubble-induced cavitation generated by LIFU
markedly enhanced the tumor cell killing effect.

1 Without LIFU
3 with LIFU
009 4~ - -

La T LA

50+

Survival rate (%)

Figure 6. Anti-proliferation efficiency of NPs as determined by the CCK-8 assay.

Apoptosis assay

To further study the synergistic efficiency of
HA/CPPs-10-HCPT-NPs and LIFU, flow cytometry
was undertaken to measure apoptosis. Apoptosis in
the HA/CPPs-10-HCPT-NPs+LIFU group was the
highest of all the groups (Figure 7A, B), suggesting
that HA/CPPs-10-HCPT-NPs+LIFU had the best
therapeutic efficiency in SMMC-7721 cells. Sustained
release from the drug-loaded NPs [10] and the
apoptosis percentages of the drug-loaded NPs groups
(Figure 7A c-f) were lower than that of the free
10-HCPT group (Figure 7A b). However, when
drug-loaded NPs were combined with LIFU
irradiation, the apoptosis percentages in the
drug-loaded NPs+LIFU groups (Figure 7A i-1) were
higher than that of the free 10-HCPT+LIFU group,
especially for HA /CPPs-10-HCPT-NPs+LIFU (Figure
7A i). We speculated that the main reasons were due
to the targeting of HA and especially the penetrability
of CG-TAT-GC (which promoted many NPs to
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surround and gain entry into cells), the explosive
force generated by the cavitation effect of UTMD, and
increased local drug concentrations in tumor cells.
Therefore, the cause of the increased apoptosis
percentage was the synergistic effect of
HA/CPPs-10-HCPT-NPs with LIFU, where the
apoptosis percentage in the pure LIFU group (Figure
7A g) was not significant (P>0.05) compared with that
in the control group (Figure 7A a). These results were
consistent with those from the anti-proliferation
experiments.

Targeting efficiency in vivo

Nude mice bearing SMMC-7721 cell tumor
xenografts were administered (i.v.) 200 pL of
DiR-labeled CPPs-10-HCPT-NPs or HA/CPPs-10-
HCPT-NPs (1 mg/kg) via the tail vein. The
fluorescence signal at the tumor site in the targeted
group was significantly higher than that in non-
targeted group at predetermined time points (Figure
8A-D). We observed the fluorescence intensities of

A

tumors and organs ex vivo for the targeted group and
the non-targeted group. The targeting and
membrane-penetrating ability of the targeted group
were better than those of the non-targeted group
(Figure 8E, F). The fluorescence intensity of HA/
CPPs-10-HCPT-NPs in the tumor location was much
stronger than that of CPPs-10-HCPT-NPs at 4 h and 24
h after administration. This result was confirmed by
ex vivo imaging of tumor nodes collected from mice
bearing SMMC-7721 cell tumor xenografts 24 h after
injection (Figure 8G). HA can bind specifically with
CD44 overexpressed by HCC cells (Figure S4B, S5), so
we speculated that the fluorescence signal in the
non-targeted group was from the enhanced
permeability and retention (EPR) effect, whereas the
fluorescence signal at the tumor site in the targeted
group was mainly from a synergy that was
HA-mediated and CPPs-induced. The active targeting
effect was significantly stronger (P<0.001) than the
EPR effect of passive targeting at the tumor site.
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Figure 7. Apoptosis analyses by flow cytometry in groups of 10-HCPT. Normal cells without any treatment formed the control group (A a), free drug (A b), various NPs (A c-f)

and those combined with LIFU (A g-I). Apoptosis rate in various groups (B).
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Figure 8. Real-time imaging of mice bearing SMMC-7721 tumors using a small-animal in vivo fluorescence imaging system. Imaging was carried out 4 h and 24 h after
administration of HA/CPPs-10-HCPT-NPs (A, B) or CPPs-10-HCPT-NPs (C, D). Ex vivo fluorescence imaging of dissected organs 24 h after administration in the
HA/CPPs-10-HCPT-NPs group (E) and CPPs-10-HCPT-NPs group (F). Mean fluorescence intensities of heart, liver, spleen, lung, kidney and tumors 24 h after administration of
HA/CPPs-10-HCPT-NPs or CPPs-10-HCPT-NPs, **P<0.001 (G).

diseases. Before injection of NPs, the ultrasonograms
of tumors in each group showed a regular low echo

When they reach the lesion site and ADV is  (Figure 9A-C). One hour after injection via the tail
triggered by LIFU, phase-transformation NPs can be  vein, LIFU was undertaken in the HA/CPPs-10-
used to enhance ultrasound imaging and to diagnose =~ HCPT-NPs+LIFU group and CPPs-10-HCPT-NPs+

ADYV and ultrasound imaging in vivo
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LIFU group, and then B-mode and CEUS-mode
imaging were used to observe the tumor sites. In the
HA/CPPs-10-HCPT-NPs+LIFU group, the focal spot
in the tumor showed a strong echo signal after LIFU
irradiation (Figure 9D), whereas no obvious
ultrasound enhancement was observed in the whole
tumor site in the CPPs-10-HCPT-NPs+LIFU group
(Figure 9E). These data demonstrated that HA/CPPs-
10-HCPT-NPs could target tumor tissue actively,
penetrate cell membranes to enter cells near the blood
vessel and extracellular matrix deep into tumor cells
far from the blood vessel, undergo ADV triggered by
LIFU, and enhance ultrasound imaging. Conversely,
CPPs-10-HCPT-NPs could not accumulate in the
tumor location, insufficient ADV occurred, and a high
echo signal was not obtained. A high echo signal was
also not observed in the HA/CPPs-10-HCPT-NPs
without LIFU group (Figure 9F), suggesting that
PFP-loaded NPs could not initiate ADV by
themselves in vivo. This result indicated indirectly that
HA/CPPs-10-HCPT-NPs can experience ADV in vivo
after triggering by LIFU, not temperature. These data
were consistent with previous studies [15]. Analyses
of ultrasound intensity showed that the echo intensity
was markedly stronger after LIFU irradiation than
before LIFU irradiation in the HA/CPPs-10-HCPT-
NPs+LIFU group. In B-mode (Figure 9G) and
CEUS-mode (Figure 9H), the increase in echo
intensity in the HA /CPPs-10-HCPT-NPs+LIFU group
was the highest of all the groups.

Therapeutic effect of a combination of NPs
with LIFU irradiation in vivo

We measured some indices to evaluate the
therapeutic effect of combined application of
HA/CPPs-10-HCPT-NPs with LIFU irradiation in
mice bearing tumor xenografts. The combined effect
of HA/CPPs-10-HCPT-NPs and LIFU inhibited
tumor growth significantly (Figure 10A). Compared
with other groups, tumor volume and tumor weight
in the HA /CPPs-10-HCPT-NPs+LIFU group were the
smallest (Figure 10B, Table 2) and inhibition
percentage was the highest in all groups (P<0.001)
(Table 2). There was no significant difference between
the LIFU group and blank control group (P>0.05),
suggesting that the dose of LIFU irradiation was safe.
The antitumor effect of the free 10-HCPT group in vivo
was inferior to that of other NPs groups. This result
was different from the in vitro result. One reason may
be that free 10-HCPT was metabolized quickly and
10-HCPT-loaded NPs had sustained release in vivo. In
addition, the toxicity of 10-HCPT in drug-loaded NPs
decreased and stability increased, which improved
the anti-tumor effect [10, 38-41]. Similarly, the

antitumor effect in the HA/CPPs-10-HCPT-NPs
group was stronger than that of the CPPs-10-
HCPT-NPs group (P<0.05). The anti-tumor effect in
the HA /10-HCPT-NPs group was also stronger than
that of the 10-HCPT-NPs group because more
targeted NPs (under HA mediation) can accumulate
at the tumor site to release the drug. In addition, the
antitumor effect of HA/CPPs-10-HCPT-NPs was
better than that of HA/10-HCPT-NPs (P<0.05). We
speculated that under CG-TAT-GC-mediation, more
CPPs-modified NPs penetrated into cells through the
cell membrane and killed tumor tissue cells directly.
With better properties than previously reported
ultrasound molecular probes, CG-TAT-GC-mediated
NPs penetrated the extracellular matrix and cell
membrane in sequence to reach the tumor site, which
realized NPs targeting to more and deeper cells and
inhibited tumor growth more precisely. Interestingly,
the inhibition percentage for tumors in the
HA/CPPs-10-HCPT-NPs+LIFU group was 1.16-fold
(P<0.05) higher than that of the
HA/CPPs-10-HCPT-NPs without LIFU group (Table
2), suggesting that the cavitation effect of
HA/CPPs-10-HCPT-NPs triggered by LIFU played
an important part in enhancing the anti tumor
therapy [55-57].

Table 2. Mean tumor weight and mean percentage tumor
inhibition in each group after treatment for 10 days (mean+SD, n =
5).

Group Tumor weight (mg) ~ Mean tumor
inhibition rate (%)
Saline control 2.15+0.32 -
Saline +LIFU 2.09+0.30 2.59
10-HCPT 1.52+0.19*# 2917
10-HCPT+LIFU 1.17£0.18 45,51
HA/CPPs-10-HCPT-NPs 0.35+0.06* 83.97
HA/CPPs-10-HCPT-NPs+LIFU  0.05+0.01*# 97.61
CPPs-10-HCPT-NPs 0.69+0.11*# 67.99
CPPs-10-HCPT-NPs+LIFU 0.28+0.02 86.7
HA/10-HCPT-NPs 0.46+0.08*# 78.65
HA/10-HCPT-NPs+LIFU 0.11£0.02 94.97
10-HCPT-NPs 0.77£0.13*A 64.21
10-HCPT-NPs+LIFU 0.34+0.04 83.92

*P<0.05 vs Saline control group;
#P<0.05 vs HA /CPPs-10-HCPT-NPs group;
AP<0.05 vs HA/10-HCPT-NPs group.

As a new ultrasound molecular imaging and
treatment system developed by our research team,
LIFU is being used increasingly in ultrasound
molecular imaging, targeted drug delivery, and
antitumor research [15 42]. Using low-power
ultrasound irradiation and avoiding damage to
surrounding normal tissues, LIFU can simultaneously
focus on the tumor site and trigger drug release
accurately.
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Figure 9. Ultrasound imaging of NPs observing ADV before and after LIFU irradiation in tumor sites. Ultrasound imaging of mice-bearing tumors before and after LIFU
irradiation in the HA/CPPs-10-HCPT-NPs+LIFU group (A, D), CPPs-10-HCPT-NPs+LIFU group (B, E) and HA/CPPs-10-HCPT-NPs group (C, F). B-mode is on the left and
CEUS-mode is on the right. Echo intensity increased in B-mode (G) and CEUS-mode (H) imaging of tumors in each group.

In the control group and LIFU group, H&E
staining of tumor tissue showed normal cell
morphology, whereas the largest number of lysed cell
membranes and nuclear fragmentation were observed
in the HA/CPPs-10-HCPT-NPs+LIFU group (Figure
11A). The TUNEL assay was used to evaluate
apoptosis in tissue sections (apoptotic cell nuclei were
stained brown (Figure 11B)) and the Al was calculated
(Figure 11D). The most significant apoptosis occurred
in the HA/CPPs-10-HCPT-NPs+LIFU group (P<0.05).
PCNA-positive cell nuclei were also stained brown
(Figure 11C). The PI in the HA /CPPs-10-HCPT-NPs+

LIFU group was the lowest of all groups (P<0.05)
(Figure 11E). These results were consistent with H&E
staining. Hence, the most effective treatment group
was HA/CPPs-10-HCPT-NPs+LIFU group because
PFP-coated CPPs-modified targeted drug-loaded NPs
underwent ADV triggered by LIFU irradiation. This
phenomenon, along with wultrasonic cavitation,
mechanical effects and drug release, increased the
effect of treatment. Thus, the combined application of
HA/CPPs-10-HCPT-NPs with LIFU irradiation
improved the therapeutic efficacy of HCC xenografts
in nude mice dramatically.
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Figure 10. Mice bearing SMMC-7721 tumor xenografts and tumor specimens at the end of different treatments (A). Mean tumor volumes at the end of the treatment in various
groups (B).
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Figure 11. Anti-tumor efficacy observed by pathological examination of xenograft tissue in various groups. (A) Histologic changes of tumor tissues by H&E staining
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(C), proliferative index (D) and apoptosis index (E) of tumor tissues in various groups.
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Conclusions

We prepared HA/CPPs-10-HCPT-NPs
successfully. These agents have three main
advantages. First, HA/CPPs-10-HCPT-NPs can target
and accumulate in HCC cells actively (with HA) and
passively (EPR effect). Second, induced by
CG-TAT-GC, HA /CPPs-10-HCPT-NPs can penetrate
the extracellular matrix, cellular membrane and even
into the nucleus. Third, HA/CPPs-10-HCPT-NPs in
and near HCC cells can undergo ADV and then
UTMD triggered by LIFU. This enhances tumor-site
imaging, improves drug release, increases
intracellular “explosive effects” caused by ultrasound
cavitation and mechanical effects to realize “real”
cell-level imaging and intracellular physicochemical
synergistic treatment of tumors. Our developed NPs
can realize real ultrasound molecular imaging at the
cellular level. Under LIFU irradiation, it also realizes
precise theranostics at an early stage. Hence,
HA /CPPs-10-HCPT-NPs+LIFU is a new strategy that
integrates the diagnosis and treatment of HCC.
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