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Abstract

Background: Insufficient drug targeting and the immunosuppressive tumor microenvironment are key factors contributing to the high
mortality rate of hepatocellular carcinoma (HCC). The targeted cavitation effect mediated by low-intensity pulsed ultrasound (LIPUS)
provides a promising strategy to address these challenges. Although Piezol is known to be dysregulated in multiple cancer types, it re-
mains unclear whether ultrasound stimulation can activate Piezol and trigger downstream cell death and immune activation. Methods:
Perfluoropentane (PFP)@R-Lip was prepared to assess its combined effects with LIPUS on proliferation, migration, invasion, apoptosis,
and ferroptosis in HCC cells. The specific Piezol inhibitor GsMTx4 was used to verify the role of Piezol activation and immunogenic
cell death (ICD) induction. A tumor-bearing mouse model was established to validate the in vivo antitumor efficacy of LIPUS combined
with PFP@R-Lip. Student’s t-test, one-way ANOVA test, and two-way ANOVA test were used. Results: PFP@R-Lip was successfully
prepared and exhibited enhanced targeting ability to HCC cells. The combination of LIPUS and PFP@R-Lip inhibited the proliferation,
migration, invasion, and cell cycle of HCC cells. Mechanistically, the combination activated the Piezol channel, leading to intracel-
lular calcium overload, mitochondrial membrane potential (MMP) depolarization, and reactive oxygen species (ROS) accumulation.
This cascade induced both apoptosis and ferroptosis, ultimately triggering ICD. These effects were partially reversed by pretreatment
with GsMTx4. Conclusions: PFP@R-Lip with ultrasound imaging properties and tumor-targeting specificity was developed. LIPUS
combined with PFP@R-Lip was verified to induce intracellular calcium overload and synergistically trigger apoptosis and ferroptosis to
prompt ICD in HCC via Piezol activation.
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Introduction impairs effective immune responses [3]. Moreover, con-
ventional therapies that mainly induce apoptosis often elicit
ICD of limited potency due to the intrinsically low immuno-
genicity of apoptotic cell death [4]. Additionally, the lack
of tumor-targeting specificity in current modalities leads to
off-target effects and immune-related adverse events, fur-
ther reducing therapeutic efficacy [5]. Thus, developing
novel strategies capable of precise tumor targeting and in-
ducing highly immunogenic form of cell death has become

Hepatocellular carcinoma (HCC) represents a major
global health burden, currently ranking as the sixth most di-
agnosed cancer and the third leading cause of cancer-related
mortality worldwide [1]. Immunogenic cell death (ICD)
has emerged as a promising therapeutic strategy, aiming to
convert tumor cells into an endogenous vaccine to stimu-
late systemic antitumor immunity [2]. However, the clin-
ical translation of ICD-based approaches for HCC is hin-

dered by several critical challenges. The inherently im-
munosuppressive tumor microenvironment of HCC, char-
acterized by M2-polarized tumor-associated macrophages
(TAMs) and an abundance of regulatory T cells, actively
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a critical unmet need in clinical practice.

The rapid development of ultrasound offers a promis-
ing avenue to address these challenges. Low-intensity
pulsed ultrasound (LIPUS) provides a non-invasive modal-
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ity for delivering localized mechanical energy to tissues. Its
therapeutic potential lies in its bioeffects, including cavi-
tation and acoustic radiation force [6]. The integration of
targeted, gas-core liposomes with LIPUS can not only im-
prove treatment precision but also effectively reduce the
cavitation threshold, thus minimizing potential injury to
adjacent normal tissues [7]. Despite this potential, the
mechanisms by which LIPUS-mediated mechanical force
induces HCC cell death remain insufficiently explored.
Piezol, a mechanosensitive ion channel, is a key molec-
ular transducer that converts external mechanical stimuli
into intracellular electrochemical signals via calcium influx
[8]. Studies have shown that Piezol is frequently over-
expressed in multiple malignancies and is closely associ-
ated with tumor immunosuppression and metastatic poten-
tial [9]. Ultrasound-induced membrane deformation via
cavitation and radiation force is a potent activator of Piezol
channels [10-12]. However, the specific role and mecha-
nistic contribution of ultrasound-induced Piezol activation
in HCC progression remain largely unclear, hindering the
translation of mechanobiological insights into novel HCC
therapies.

Calcium influx mediated by Piezol activation has
been reported to induce ferroptosis, which is characterized
by the impairment of glutathione-dependent antioxidant de-
fenses and membrane rupture [13,14]. Importantly, ferrop-
tosis is accompanied by the massive release of damage-
associated molecular patterns (DAMPs), conferring strong
immunogenic potential and making it an attractive target
for ICD [15]. A major challenge for the clinical application
of ferroptosis-based therapy is the lack of tumor-selective
inducers, which often cause systemic toxicity. The spa-
tially focused energy delivery of LIPUS combined with the
tumor-targeting ability of functionalized liposomes, may
provide a solution to achieve localized ferroptosis induc-
tion.

Herein, c-RGD-modified liposomes encapsulating
perfluoropentane (PFP), abbreviated as PFP@R-Lip, were
prepared to actively target integrins overexpressed on HCC
cells via the c-RGD moiety. Under LIPUS irradiation, the
PFP core undergoes a liquid-to-gas phase transition, en-
abling ultrasound imaging. Meanwhile, the PFP gas core
can further amplify the localized mechanical effects of LI-
PUS, thereby activating Piezo1 channels on HCC cells. The
subsequent Piezo1-mediated intracellular calcium overload
is expected to trigger apoptosis and ferroptosis, which can
overcome the low immunogenicity of apoptosis to a certain
extent. The study aims to establish a theoretical foundation
for developing a precise, mechanobiology-based therapeu-
tic strategy for HCC treatment.

Materials and Methods
Cells and Reagents

HCCLM3, Hepa 1-6, and WRL68 cells were pur-
chased from the Institute of the Chinese Academy of Sci-
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ences. Distearoyl-sn-glycero-3-phosphocholine (DSPC),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene  glycol)-2000]  (DSPE-
mPEG2000), DSPE-mPEG2000-cRGD and cholesterol
were obtained from Xi’an Ruixi Biotechnology Co., Ltd.
PFP was purchased from MedChemExpress LLC. Dil
(1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate) was obtained from Beyotime Biotechnology
Inc.

Preparation of Liposome

Liposomes were prepared via the thin-film hydration
and ultrasonic emulsification method. Briefly, 2 mg choles-
terol, 2 mg DSPE-mPEG2000, and 6 mg DSPC were dis-
solved in 4 mL dichloromethane. The mixture was evap-
orated at 50 °C to form a lipid film. Then, 3 mL PBS
was added for hydration, followed by the addition of 100
uL PFP. The mixture was subjected to ultrasonic emulsi-
fication to form the non-targeted PFP@Lip, which were
then purified by centrifugation and sterilized by membrane
filtration. For the preparation of targeted PFP@R-Lip,
DSPE-mPEG2000 was replaced with DSPE-mPEG2000-
cRGD, and all other procedures were the same as those
for PFP@Lip. For the synthesis of PFP/Dil@R-Lip and
PFP/Dil@Lip, 0.1 mg Dil was mixed with the lipid ma-
terials and co-dissolved in dichloromethane, with the re-
maining steps consistent with those of PFP@R-Lip and
PFP@Lip, respectively.

Liposome Characterization

An optical microscope (Olympus, Tokyo, Japan) and
transmission electron microscopy (Hitachi, Tokyo, Japan)
were used for morphological observation of PFP@R-Lip
and PFP@Lip. The hydrated particle sizes and zeta poten-
tials of PFP@R-Lip and PFP@Lip were determined using
a dynamic light scattering instrument (Malvern Panalytical
Ltd., Worcestershire, UK), and the particle size was mea-
sured on the 1st, 3rd, 5th, and 7th days after preparation.

Phase Transition and Ultrasonic Imaging of PFP@R-Lip

The phase transition of PFP from liquid to gas was in-
directly verified by observing the particle size changes of
PFP@R-Lip after LIPUS using an optical microscope. For
ultrasonic imaging, PFP@R-Lip was added into the prefab-
ricated pores of the agarose phantom, followed by LIPUS
exposure at different acoustic intensities (Con, 0.5 W/cm?,
1 W/em?, 2 W/em?, 3 W/cm?) for 1 min or 2 min. The
gray and contrast values were detected by the Aplio 1900
diagnostic ultrasound system (Canon, Tokyo, Japan).

Cellular Uptake of PFP/Dil@R-Lip and PFP/Dil@Lip

To verify the cellular uptake of PFP@R-Lip and
PFP@Lip, Dil was incorporated into the liposomal
membrane for the preparation of PFP/Dil@R-Lip and
PFP/Dil@Lip. HCCLM3 cells were co-cultured with 20
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pg/mL PFP/Dil@R-Lip or PFP/Dil@Lip for 1 h, 3 h, and
9 h, respectively. And the cells were subjected to flow cy-
tometric analysis (BD Biosciences, CA, US) or observed
by a laser scanning confocal microscope (Carl Zeiss AG,
Oberkochen, Germany).

Finite Element Simulation of Acoustic Field Distribution

The Acoustics Module integrated in COMSOL Mul-
tiphysics software (version 6.4, COMSOL AB, Stockholm,
Sweden) was employed for the simulation. The parameters
of the ultrasonic transducer were set as follows: diameter of
3 cm, focal length of 1.5 cm, frequency of 1 MHz, acoustic
intensity of 2 W/cm?, and duty cycle of 50%. The medium
parameters were configured with a density of 1000 kg/m3
and a sound velocity of 1540 m/s. A full three-dimensional
model was established via the pressure acoustics, frequency
domain physics interface, followed by visualization of the
simulated acoustic field distribution.

Experimental Animals, LIPUS Parameters, and Liposome
Dosages

C57BL/6 mice (6—-8 weeks old) were provided by
Jiangsu Huachuang Xinnuo Pharmaceutical Technology
Co., Ltd. and housed under specific pathogen-free condi-
tions. The animal experimental protocol was approved by
the Animal Ethics Committee of the First Affiliated Hospi-
tal of Harbin Medical University (Approval No. 2024052).
The LIPUS transducer was characterized by a frequency of
approximately 1 MHz, a focal length of 1.5 cm, and a di-
ameter of 3 cm, with a duty cycle of 50%. For in vitro ex-
periments, cells were exposed to LIPUS for 1 min. Specif-
ically, 20 pug/mL of PFP@R-Lip or PFP@Lip was added
to the cell culture 9 h before LIPUS. For the subsequent
experiments, the cells were divided into 8 groups (n = 5):
G1 (control), G2 (pretreated with 5 uM GsMTx4 for 0.5 h),
G3 (pretreated with 20 pg/mL PFP@R-Lip for 9h, fol-
lowed by 2 W/cm? LIPUS for 1 min), G4 (pretreated with
20 pg/mL PFP@R-Lip for 9 h and 5 uM GsMTx4 for 0.5 h,
followed by 2 W/cm? for 1 min), G5 (knockdown of Piezo1l
by siRNA), G6 (knockdown of Piezo1 by siRNA, pretreated
with 20 pg/mL PFP@R-Lip for 9 h, followed by 2 W/cm?
LIPUS for 1 min), G7 (pretreated with 1 uM Ferrostatin-1
for 1 h) and G8 (pretreated with 20 pg/mL PFP@R-Lip for
9hand 1 M Ferrostatin-1 for 1 h, followed by 2 W/cm? for
1 min). For the in vivo experiments, C57BL/6 mice were
divided into four groups: mG1 (control), mG2 (intraperi-
toneal injection of 1 mg/kg GsMTx4), mG3 (pretreated with
200 pL of 2 mg/mL PFP@R-Lip via tail vein injection for 9
h, followed by 2 W/cm? LIPUS for 2 min), and mG4 (pre-
treated with 200 uL of 2 mg/mL PFP@R-Lip via tail vein
injection for 9 h and 1 mg/kg GsMTx4 via intraperitoneal
injection for 0.5 h, followed by 2 W/cm? LIPUS for 2 min).
The intervention was administered every other day for a to-
tal of three sessions.
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MTT Assay

HCCLM3 cells were seeded in 96-well plates, and 20
pg/mL of PFP@R-Lip was added to the cells. After 9 h of
incubation, the cells were exposed to LIPUS with different
acoustic intensities, followed by further incubation for 24—
48 h. Then the cells were assayed in accordance with the
MTT assay protocol.

Calcein-AM/PI Staining

HCCLM3 cells were seeded in confocal dishes, and 20
pg/mL of PFP@R-Lip was added for another 9 h of incuba-
tion. The cells were then irradiated with LIPUS of different
acoustic intensities for 1 min, followed by 24 h incubation.
After rinsing with PBS, 1 mL Calcein-AM/PI working so-
lution was added to each confocal dish for 15 min. Finally,
the cells were observed under a laser scanning confocal mi-
croscope.

Colony Formation Assay

HCCLM3 cells were seeded in 6-well plates at a den-
sity of approximately 1000 cells per well, and 20 pg/mL of
PFP@R-Lip was added for further incubation for 9 h. The
cells were subsequently irradiated with LIPUS of different
acoustic intensities for 1 min, and the culture was main-
tained for 14 days with medium refreshed every 3 days.
Then, the cells were fixed and stained.

Tumor Sphere Inhibition

Matrigel was added to a 96-well plate and incubated
for 2 h to allow gelation, to form a low-adhesion microen-
vironment. Then, approximately 10° cells were seeded into
each well and continuously cultured for 7 days until the tu-
mor spheres reached a diameter of approximately 100 pm.
Thereafter, 20 pug/mL PFP@R-Lip was added to the wells
for another 9 h of incubation, followed by LIPUS irradia-
tion with different acoustic intensities for 1 min. The tumor
spheres were further cultured for 3 days, then photographed
and analyzed.

Transwell Assay

For migration, cells were resuspended in FBS-free
medium and seeded into the upper chambers of transwell
inserts. 500 pL medium containing 10% FBS was added
to the lower chambers. After cell adherence, 20 pg/mL of
PFP@R-Lip was added to the upper chambers for 1 h in-
cubation, followed by 1 min LIPUS irradiation. After 24
h of incubation, the cells on the lower side of the mem-
brane were fixed and stained. For cell invasion, the upper
chambers were pre-coated with Matrigel before cell seed-
ing, and the subsequent procedures were repeated in accor-
dance with the cell migration assay.

Flow Cytometry Assay for Apoptosis and Cell Cycle

Cells treated with different intervention regimens
were collected, rinsed, and then resuspended to a density
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of approximately 1 x 105/ mL. 100 uL cell suspension was
transferred into flow cytometry tubes, followed by the ad-
dition of staining solution in accordance with the apoptosis
or cell cycle manufacturer’s protocol (Cat. No. C1062S,
Beyotime, Shanghai, China). After incubation in the dark,
the cells were subjected to flow cytometric analysis.

Detection of Intracellular Calcium

Cells were washed three times with PBS, followed by
incubation with 2 M Fluo-4 AM (Cat. No. S1060, Bey-
otime, Shanghai, China) at 37 °C for 20 min in the dark to
complete fluorescent probe loading. After incubation, the
supernatant was discarded, and cells were rinsed three times
with PBS to remove extracellular probes. Subsequently,
cells were treated with different interventions according to
experimental grouping. The intracellular calcium fluores-
cence intensity was observed and imaged using a laser scan-
ning confocal microscope immediately.

Detection of Intracellular Reactive Oxygen Species (ROS)

After being treated with different interventions ac-
cording to experimental grouping, cells were incubated for
another 24 h. DCFH-DA (Cat. No. S0033S, Beyotime,
Shanghai, China) was diluted to prepare a working so-
lution with a concentration of 10 uM. After the culture
medium was discarded, 1 mL DCFH-DA working solution
was added to the cells. The cells were incubated at 37 °C for
20 min in the dark. Thereafter, the cells were washed three
times with PBS to eliminate extracellular DCFH-DA. Flu-
orescence signals were detected and observed using a laser
scanning confocal microscope.

Detection of Mitochondrial Membrane Potential (MMP)

After being treated with different interventions ac-
cording to experimental grouping, cells were incubated for
another 24 h. Then, cells were washed with PBS and in-
cubated with JC-1 (Cat. No. C2003S, Beyotime, Shanghai,
China) working solution (10 M) at 37 °C in a cell incubator
for 20 min. After incubation, the supernatant was discarded,
and the cells were rinsed three times with PBS. Finally, Flu-
orescence signals were detected and observed using a laser
scanning confocal microscope.

Detection of Intracellular Ferrous Ion

After being treated with different interventions ac-
cording to experimental grouping, cells were incubated for
another 24 h. After removing the medium, cells were
washed with PBS, and then incubated with the RhoNox-
6 (Cat. No. S10708S, Beyotime, Shanghai, China) working
solution (2 uM) at 37 °C in the dark for 30 min. Subse-
quently, cells were rinsed three times with PBS. The fluo-
rescence signals were visualized and imaged using a laser
scanning confocal microscope.
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Detection of Lipid Peroxidation

After being treated with different interventions ac-
cording to experimental grouping, cells were incubated for
another 24 h. The CI11-Bodipy (Cat. No. SML3717,
Sigma-Aldrich, St. Louis, USA) was diluted to a final con-
centration of 2 uM with serum-free medium. After remov-
ing the medium, cells were washed with PBS, and then in-
cubated with the C11-Bodipy (2 uM) at 37 °C in the dark
for 30 min. Subsequently, cells were rinsed three times with
PBS. The fluorescence signals were visualized and imaged
using a laser scanning confocal microscope.

Database

RNA data of Piezol and survival analysis were ob-
tained from the open database (TCGA) at http://gepia2.ca
ncer-pku.cn and https://ualcan.path.uab.edu.

Transcriptomics Sequencing

HCCLM3 cells were treated with LIPUS + PFP@R-
Lip (pretreated with 20 pg/mL PFP@R-Lip for 9 h, fol-
lowed by 2 W/cm? LIPUS for 1 min), and the control group
was left untreated. After culturing for 24 h, cells were col-
lected. Total RNA was extracted using the TRIzol reagent
according to the protocol. The libraries were sequenced on
an Illumina Novaseq 6000 platform, and 150 bp paired-end
reads were generated. Q value < 0.05 and foldchange >
2 or foldchange < 0.5 were set as the threshold for signif-
icantly differential expression gene. The transcriptome se-
quencing and analysis were conducted by OE Biotech Co.,
Ltd. (Shanghai, China).

Western Blotting

Procedures were the same as previously published
article [16].  Briefly, proteins were extracted, elec-
trophoresed, and transferred to polyvinylidene fluoride
membranes. Then the membranes were blocked with 5%
milk and incubated with antibodies. All the antibodies, in-
cluding E-cadherin (Cat. No. 20874-1-AP), N-cadherin
(Cat. No. 22018-1-AP), Vimentin (Cat. No. 10366-1-AP),
GPX4 (Cat. No. 30388-1-AP), xCT (Cat. No. 32384-1-
AP), ACSL4 (Cat. No. 22401-1-AP), Piezol (Cat. No.
15939-1-AP), Bax (Cat. No. 50599-2-1g), Bcl-2 (Cat. No.
12789-1-AP), cleaved Caspase-3 (Cat. No. 19677-1-AP),
[-actin (Cat. No. 66009-1-Ig) were supplied by Protein-
tech Co., Ltd (Wuhan, China). Protein bands were visu-
alized with an enhanced chemiluminescence reagent (Cat.
No. P0018S, Beyotime, Shanghai, China).

Immunofluorescence

Cells were cultured on glass coverslips, followed by
different treatments. After 24 h, the cells were fixed with
4% paraformaldehyde, permeabilized by 0.25% TritonX-
100 and blocked with 1% BSA. Then the cells were incu-
bated with primary antibodies and a secondary antibody.
Finally, DAPI was added to stain the nuclei. The images
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were captured by a laser confocal microscope.

Small-interfering RNA (siRNA) Transfection

Cell transfection was performed using Lipofectamine
2000® (Cat. No. 11668019, Thermo Fisher Scientific,
Inc.). siRNA was designed by Sangon Biotech (Shanghai)
Co., Ltd. For each well of a six-well plate, 3 uL siRNA
(sequences in Supplementary Table 1) and 5 pL Lipo-
fectamine 2000® were separately diluted in 250 pL Opti-
MEM Reduced Serum Medium. Final siRNA concentra-
tion was 100 nM. After a 5-min incubation at room temper-
ature, the two solutions were combined, and then added to
cells previously rinsed with serum-free medium. Follow-
ing 6 h of incubation at 37 °C, the transfection mixture was
replaced with complete culture medium. The following ex-
periments were started after 24 h.

Detection of HUGB1 and ATP

HCCLM3 cells were subjected to interventions ac-
cording to the four groups: G1, G2, G3, and G4. After 24
h, the supernatant was collected. An ELISA kit (Cat. No.
JL13693, Jianglai Biotech, Shanghai, China) was used to
detect HMGBI1. Briefly, the standard solution and super-
natant were added to the wells and incubated for 60 min.
After discarding the liquid, the biotinylated antibody was
introduced, followed by 60 min incubation. Subsequently,
the HRP conjugate working solution, TMB substrate, and
stop solution were added sequentially, and the absorbance
of each well was measured immediately at 450 nm. An ATP
assay kit (Cat. No. S0026, Beyotime, Shanghai, China)
was used to detect ATP. Briefly, the working solution was
added to each well and incubated for 5 min. Then sequen-
tially add the standard solution and supernatant for 10 min
of incubation. The ATP content was measured using a mi-
croplate reader.

In Vivo Antitumor Effect

First, 2 x 105 Hepa 1-6 cells were injected into the
right back of every C57BL/6 mouse to establish a subcuta-
neous tumor model. When the tumor volume reached ap-
proximately 100 mm?, the mice were randomly divided into
4 groups (aforementioned): G1, G2, G3, and G4. Interven-
tions were performed every other day for a total of three
sessions. Body weight was recorded every three days. Tu-
mor volume was measured on the 7th, 14th, and 21st days.
Tumor volume was calculated using the formula: Volume
= L (longest diameter)x W? (shortest diameter) / 2. Af-
ter 21 days, the tumor tissues were dissected and weighed.
Tumors and major organs were prepared for H&E stain-
ing, TUNEL assay, and immunohistochemical detection of
Ki67, GPX4, ACSL4, and xCT.

Tumor Targeting Evaluation

Tumor-bearing C57BL/6 mice were intravenously in-
jected with 200 pL. of PFP/Dil@R-Lip or PFP/Dil@Lip at
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a concentration of 2 mg/mL via the tail vein. At 9 h post-
injection, the mice were euthanized, and the heart, liver,
spleen, lungs, kidneys, and tumors were dissected. Flu-
orescence images were acquired using an in vivo imaging
system (PerkinElmer, MA, USA)

In Vivo Antitumor Immunity

The DCs’ maturation within tumors and spleens of
C57BL/6 mice was analyzed by flow cytometry. Single-
cell suspensions were prepared from dissected spleens and
tumors of mice in each group. The cells were incubated
with appropriately fluorescence-labeled antibodies (FITC-
CDl1lc (Cat. No. E-AB-F0991C), APC-CD80 (Cat. No.
E-AB-F0992E), PE-CD86 (Cat. No. E-AB-F0994D)) at 4
°C in the dark for 30 min before being subjected to flow
cytometric analysis. Similarly, the polarization of TAMs
in tumor tissue was assessed via flow cytometry. Tu-
mor tissues were digested into single-cell suspensions and
stained with fluorescence labeled antibodies (FITC-F4/80
(Cat. No. E-AB-F0995C), PE-CD86 (Cat. No. E-AB-
F0994D), and APC-CD206 (Cat. No. E-AB-F1135E))
under dark conditions for 30 min before analysis. All
fluorochrome-conjugated antibodies were purchased from
Elabscience Biotechnology Co., Ltd. Additionally, the
TNF-a (Cat. No. JL10484) and IL-6 (Cat. No. JL14113)
levels in serum were quantified using commercial ELISA
kits (Jianglai Biotech, Shanghai, China) according to the
manufacturer’s protocols.

Statistical Analysis

All data are presented as mean = SEM. All in vitro
experiments were repeated three times independently, and
n = 5 mice per group for in vivo experiments. Group
comparisons were analyzed using a Student’s t-test, one-
way ANOVA test, or two-way ANOVA test, and multi-
ple comparisons were adjusted using the Tukey method
using GraphPad Prism 7.0 (GraphPad Software, Inc., San
Diego, CA, USA). Difference was considered to be signif-
icant when p < 0.05, p < 0.01 and p < 0.001.

Results
Characterization of PFP@Lip and PFP@R-Lip

PFP@Lip and PFP@R-Lip appeared as uniformly dis-
persed spherical vesicles with no obvious morphological
differences between them under optical microscopy and
transmission electron microscopy (Fig. 1A and Supple-
mentary Fig. 1). Dynamic light scattering measure-
ments indicated the hydrodynamic diameter of PFP@Lip
was 237.8 £ 74.4 nm, and PFP@R-Lip was 243.1 &+ 79.3
nm (Fig. 1B and Supplementary Fig. 2). Zeta potential
analysis showed that the surface potential of PFP@Lip was
—26.6 = 4.5 mV and PFP@R-Lip was —16.6 = 4.1 mV (Fig.
1C). To evaluate the stability of PFP@R-Lip, its hydrody-
namic diameter was monitored continuously on days 1, 3,
5, and 7 at 4 °C. The results confirmed that there was no
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significant difference in hydrodynamic size across the dif-
ferent time points (Supplementary Fig. 3).

Acoustic Field Distribution of LIPUS and Ultrasonic
Imaging of PFP@R-Lip

Fig. 1E showed the acoustic pressure distribution on
the transverse plane (XY plane) at a distance of 15 mm from
the probe. When the acoustic intensity was set as 2 W/cm?,
the acoustic field exhibited a distinct circularly symmet-
ric pattern, with a central low-pressure zone (blue, about -
0.5 MPa) surrounded by alternating high-pressure rings and
low-pressure rings. The acoustic pressure contours were
concentric, indicating that the probe generated a typical ax-
isymmetric annular focused field. And the acoustic field
showed multiple discrete high-pressure and low-pressure
zones alternating along the axial direction (Z-direction). A
clear high-pressure focus was observed near Z = 15 mm,
demonstrating that the probe achieved effective focusing.
Following 2 min of irradiation with LIPUS at an intensity of
2 W/em?, the particle size of the PFP@R-Lip nanoparticles
increased (Supplementary Fig. 4). This observation in-
directly confirmed the liquid-to-gas phase transition of the
PFP core induced by LIPUS. To further evaluate the ultra-
sound imaging performance of PFP@R-Lip, the nanopar-
ticles were exposed to LIPUS at different acoustic inten-
sities for 1 or 2 min, and were then examined using B-
mode and contrast mode ultrasound imaging. Compared
with the non-irradiated group (Con), the LIPUS-irradiated
groups showed significantly enhanced ultrasound echo sig-
nals in both modes, confirming that the phase-transitioned
PFP core can provide the nanoparticles with excellent ul-
trasound imaging capability. Within the acoustic intensity
range of 0-2 W/cm?, both B-mode and contrast mode imag-
ing signals increased progressively with rising LIPUS in-
tensity. Moreover, at the same acoustic intensity, the signal
intensity was higher in the 2-min irradiation group than in
the 1-min group. However, when the LIPUS intensity was
increased to 3 W/cm? and the irradiation time extended to 2
min, the ultrasound signals in both imaging modes showed
a noticeable decline (Fig. 1D and Supplementary Fig. 5).
The observed decrease may be attributed to structural dam-
age of PFP@R-Lip induced by excessive acoustic intensity
and prolonged irradiation time.

Enhanced Uptake of PFP@R-Lip via c-RGD in HCCLM3
Cells

Dil-labeled PFP@Lip and PFP@R-Lip were con-
structed to evaluate the cellular uptake by HCCLM3
cells. Immunofluorescence results showed the red flu-
orescence (Dil) gradually increased with prolonged co-
incubation time of HCCLM3 cells with Dil/PFP@R-Lip or
Dil/PFP@Lip. Due to the targeting ability of the c-RGD
peptide modified on the surface of PFP@R-Lip, the up-
take of Dil/PFP@R-Lip by HCCLM3 cells was higher than
that of Dil/PFP@Lip at each time point (Fig. 1F). Flow
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cytometry further confirmed that the intensity of intracel-
lular Dil fluorescence increased progressively with longer
co-incubation times. At all time points, the cellular uptake
of the targeted Dil/PFP@R-Lip was significantly greater
than that of the non-targeted Dil/PFP@Lip (Fig. 1G). Sta-
tistical analysis revealed that after 1 h, 3 h, and 9 h co-
incubation, the uptake efficiency of Dil/PFP@R-Lip was
approximately 1.5-fold, 1.2-fold, and 1.3-fold higher com-
pared to the Dil/PFP@Lip group. Moreover, compared to
the 1 h incubation group, the uptake of Dil/PFP@R-Lip in-
creased by 2.7-fold after 9 h of incubation (Fig. 1H).

Inhibitory Effect of LIPUS Combined With PFP@R-Lip on
HCCLM3 Cells

MTT assay showed that when HCCLM3 cells were
treated with 0.5 W/cm? LIPUS combined with PFP@R-
Lip, no significant difference in cell viability was observed
between 24 h and 48 h. However, as the LIPUS intensity in-
creased, cell survival showed a dose-dependent decline, and
the number of viable cells continued to decrease from 24 h
to 48 h. When the LIPUS intensity was raised to 2.5 W/cm?2,
only a few viable cells remained (Fig. 2A). Consistent with
the MTT assay, Calcein/PI staining revealed that the num-
ber of green-fluorescent viable cells did not decrease sig-
nificantly after LIPUS treatment at 0.5 W/cm?. As inten-
sity further increased, the number of viable cells decreased
gradually, while the number of red-fluorescent dead cells
increased markedly (Fig. 2B). Colony formation assays
demonstrated that the number of HCCLM3 cell colonies
co-incubated with PFP@R-Lip decreased significantly with
the increase in LIPUS intensity, and the colony size also
tended to be reduced (Fig. 2C). The results of the tumor
sphere assay exhibited a similar trend (Supplementary Fig.
6). Cell cycle analysis revealed an increase in the G2/M
phase population after treatment with increasing intensities
of LIPUS combined with PFP@R-Lip. (Fig. 2D). Statis-
tical analysis indicated that the proportion of cells arrested
at the G2/M phase increased to approximately 1.6-fold and
2.1-fold of that in the Con after treatment with LIPUS at
1 W/em? and 2 W/ecm? combined with PFP@R-Lip, re-
spectively (Fig. 2E). LIPUS at 0—1 W/cm? combined with
PFP@R-Lip (which exerted minimal effects on cell viabil-
ity) was used to investigate the migration and invasion of
HCCLM3 cells. Transwell assays showed that the number
of cells that migrated and invaded into the lower chamber
was significantly reduced at 24 h after LIPUS combined
with PFP@R-Lip. The number of migrated cells in the
0.5 W/ecm? and 1 W/cm? LIPUS groups was approximately
0.67-fold and 0.29-fold of that in the Con group, respec-
tively. And the number of invasive cells in the 0.5 W/cm?
and 1 W/ecm? groups was about 0.53-fold and 0.24-fold of
that in the Con group, respectively (Fig. 2F-G).
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Fig. 1. Characterization of PFP@Lip & PFP@R-Lip and acoustic field simulation. (A)Morphological observations of PFP@R-Lip
via Optical microscopy (left, scale bar = 1 pm) and transmission electron microscope (right, scale bar = 200 nm). (B) Hydrodynamic
size of PFP@R-Lip. (C) Zeta Potential of PFP@Lip and PFP@R-Lip. (D) Ultrasound imaging (left: B-mode, right: contrast mode)
of PFP@R-Lip. (E) Finite element analysis of acoustic field distribution. (F) PFP@R-Lip uptake by HCCLM3 cells via confocal
microscopy (scale bar = 100 pm, all images were captured under the same magnification). (G) PFP@R-Lip uptake by HCCLM3 cells
via Flow Cytometry and (H) relevant statistical analysis. *p < 0.05, and **p < 0.01.
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LIPUS Combined With PFP@R-Lip Induces Apoptosis
and Lipid Peroxidation in HCCLM3 Cells

Flow cytometry revealed LIPUS combined with
PFP@R-Lip caused an intensity-dependent increase in
the number of Annexin V-FITC-positive cells, confirm-
ing this combination induced apoptosis in HCCLM3 cells
(Fig. 3A). Statistical analysis indicated compared with Con
(apoptosis rate: 3.5 £+ 2.7%), the apoptosis rate of HC-
CLM3 cells increased to 21.6 £ 3.8% and 42.9 £+ 3.4%
following treatment with LIPUS at 1 W/cm? and 2 W/cm?
combined with PFP@R-Lip, respectively (Fig. 3B). Based
on the C11-Bodipy staining, cells in the Con group exhib-
ited predominantly red fluorescence (reduced C11-Bodipy),
indicating a low basal level of lipid peroxidation. With
the increase in LIPUS acoustic intensity (I W/cm? and
2 W/em?), the green fluorescence (oxidized C11-Bodipy)
was significantly enhanced, accompanied by a correspond-
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ing reduction in red fluorescence, which indicated the ac-
cumulation of lipid peroxidation products (Fig. 3C). Quan-
titative analysis showed the proportion of oxidized cells in-
creased to approximately 1.3-fold and 1.9-fold of that in
the Con group after treatment with LIPUS at 1 W/cm? and
2 W/ecm? combined with PFP@R-Lip, respectively (Fig.
3D).

Transcriptomics Sequencing

Transcriptomics sequencing was performed to iden-
tify differentially expressed genes (DEGs) and associated
signaling pathways in response to LIPUS combined with
PFP@R-Lip. The Heatmap and Volcano map revealed
that LIPUS combined with PFP@R-Lip significantly mod-
ulated a substantial number of DEGs, with 548 upregulated
genes and 364 downregulated genes (Fig. 4A-B). Further-
more, KEGG enrichment analysis implied a significant im-
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pact of LIPUS combined with PFP@R-Lip on the calcium
ion signaling pathway (Fig. 4C).

Overexpression of Piezol in HCC and Poor Clinical
Prognosis

To evaluate the clinical relevance of Piezol in HCC,
we integrated transcriptomic profiles with clinical infor-
mation from the Cancer Genome Atlas (TCGA) database.
Bioinformatic analysis revealed upregulation of Piezol
mRNA (gene symbol: FAM38A) in HCC tissues compared
with adjacent normal controls (Fig. 4D). While no stage-
dependent differential expression was observed across tu-
mor progression stages (Fig. 4F). Fig. 4E indicated the cor-
relation between elevated Piezol expression and reduced
overall survival rates (log-rank p < 0.05). Complementary
experimental validation demonstrated consistent protein-
level overexpression of Piezol in HCCLM3 cells relative to
normal hepatocytes (WRL68), as evidenced by immunoflu-
orescence microscopy (Fig. 4G) and western blot quantifi-
cation (Fig. 4H-I).

Piezol Knockdown

siPiezol (Supplementary Table 1) was designed and
successfully transfected, with knockdown efficiency con-
firmed by Western blot (Supplementary Fig. 7). siP-
iezo1#2 exhibited a knockdown efficiency of approxi-
mately 83% and was used for subsequent experiments.

LIPUS Combined With PFP@R-Lip Induced Calcium
Overload, MMP Depolarization and Apoptosis via Piezol
Activation

Calcium ion levels were detected using the Fluo-4 AM
fluorescence probe. Compared with the control (G1), pre-
treatment with the Piezol inhibitor GsMTx4 (G2) caused a
slight reduction of Fluo-4 AM fluorescence in HCCLM3
cells, with no statistical significance. LIPUS combined
with PFP@R-Lip (G3) led to a marked enhancement of in-
tracellular calcium ion, and the fluorescence intensity was
approximately 4.2-fold higher than that in G1. Notably,
the intracellular calcium ion concentration was partially re-
versed by GsMTx4 in the G4 (Fig. 5A and Supplemen-
tary Fig. 8). Piezol knockdown induced a similar pattern
of intracellular calcium alteration as GsMTx4 pretreatment
(Supplementary Fig. 9). MMP depolarization was as-
sessed using the JC-1 fluorescent probe. Compared with
the control (G1), pretreatment with GsMTx4 (G2) caused
no significant change in MMP. In LIPUS combined with
PFP@R-Lip group (G3), JC-1 monomers (green fluores-
cence) exhibited a marked predominance over JC-1 aggre-
gates (red fluorescence). The ratio of JC-1 monomers to
aggregates in G3 was approximately 2.1-fold of that in G1.
Notably, the predominance of JC-1 monomers was par-
tially reversed by GsMTx4 in the G4 (Fig. 5B and Sup-
plementary Fig. 10). Piezol knockdown induced a sim-
ilar pattern of MMP alteration as GsMTx4 pretreatment
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(Supplementary Fig. 11). Apoptosis was detected via flow
cytometry. The results showed the apoptosis rates of HC-
CLMS3 cells were at low levels in G1 (5.3 4 2.6%) and G2
(4.8 £+ 3.6%), with no statistically significant difference.
In contrast, the apoptosis rate in G3 was significantly ele-
vated to 41.4 £+ 9.3%. Whereas in G4, the apoptosis rate
was reduced to 33.4 + 4.7% (Fig. 5C-D). Piezol knock-
down induced a similar pattern of apoptosis as GsMTx4
pretreatment (Supplementary Fig. 12). Western blot anal-
ysis of apoptosis-related proteins revealed no statistically
significant differences in the expression of Bcl-2, Bax, and
cleaved Caspase-3 between G1 and G2. In contrast, LI-
PUS (G3) significantly upregulated the expression of the
pro-apoptotic proteins Bax and cleaved Caspase-3, while
downregulating the anti-apoptotic protein Bcl-2. Addition-
ally, the altered expression trends of these apoptosis-related
proteins were partially reversed by GsMTx4 pretreatment
(Fig. SE-F).

LIPUS Combined With PFP@R-Lip Induced ROS
Generation and Ferroptosis via Piezol Activation

Intracellular ROS level in HCCLM3 cells was de-
tected using the DCFH-DA fluorescent probe. The results
indicated ROS (green fluorescence) remained at low levels
in both G1 and G2, with no statistically significant differ-
ence. In G3, ROS level in HCCLM3 was markedly en-
hanced, with the fluorescence intensity increased by ap-
proximately 3.0-fold compared with G1, indicating that LI-
PUS combined with PFP@R-Lip could significantly in-
duce intracellular ROS generation. In G4, GsMTx4 par-
tially reversed the LIPUS-induced elevation of ROS, with
the fluorescence intensity reduced to approximately 50%
of that in G3 (Fig. 6A—B). Piezol knockdown induced a
similar pattern of intracellular ROS alteration as GsMTx4
pretreatment (Supplementary Fig. 13). Assessment of
ferrous ion levels in HCCLM3 cells was performed us-
ing RhoNox-6 staining. No significant change in ferrous
ion levels (red fluorescence) was observed between G1
and G2. In G3, red fluorescence increased significantly,
with the average fluorescence intensity approximately 2.3
times of that in G1. This indicated the accumulation of fer-
rous ions, which is a hallmark event of ferroptosis. In G4,
GsMTx4 partially alleviated the increased ferrous ion lev-
els induced by LIPUS combined with PFP@R-Lip. The
red fluorescence intensity decreased to about 66% of that
in G3 (Supplementary Fig. 14). Assessment of lipid
peroxidation in HCCLM3 cells was performed using C11-
Bodipy staining. Results showed that in G1, the CI11-
Bodipy probe mainly exhibited reduced state (red fluores-
cence). In G2, the red fluorescence intensity showed no
significant change. In G3, green fluorescence increased sig-
nificantly, with the average fluorescence intensity approxi-
mately 1.8 times of that in G1. This indicated the accumu-
lation of oxidized lipid components. In G4, GsMTx4 par-
tially alleviated the lipid peroxidation induced by LIPUS
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combined with PFP@R-Lip. The content of oxidized C11-
Bodipy decreased to about 76% of that in G3 (Fig. 6C-D).
Piezol knockdown induced a similar pattern of lipid per-
oxidation as GsMTx4 pretreatment (Supplementary Fig.
15). Ferrostatin-1 rescue experiments further confirmed
ferroptosis induced by LIPUS combined with PFP@R-Lip.
Compared with G1, Ferrostatin-1 pretreatment (G7) did not
significantly alter the fluorescence intensity of C11Bodipy.
However, Ferrostatin-1 significantly attenuated the oxi-
dized C11Bodipy fluorescence intensity induced by LIPUS
+ PFP@R-Lip in G8, with the average fluorescence inten-
sity decreased to about 63% of that in G3 (Supplementary
Fig. 16). Western blot analysis of ferroptosis-related pro-
teins revealed that no statistically significant differences
were observed in the expression of ACSL4, xCT, or GPX4
between G1 and G2. However, LIPUS combined with
PFP@R-Lip (G3) significantly upregulated the expression
of ACSL4 (a protein that promotes lipid peroxidation) while
downregulating the expression of XCT and GPX4, both of
which inhibit lipid peroxidation. Moreover, these changes
in ferroptosisrelated protein expression could be partially
reversed by pretreatment with GsMTx4 in G4 (Fig. 6E—
F). These findings collectively confirmed that LIPUS com-
bined with PFP@R-Lip induced ROS generation and fer-
roptosis in HCCLM3 through Piezol activation.

LIPUS Combined With PFP@R-Lip Induced Calreticulin
(CRT) Translocation via Piezol Activation

Immunofluorescence results showed that, compared
with G1, the fluorescence intensity of CRT on HCCLM3
cells in G2 showed no significant difference. In G3, green
fluorescence increased significantly, which was approxi-
mately 2.7 times of that in G1. While in G4, the green
fluorescence of GsMTx4 pretreated cells reduced to 66%
of that in G3 (Fig. 7A and Supplementary Fig. 17). Flow
cytometry analysis of CRT exposure on the cell membrane
yielded results consistent with the aforementioned findings.
Compared with G1, the number of CRT-positive HCCLM3
cells in G2 showed no significant difference. However, the
CRT fluorescence signal exhibited a significant rightward
shift in G3, which was approximately 2.4-fold of that in
Gl. In G4, after pretreatment with GsMTx4, the CRT signal
on cells shifted leftward compared with G3, indicating sup-
pressed CRT translocation to the membrane (Fig. 7B and
Supplementary Fig. 18). These results confirmed LIPUS
combined with PFP@R-Lip induced translocation of CRT
to the membrane, an effect that can be partially reversed by
inhibiting the Piezol channel.

LIPUS Combined With PFP@R-Lip Promoted the Release
of HMGBI and ATP via Piezol Activation

ELISA results showed the level of HMGBI in the su-
pernatant of HCCLM3 cells was 65.4 £ 15.3 ng/mL in G1.
In G2, HMGBI level was 72.4 + 23.6 ng/mL. Statistical
analysis indicated no significant difference in HMGBI re-
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lease between G1 and G2. In G3, HMGBI1 concentration
significantly increased to 281.5 + 39.3 ng/mL after LIPUS
combined with PFP@R-Lip. In G4, the HMGBI1 level was
partially reversed to 243.7 £ 42.3 ng/mL by pretreating
with GsMTx4 (Fig. 7C). ATP assay revealed that ATP con-
centration in the supernatant of HCCLM3 was 5.6 &+ 1.3 nM
in G1. In G2, ATP level was 6.1 £ 2.4 nM with no signif-
icant difference from that in G1. After LIPUS (G3) inter-
vention, ATP concentration rose significantly to 21.5 £ 6.6
nM. In G4, ATP release was attenuated to 17.2 £+ 5.7 nM by
pretreating with GsMTx4 (Fig. 7D).

Increased accumulation of PFP@R-Lip in tumors

At 9h following intravenous administration of
Dil/PFP@R-Lip or Dil/PFP@Lip into tumorbearing mice,
the fluorescent signals were primarily detected in the
liver, kidneys, and tumor tissues. And mice injected
with the targeted formulation (Dil/PFP@R-Lip) exhibited
strong fluorescence signals in the tumor region at 9h
postinjection, whereas only weak signals were detected in
the tumors of mice receiving nontargeted Dil/PFP@Lip
(Supplementary Fig. 19A-B). Quantitative analysis
confirmed about 1.7 times higher radiant efficiency in
the targeted group than the non-targeted group, indicating
improved tumor targeting mediated by cRGD modification
(Supplementary Fig. 19C).

LIPUS Combined With PFP@R-Lip Suppressed
Subcutaneous Tumor via Piezol Activation

Fig. 8A illustrates the experimental timeline for treat-
ing C57BL/6 mice. Mice bearing subcutaneous tumors
were randomly divided into four groups: mG1, mG2, mG3,
and mG4. Body weight changes of the mice over 21 days
after the first intervention were shown in Fig. 8B. No sig-
nificant differences in body weight were observed among
the groups on day 21. And, no obvious toxicity or or-
gan damage was observed in the major organs of mice in
each group on day 21 (Supplementary Fig. 20). Fig. 8C
presented images of tumors resected from each group af-
ter the mice were euthanized on day 21. Tumor volume
and weight changes were displayed in Fig. 8D and SE.
No significant difference in tumor volume and weight was
observed between mG1 and mG2. In contrast, tumors in
mG3 were significantly inhibited. This tumorsuppressive
effect was partially reversed by GsMTx4 in mG4. Fig.
8F showed the histological analysis of the tumors. H&E
staining revealed that tumor cells in both mG1 and mG2
were arranged densely with higher nuclear-to-cytoplasmic
ratios, and no obvious necrotic areas were observed. In con-
trast, tumor tissues in mG3 exhibited looser and more dis-
ordered cell arrangement, with noticeably enlarged intercel-
lular spaces and regional structural disruption. The admin-
istration of GsMTx4 (mG4) partially reversed these alter-
ations. Ki67 staining showed no significant difference in
the number of Ki67-positive cells between mG1 and mG2.
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However, mG3 displayed a significant reduction in Ki67-
positive cells within tumor tissues, which could be par-
tially reversed by GsMTx4 pretreatment (mG4). TUNEL
assay confirmed enhanced apoptosis in mG3, an effect that
was attenuated by inhibition of Piezol (mG4). The ex-
pression levels of the antioxidant markers xCT and GPX4
showed no significant difference between mG1 and mG2.
Compared with mG1, LIPUS combined with PFP@R-Lip
(mG3) significantly downregulated the expression of xCT
and GPX4, and this downregulation could be partially re-
versed by GsMTx4 pretreatment (mG4). As for the pro-
lipid peroxidation marker ACSLA4, its expression was up-
regulated in mG3 compared with mG1, and this upregula-
tion was also reversed in mG4.

www.ecmjournal.org

LIPUS Combined With PFP@R-Lip Improved Antitumor
Immunity via Piezol Activation

In tumor tissues, the proportion of mature DCs ex-
pressing CD80" and CD86" was 6.7 & 3.1% in mG1 and
7.9 £ 4.4% in mG2, with no significant difference. mG3
exhibited a significantly increased percentage of mature
DCs (28.4 + 2.2%), while mG4 showed a partial reduc-
tion to 19.8 & 2.4%. This indicates that GsMTx4 treatment
partly suppressed DC maturation induced by LIPUS com-
bined with PFP@R-Lip. A similar trend was observed in
splenic DCs: mG1 with 9.7 £ 2.6% mature DCs, mG2 with
12.4 £+ 3.4%, mG3 with 32.4 £+ 5.2%, and mG4 with 24.8
+ 4.4% (Fig. 9A-B). Flow cytometry analysis of TAM po-
larization revealed that the proportion of F4/80TCD206™
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M2-type TAMs was 48.3 4+ 8.7% in the mG1 and 42.9 +
11.4% in mG2, with no significant change. mG3 showed a
significant decrease to 16.9 £ 8.2%, which was partially re-
versed in mG4 (24.8 + 5.4%). Conversely, the percentage
of F4/80TCD86™ M1-type TAMs was 5.3 + 1.7% in mG1
and 7.7 £+ 2.4% in mG2. LIPUS combined with PFP@R-
Lip (mG3) significantly increased this proportion to 22.9 +
7.2%, while the combination with GsMTx4 (mG4) led to a
partial reversal (15.8 &£ 3.4%), demonstrating that GsMTx4
could attenuate both the reduction in M2-type TAMs and
the increase in M1-type TAMs induced by LIPUS combined
with PFP@R-Lip (Fig. 9C and E-F). Inmunofluorescence
staining of tumor sections indicated low levels of CD8T T
cell infiltration at the tumor margins in both mG1 and mG2,
with no significant difference in mean fluorescence inten-
sity. In mG3, CD8™ T cell infiltration was markedly in-
creased, with the MFI rising to approximately 2.8 times of
that in mG1. Whereas in mG4, the mean fluorescence in-
tensity was reduced to about 71% of the mG3 level (Fig.
9D and Supplementary Fig. 21). Furthermore, ELISA
measurements of serum cytokine levels showed that TNF-
« concentrations were 281 & 35 pg/mL in mG1, 298 £ 37
pg/mL in mG2, 423 + 15 pg/mL in mG3, and 379 + 26
pg/mL in mG4 (Fig. 9G). IL-6 levels were 48 + 11 pg/mL
inmGl, 52 4+ 8 pg/mL in mG2, 84 £+ 9 pg/mL in mG3, and
61 + 4 pg/mL in mG4 (Fig. 9H).

Discussion

HCC is the sixth most commonly diagnosed cancer
and the third leading cause of cancer-related mortality glob-
ally, with an increasing mortality rate worldwide [1]. The
highly complex immunosuppressive tumor microenviron-
ment and inadequate targeting precision of clinical ther-
apeutic modalities are the main causes of the limited ef-
ficacy and severe adverse effects of conventional HCC
therapies [17]. This study prepared c-RGD-modified tar-
geted liposomes, PFP@R-Lip, with a hydrodynamic diam-
eter of 243.1 + 79.3 nm, a surface potential of -16.6 + 4.1
mV, a spherical morphology, and favorable stability. Their
negative surface potential effectively prevents aggregation
and precipitation through electrostatic repulsion. And their
small size facilitates passive targeting via the Enhanced Per-
meability and Retention (EPR) effect, leveraging the larger
interendothelial gaps within tumor tissues [18]. Further-
more, previous studies have indicated that the c-RGD cyclic
peptide on PFP@R-Lip enables precise active targeting to
integrin receptors overexpressed on cancer cells, which is in
line with our observations [19,20]. Finite element analysis
simulating the ultrasound field distribution demonstrated
that LIPUS exhibits excellent acoustic focusing ability. The
synergy of passive and active targeting of PFP@R-Lip sig-
nificantly promoted its accumulation in HCC, and the com-
bination of this targeting property with the acoustic fo-
cusing effect of LIPUS further improved the spatial pre-
cision of therapy. Upon LIPUS irradiation, the PFP core
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within PFP@R-Lip undergoes a liquid-to-gas phase tran-
sition, which is able to increase the acoustic contrast with
adjacent tissues during ultrasound imaging. This allows for
the visual monitoring of PFP@R-Lip targeting, consistent
with findings from previous studies [21,22]. Additionally,
the formed gas nucleus can serve as a cavitation core for
LIPUS, which reduces the cavitation threshold. This al-
lows LIPUS to exert stronger cavitation effects at lower
acoustic intensities [23], thus minimizing mechanical and
thermal damage to adjacent tissues. However, it should be
noted that a higher acoustic intensity is not necessarily ad-
vantageous. As demonstrated in Fig. 1D, excessively high
acoustic intensity (3 W/cm?) with prolonged duration (2
min) can induce the rupture of PFP@R-Lip, thereby dete-
riorating the ultrasound imaging performance. Therefore,
an optimal acoustic intensity range is critical to harness the
benefits of phase transition and cavitation while avoiding
particle destruction. Accumulating evidence has shown that
the mechanical properties of the HCC microenvironment
are involved in tumor cell initiation and progression [24].
In this context, physical therapeutic modalities such as LI-
PUS have attracted increasing attention due to their unique
advantages in cancer treatment. LIPUS delivers mechanical
energy precisely through non-thermal bioeffects (cavitation
and acoustic radiation force) which have presented antitu-
mor effects in various cancer cell types [25,26]. However,
the specific molecular mechanisms underlying its antitumor
effects in HCC have not been fully elucidated to date. This
study confirmed that LIPUS combined with PFP@R-Lip
inhibits the viability, proliferation, cell cycle, migration and
invasion of HCCLM3 cells. To elucidate the key molecu-
lar mechanisms underlying the inhibition of HCC by LIPUS
combined with PFP@R-Lip, transcriptome sequencing was
performed indicating a large number of differentially ex-
pressed genes and involvement of calcium signaling path-
ways.

Piezol, a novel mechanosensitive ion channel, could
transform mechanical stimuli into biochemical signals by
mediating calcium influx, playing a key role in tumorigene-
sis, metastasis, and microenvironment regulation [27]. Nu-
merous studies have demonstrated that mechanical stimuli
such as ultrasound can activate the Piezol channel, leading
to an increase in intracellular calcium ion levels [10,12,28].
Based on these findings, we hypothesized that LIPUS com-
bined with PFP@R-Lip exerted anti-HCC effects by ac-
tivating Piezol channel and modulating calcium ion sig-
naling pathways. Bioinformatic analysis of The Cancer
Genome Atlas database revealed that Piezol mRNA (gene
symbol: FAM38A) expression is significantly upregulated
in HCC tissues compared with adjacent normal liver tissues.
However, no statistical difference was observed between
tumor stages. Moreover, Piezol overexpression is signifi-
cantly associated with shorter overall survival in HCC pa-
tients, suggesting it may serve as an important molecu-
lar driver in HCC development. Immunofluorescence and
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Western blot assays further confirmed Piezol overexpres-
sion in HCCLM3 cells, validating its feasibility as a ther-
apeutic target. This study found that LIPUS combined
with PFP@R-Lip induced intracellular calcium overload in
HCCLMS3 cells, leading to mitochondrial dysfunction and
apoptosis. And these effects were partially reversed by the
Piezol channel inhibitor GsMTx4.

Calcium ions are also important regulators of cell
membrane damage and ferroptosis [29,30]. Ferroptosis is
an iron-dependent form of regulated cell death triggered by
the accumulation of lipid peroxides. The core mechanisms
of ferroptosis involve lipid peroxidation, imbalance of an-
tioxidant systems, and dysregulation of iron metabolism
[31]. Intracellular GPX4 and its upstream regulator xCT
play crucial roles in maintaining redox balance. However, it
remains unclear whether calcium fluxes during ferroptosis
are transmitted through cell membrane channels, endoge-
nous channels, or through damaged regions of the plasma
membrane. Furthermore, how these fluxes collectively
contribute to overall changes in cellular calcium homeosta-
sis remains to be elucidated [32]. Increased intracellular
calcium concentration has been reported to inhibit ferrop-
tosis [33]. However, excessive calcium accumulation in
the cytoplasm may induce ferroptosis, partly because mi-
tochondrial calcium homeostasis is crucial for regulating
mitochondrial energy metabolism. Impaired mitochondrial
metabolism can generate excess ROS, thereby promoting
ferroptosis [34,35]. This study proved LIPUS combined
with PFP@R-Lip could induce intracellular calcium over-
load by activating the Piezol channel, increase mitochon-
drial permeability, generate ROS, and initiate a chain re-
action of membrane lipid peroxidation. Simultaneously, it
inhibits the expression of antioxidant molecules xCT and
GPX4 and upregulates the pro-oxidant molecule ACSL4,
disrupting glutathione synthesis and the detoxification of
lipid peroxides. However, the specific molecular mecha-
nisms by which calcium overload regulates the expression
of xCT, GPX4, and ACSL4 require further investigation.
This effect on mitochondrial membrane integrity and cellu-
lar antioxidant defense systems, together with the induction
of apoptotic cell death, exerts a dual lethal effect on HCC
cells. This may potentially circumvent tumor cell resistance
to a single cell death pathway.

ICD has emerged as a research focus in the field of
tumor immunotherapy in recent years. However, tradi-
tional ICD-inducing strategies (e.g., chemotherapy, photo-
dynamic therapy) are limited by low induction efficiency,
blockage by the immunosuppressive microenvironment,
and inadequate tumor-targeting precision, greatly limiting
the clinical application of ICD [36]. The precise target-
ing and induction of intracellular calcium homeostasis im-
balance by LIPUS combined with PFP@R-Lip provides
a promising solution to these problems. Calcium signal-
ing disruption triggered by Piezol activation is one of the
key triggers for ICD initiation [37]. Moreover, apopto-
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sis and ferroptosis resulting from calcium signaling disrup-
tion can also effectively drive tumor cells to undergo ICD
[15,38]. The results of this study also indicated that LIPUS
combined with PFP@R-Lip could significantly induce CRT
translocation to the cell membrane, promote the release of
HMGBI and ATP, recruit and activate DCs, thereby initi-
ating subsequent specific T-cell immune responses. Fur-
thermore, LIPUS was able to promote the repolarization
of TAMs towards the M1 phenotype within tumor tissue,
thereby improving the immunosuppressive microenviron-
ment and enhancing ICD effects. The study also found in-
creased infiltration of CD8™ T cells at the tumor margin
and elevated levels of the antitumor cytokines TNF-« and
IL-6 in mouse serum following LIPUS intervention. These
results demonstrate that LIPUS can improve the immune re-
sponse against HCC. GsMTx4 was able to partially reverse
these effects, proving the pivotal role of the Piezol chan-
nel. However, this study has several limitations. First, the
potential contribution of Piezol on immune cells cannot be
ruled out, requiring conditional knockout or coculture stud-
ies. Second, blood routine and liver/kidney function tests
were not performed. Serum biochemistry and hematology
analyses are needed for safety confirmation. Third, Yodal
and Ca®* chelation experiments were absent, limiting full
causal establishment of Piezolmediated calcium signal-
ing, although genetic knockdown and GsMTx4 inhibition
already support Piezol necessity. Fourth, vaccination-
rechallenge assays were not performed. Definitive demon-
stration of immunological memory remains to be estab-
lished despite observed DAMP release, DC maturation,
TAM repolarization, CD8™ T cell infiltration, and cytokine
elevation. All the limitations should be addressed in future
work.

Conclusions

In this study, a cRGDmodified targeted liposomal for-
mulation (PFP@R-Lip) was successfully prepared. When
combined with LIPUS, PFP underwent a liquidtogas phase
transition, enabling ultrasound imaging. This combina-
tion appeared to activate Piezol, leading to calcium over-
load, mitochondrial depolarization, ROS accumulation, and
lipid peroxidation. These events may synergistically induce
apoptosis and ferroptosis in HCC cells, accompanied by
DAMP release, DC maturation, CD8' T cell infiltration,
and TAM repolarization. Collectively, these findings pro-
vide a theoretical basis for the combination of LIPUS and
PFP@R-Lip in HCC treatment, though additional mecha-
nistic and translational studies are needed.
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