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Background: The combination of sonodynamic therapy and oxygenation strategy is widely 
used in cancer treatment. However, due to the complexity, heterogeneity and irreversible 
hypoxic environment produced by hepatocellular carcinoma (HCC) tissues, oxygen- 
enhancing sonodynamic therapy (SDT) has failed to achieve the desired results. With the 
emergence of ferroptosis with reactive oxygen species (ROS) cytotoxicity, this novel cell 
death method has attracted widespread attention.
Methods: In this study, nanobubbles (NBs) were connected with the sonosensitizer 
Indocyanine green (ICG) to construct a 2-in-1 nanoplatform loaded with RAS-selective 
lethal (RSL3, ferroptosis promoter) (RSL3@O2-ICG NBs), combined with oxygen- 
enhanced SDT and potent ferroptosis. In addition, nanobubbles (NBs) combined with low- 
frequency ultrasound (LFUS) are called ultrasound-targeted nanobubble destruction (UTND) 
to ensure specific drug release and improve safety.
Results: MDA/GSH and other related experimental results show that RSL3@O2-ICG NBs can 
enhance SDT and ferroptosis. Through RNA sequencing (RNA-seq), the differential expression of 
LncRNA and mRNA before and after synergistic treatment was identified, and then GO and 
KEGG pathways were used to enrich and analyze target genes and pathways related ferroptosis 
sensitivity. We found that they were significantly enriched in the ferroptosis-related pathway 
MAPK cascade and cell proliferation. Then, we searched for the expression of differentially 
expressed genes in the TCGA Hepatocellular carcinoma cohort. At the same time, we evaluated 
the proportion of immune cell infiltration and the identification of co-expression network modules 
and related prognostic analysis. We found that it was significantly related to the tumor micro-
environment of hepatocellular carcinoma. The prognostic risk genes “SLC37A2” and “ITGB7” 
may represent new hepatocellular carcinoma ferroptosis-inducing markers and have guiding 
significance for treating hepatocellular carcinoma.
Conclusion: The therapeutic effect of the in vitro synergistic treatment has been proven to be 
significant, revealing the prospect of 2-in-1 nanobubbles combined with SDT and ferroptosis in 
treating HCC.
Keywords: ferroptosis, sonodynamic therapy, HCC, RSL3, synergistic therapy

Introduction
Hepatocellular carcinoma, as the fourth cancer incidence, has been the fastest-rising 
cause of cancer-related deaths worldwide.1 There are approximately 840,000 new cases 
of HCC each year, and at least 780,000 people die from HCC.2 The main treatment for 
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liver cancer is surgical resection, liver transplantation, local 
radiotherapy and chemotherapy.3 However, due to the invi-
sibility of the onset of HCC and the lack of specific early 
markers, most patients are usually diagnosed as advanced 
HCC,4 the above treatment methods cannot get a thorough 
treatment, and sorafenib has been the mainstream targeted 
therapy for advanced HCC.

However, drug resistance gradually develops in the 
later stages of treatment.5,6 According to reports, sorafenib 
is mainly causing cell ferroptosis to achieve antitumor, and 
the role of apoptosis in sorafenib resistance in HCC has 
been demonstrated.7 Induce ferroptosis and increase the 
sensitivity of ferroptosis, avoid apoptosis, effectively 
improve the treatment of hepatocellular carcinoma, and 
reduce the occurrence of drug resistance.8 Many nanome-
dicines have been invented for HCC and rodent hepatoma 
model treatment.9–11 In addition, some nanocapsules could 
also promote chemotherapy and induce an immune 
response, which synergistically performed antitumor 
efficacy.12–14

Ferroptosis was first proposed as a novel type of cell 
death in 2012.15,16 Unlike other apoptotic and non- 
apoptotic death forms, iron and lipid peroxides are the 
two main features of ferroptosis. The redox balance in 

normal cells mainly depends on glutathione peroxidase 4 
(GPX4), a repair enzyme for cell lipid oxidation. 
Therefore, directly or indirectly inhibiting the activity of 
GPX4, leading to the accumulation of LPO, can lead to 
subsequent ferroptosis.17 RSL3, an enzyme inhibitor of 
GPX4, a small molecule that causes ferroptosis, was selec-
tively lethal to oncogenic RAS mutant cell lines. The RAS 
family of small GTPases (HRAS, NRAS, and KRAS) are 
commonly mutated in HCC. Finding compounds that are 
selectively lethal to RAS mutant tumor cells is also a high 
priority.

SDT has attracted much attention as a non-invasive 
way to treat tumors.18–20 SDT with LFUS can avoid 
photodynamic therapy (PDT) limitations with low tissue 
penetration depth.21 PDT could generate immunogenic 
cell death (ICD), accompanied by the release of high- 
mobility group box 1 protein (HMGB1) and adenosine 
triphosphate (ATP) and the exposure of calreticulin 
(CRT), sending the “eat me” signal and promoting the 
antigen presentation and maturation of dendritic cells 
(DCs).22–24 Also, Photothermal therapy (PTT) is 
a developing field that uses the strategy of employing 
near-infrared (NIR) irradiation to trigger drug delivery.25 

These emerging non-invasive techniques have been 
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widely used in antitumor research.26,27 However, due to 
the intrinsic or obtained resistance of cancer cells on 
apoptosis, the effectiveness of SDT in tumor-induced 
induction is limited. Therefore, the other non-apoptotic 
cell death model has opened new treatment pathways for 
eliminating cancer cells and reducing the resistance 
brought about apoptosis. ICG, A near-infrared fluorescent 
dye to diagnose and treat hepatocellular carcinoma, which 
is widely used in liver surgery and fluorescence imaging 
system.28–31 Much research shows that ICG can produce 
a large amount of ROS after being triggered by LFUS, 
which is a superior sonosensitizer.32–36 At the same time, 
ICG has high HCC specificity. However, the further appli-
cation of ICG is limited for several reasons, such as its 
tendency to aggregate, non-specific binding to proteins, 
and rapid clearance from the body.37,38 Based on this, 
scientists continue to explore various carrier materials to 
overcome these limitations and maintain the stable optical 
performance of ICG.39,40

Nanobubbles have been widely used as vehicles with 
LFUS called UTND compared to other nanocarriers. The 
NBs could be used as cavitation nuclei, which may 
expand, compress and destroy under ultrasound 
stimulation.41 In cavitation, destruction generates micro-
jets that create shear stress on cells and leads to reversible 
pore formation in the cell membranes, which could 
enhance cell membrane permeability transiently without 
deterring the cell viability and promote the drug into 
cells.42 Several studies have shown that lipid chitosan 
core NBs can successfully reverse tumor hypoxia by 
down-regulating the expression of HIF-1α.42,43 Thus, 
NBs are a good candidate for research.

Next-generation high-throughput RNA sequencing 
(RNA-Seq) is the first sequencing-based technology to 
perform high-throughput and quantitative measurements 
of the entire transcriptome. RNA-Seq is a more accurate 
method of presenting transcript and isotype levels than any 
other sequencing technology. In order to further explore 
the mechanism of combination therapy to increase the 
sensitivity of ferroptosis and find related gene changes, 
combining RNA-Seq technology in our experiments can 
obtain new insights into tumor treatment mechanisms.

Herein, RSL3@O2-ICG NBs, which have the ability to 
oxygen-boosted SDT and increase sensitization ferropto-
sis, was used in the combined treatment of HCC. Then 
RNA-Seq further explores its mechanism and finds related 
gene changes, which provide a promising strategy and 
therapeutic target for HCC therapy.

Materials and Methods
Chemicals
1,2-Distearoyl-sn-glycerol-3-phosphocholine (DSPC); 
1,2-stearoyl-sn-glycerol-3-phosphoethanolamine- 
N-(methoxy [polyethylene glycol]-2000) (DSPE-PEG 
-2000) were got from Avanti Polar Lipids (Alabaster, 
AL). 20,70-Dichlorofluorescin diacetate (DCFH-DA), 
MDA and GSH were acquired from Beyotime 
Biotechnology (Shanghai, China). ICG was received 
from Shanghai Yuanye Bio-Technology Co, Ltd 
(Shanghai, China). Annexin V-FITC Apoptosis Detection 
Kit and Cell counter kit-8 (CCK-8) were obtained from 
BD Pharmingen. RSL3 was gained from Shanghai MCE 
Chemicals Technology (Shanghai, China).

Preparation of RSL3@O2-ICG NBs
As reported in previous studies, we have prepared 
RSL3@O2-ICG NBs using the thin-film hydration ultra-
sound method.44 First, mix DSPC and DSPE-PEG-2000 at 
a mass ratio of 9:1, and then add 10ul of 5 mM RSL3 in 
methylene chloride and methanol (2:1, vol/vol). After 
entirely dissolving and mixing, transfer the above solution 
to a beaker and evaporate to form a lipid film. The dried film 
was hydrated into a lipid suspension with 5mL of 100ug/mL 
ICG in PBS. Next, the suspension was extruded 20 times 
through a 200nm membrane through a micro-extruder 
(Avanti Polar Lipids, Alabaster, AL). Then, the squeezed 
suspension was transferred to a sealed vial, and the syringe 
was evacuated and replaced with pure oxygen. The mixture 
was then mechanically shaken in a dental mixer (YJT 
Medical Apparatus and Instruments, Shanghai, China) for 
60 seconds and resuspended in 2 mL of PBS solution for 
storage at 4°C. All processes are carried out in a dark 
environment. The blank nanobubbles (without RSL3 or 
ICG) were prepared using the same method. The stability 
of the RSL3@O2-ICG NBs and blank nanobubbles was 
evaluated by a hemocytometer at different time points, 
such as 6 h, 12h, 24h, and 48h after preparation at 4°C.

Characterization
Observe the distribution and morphology of RSL3@O2- 
ICG NBs under a scanning electron microscope (SEM. 
Hitachi, Japan), and observe the element enrichment. At 
the same time, the encapsulation rate of ICG and RSL3 on 
the composite is calculated by the proportion of elements. 
Dynamic light scattering (DLS) analyzer (ZEN3600, 
Malvern Instruments) can analyze its particle size 
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distribution and zeta potential. An ultraviolet-visible spec-
trophotometer (Thermo Fisher) was used to obtain the 
absorption spectrum of the particles.

Cell Culture
HepG2 and Huh7 derived from the human hepatocellular 
carcinoma cell line, and WRL68 cells, a normal human 
liver cell line, were included in this experiment. All the 
cells were purchased from the Cell Bank of Chinese 
Academy ofSciences (Shanghai, China). All cells were 
cultured in DMEM medium containing 10% FBS in 
a humidified incubator at 37°C and 5% CO2.

Cell Viability of Cells
WRL68, HepG2 and Huh7 cells were seeded into 96-well 
plates at a density of 8000 cells per well. After the appli-
cation of different ICG concentrations (40, 80, 100, 150, 
200, 250, 300μg/mL), they were exposed to LFUS for 30 
seconds (1.0 W/cm2) and then assessed by CCK8 assay to 
kill the cells. Then, different RSL3 concentrations (4, 6, 8, 
10, 12, 15, 20 μM) and specific concentrations of ICG 
under the same experimental environment.

ROS Detection
In order to study the ability of O2-ICG-NB to enhance 
SDT, RSL3 was not carried in the nanobubbles in this 
experiment. HepG2 and Huh7 cells were, respectively, 
seeded in 6-well plates, cultured overnight to remove the 
medium, and the cells were treated with PBS, ICG, ICG- 
NBs, and O2-ICG-NBs for another 4 hours. Subsequently, 
DCFH-DA was added to the cells and incubated at 37°C 
for 30 minutes, protected from light. After removing the 
medium, the cells were irradiated with ultrasound for 30 
seconds (1.0 W/cm2) and washed twice with DMEM, then 
1mL of ice PBS was added, and the cells were quickly 
observed under a fluorescence microscope. Flow cytome-
try is performed by digesting cells from a 6-well plate, and 
the operation is processed as before.

Analysis of GSH
After various treatments (PBS, RSL3, O2-ICG-NBs 
+LFUS, RSL3@O2-ICG NBs + LFUS, RSL3@O2-ICG 
NBs+LFUS+Fer-1), the cells were washed 3 times with 
PBS and trypsinized. Collect the cells and centrifuge at 
1000 rpm at 4°C for 5 min twice. According to the weight 
of the cell pellet, resuspend each milligram in 3 μL of 
protein removal solution M. After vortexing, place it in 
liquid nitrogen and in a 37 °C water bath for two quick 

freezing and thawing times, and then place it at 4 °C. 
Centrifuge for 10 minutes at 10,000 rpm for 5 minutes. 
The supernatant is used to determine the content of GSH 
in the sample. Prepare the appropriate amount of detection 
working solution and supernatant sample according to the 
instructions, mix them and incubate at room temperature 
for 5 minutes, and then add NADPH to the system to 
trigger the reaction. After 60 minutes, measure the TNB 
absorbance at 412 nm and calculate the GSH level accord-
ing to the instructions.

MDA Assay
Collect the protein in HepG2 and Huh7 through various 
treatments (PBS, RSL3, O2-ICG-NBs+LFUS, RSL3@O2- 
ICGNBs+LFUS, RSL3@O2-ICG NBs+LFUS+Fer-1), and 
after lysis 40min After centrifugation, the supernatant was 
mixed with the TBA detection working solution, heated in 
a boiling water bath for 15 minutes, cooled to room 
temperature, 200μL was transferred to a 96-well plate, 
the absorbance was measured at 532nm, compare the 
standard curve to calculate the MDA content.

Measurement of Mitochondrial 
Membrane Potential
Mitochondrial membrane potential was detected by JC-1 
(Beyotime, C2005) detection kit. After treatment in the 4 
treatment groups (PBS, RSL3, O2-ICG-NBs+LFUS, 
RSL3@O2-ICG NBs + LFUS), HepG2 and Huh7 cells 
were incubated with JC-1 staining working solution for 
20 minutes, and then JC-1 Wash twice with buffer solu-
tion. After adding ice PBS solution, the stained cells were 
observed under a fluorescence microscope.

Cell Cycle Analysis
After various treatments (PBS, RSL3, O2-ICG-NBs 
+LFUS, RSL3@O2-ICG NBs + LFUS), HepG2 and 
Huh7 cells were digested and collected with trypsin, and 
then fixed with 70% ice-cold ethanol at 4°C overnight. 
Subsequently, add 500μL of the prepared staining working 
solution (keygentec. Nanjing, China) for staining. The 
DNA content of each group of cells was determined by 
flow cytometry.

Whole Transcriptome Library 
Construction, Sequencing, and Analysis
The total RNA of HepG2/Huh7 cells before and after 
RSL3@O2-ICG NBs + LFUS treatment was taken, 
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respectively, named A, B, C, D group, and quality control 
was performed. The preparation and deep sequencing of 
the whole transcriptome library were performed by 
Novogene Bioinformatics (Beijing, China).

Whole Transcriptome Library Construction and 
Sequencing
A total amount of 3 μg RNA per sample was used as input 
material for the RNA sample preparations. According to 
the manufacturer’s instructions, the clustering of the 
index-coded samples was performed on a cBot Cluster 
Generation System using TruSeq PE Cluster Kit v3-cBot- 
HS (Illumia). After cluster generation, the libraries were 
sequenced on an Illumina HiSeq 2500 platform, and 125 
bp paired-end reads were generated. The data discussed in 
this publication have been deposited in NCBI’s Gene 
Expression Omnibus and are accessible through GEO 
Series accession number GSE178573 (https://www.ncbi. 
nlm.nih.gov/geo/query/acc.cgi?acc=GSE178573).

RNA-Seq Data Analysis
Quality Control and Comparative Analysis 
The generation of sequencing data goes through multiple 
steps such as RNA extraction, library construction, and 
sequencing. These steps will produce some low-quality or 
invalid data. For example, there will be a deviation in the 
length of the library during the library construction stage, 
and a sequencing error will occur during the sequencing 
stage. Therefore, it is necessary to perform quality control 
on the raw data obtained from the machine to ensure the 
accuracy of subsequent analysis. The raw data obtained by 
sequencing contains a small number of reads with sequen-
cing adapters or low sequencing quality. In order to ensure 
the quality and reliability of data analysis, it is necessary 
to filter the original data. The filtering content is as fol-
lows: (1) Remove the adapter (2) Remove the reads with 
N (N means that the base information cannot be deter-
mined) greater than 0.002; (3) When the number of low- 
quality bases contained in a single-ended read exceeds 
read When the length is 50%, you need to remove the 
paired reading. After raw data filtering, sequencing error 
rate check, and GC content distribution check, clean reads 
for subsequent analysis are obtained. Use Hisat2 to com-
pare the valuable sequencing data (clean reads) to the 
reference genome.

Quantitative Expression Level of Transcripts 
Stringtie software can accurately and accurately splice 
genes and realize gene quantification. Therefore, we use 

Stringtie software to assemble the reads into genes and 
quantify gene expression based on the results of the align-
ment to the genome.

In this article, the gene expression level of RNA-seq 
uses FPKM (Fragments Per Kilobase of transcript 
sequence per Millions of base pairs sequenced) calcula-
tion. FPKM is the number of fragments from a gene/tran-
script per kilobase length per million fragments. It also 
corrects the influence of sequencing depth and gene length 
on the count of fragments. It is currently the most com-
monly used method for estimating gene expression levels.

Differential Expression Analysis
After the quantitative analysis is completed, the gene 
expression matrix of all samples is obtained, and the 
expression level of the gene level can be analyzed for 
the significance of the difference to find the functional 
genes related to the treatment group. In this work, we 
use edgeR software to analyze the significance of gene 
expression differences. Use p-value or corrected p-value 
(padj) to determine the significance level. Padj is the value 
obtained by using the BH method to perform multiple test 
corrections on the p-value when the false positive rate is 
high. The smaller the corrected P-value value is, the more 
significant it is. Use padj<0.05 as the difference signifi-
cance criterion (if padj is<0.05 to screen for too few 
differences, use p-value<0.05 for differential screening, 
and finally get a list of genes with significant differences 
for subsequent analysis.

GO and KEGG Enrichment Analysis
In organisms, different genes coordinate with each other to 
perform their biological functions. By exploring the path-
ways that are significantly enriched in functional genes, 
we will further explore the important functional genes 
involved in important biochemical metabolic pathways 
and signal transduction pathways among differentially 
expressed genes. This article uses GOseq software for 
GO enrichment analysis; KOBAS (2.0) for pathway 
enrichment analysis. GO is a comprehensive database 
describing gene functions, divided into molecular function, 
biological process, and cellular component. GO enrich-
ment takes padj<0.05 (default) or p-value<0.05 as signifi-
cant enrichment. In organisms, different genes coordinate 
with each other to perform their biological functions, and 
the most important biochemical metabolic pathways and 
signal transduction pathways involved in candidate target 
genes can be determined through Pathway significant 
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enrichment. KEGG (Kyoto Encyclopedia of Genes and 
Genomes) is a comprehensive database that integrates 
genome, chemistry and system function information. 
Pathway significant enrichment analysis takes KEGG 
Pathway as the unit and applies a hypergeometric test to 
find pathways that are significantly enriched in candidate 
target genes compared with the background of the entire 
genome. Similarly, KEGG pathway enrichment takes 
p-value or padj<0.05 as significant enrichment.

Expression and Immune Infiltration in TCGA
In order to further explore whether the genomic changes 
caused by RSL3@O2-ICG NBs + LFUS treatment will 
affect the immunity of hepatocellular carcinoma, we 
obtained the RNA-seq data of hepatocellular carcinoma 
from the TCGA database (https://portal.gdc.cancer.gov/). 
Including gene expression information from 373 sam-
ples of hepatocellular carcinoma patients, we find some 
of the differential genes that overlap with this research, 
and use overlapping differentially expressed genes to 
perform heat map cluster analysis on TCGA hepatocel-
lular carcinoma patients. At the same time, we used 
Xcell database (https://xcell.ucsf.edu/) to evaluate the 
proportion of immune cell infiltration of all liver cancer 
samples from TCGA. Explore the difference in the pro-
portion of immune cell infiltration between different 
clusters.

Prognostic Analysis of TCGA Cohort
In order to further confirm that the genomic changes 
caused by RSL3@O2-ICG NBs + LFUS treatment can 
regulate the tumor microenvironment and further affect 
the survival status of hepatocellular carcinoma, we used 
the tumor microenvironment score obtained from the Xcell 
database in the previous step. We used the Pearson method 
to screen out the results. Among the differentially 
expressed genes, the genes whose correlation with the 
tumor microenvironment score is more significant than 
0.4 and the significance P-value is less than 0.05 will be 
analyzed later. 373 TCGA hepatocellular carcinoma 
patients were randomly divided into training set and test 
set according to the ratio of 7:3, and single-factor cox risk 
regression and multi-factor risk regression were used to 
screen the prognostic risk genes that were significantly 
related to the prognosis (p<0.05). Calculate each sample’s 
ferroptosis risk score by multiplying the risk gene’s 
expression value by the sum of the risk coefficient of the 
risk regression and using the median value of the risk 

score to divide hepatocellular carcinoma samples into 
high-risk and low-risk groups. Use Log rank test to 
explore the prognostic difference between high- and low- 
risk groups.

Statistical Analysis
All experiments were conducted in triplicate. The bio-
logical data are calculated as an average of three repli-
cates ± standard deviation and presented in 
percentages. All sample values were related to the 
control (untreated cells) value, which was considered 
100% and compared using Student’s t-test by GraphPad 
Prism 8.0 software. The differences between control 
and samples values were considered to be significant 
if P<0.05, highly significant if P<0.01 and extremely 
significant if P<0.001.

Results
Preparation and characterization of  
RSL3@O2-ICG NBs
It can be seen from Figure 1A, the RSL3@O2-ICG NBs 
had a green suspension. At the same time, the electron 
microscopy energy spectrum measurement was observed 
that the representative Chlorine element of RSL3 and 
Sodium Sulfur elements of ICG were enriched on nano-
bubbles (Figure 1B–F). According to the proportion of 
Chlorine and Sulfur elements in the complex, it is inferred 
that the loading efficiency of RSL3 and ICG in the com-
plex are, respectively, 27.73±0.38% and 1.80±0.37%. The 
mean diameter of RSL3@O2-ICG NBs measured by DLS 
was 280.8 ± 16.8 nm (Figure 1G). At the same time, the 
zeta potential of the complex is –3.86 ± 0.35 mV (Table 
S1). As shown in Figure 1H, the composite has absorption 
peaks at about 770nm and 240nm, indicating that ICG and 
RSL3 are successfully loaded into RSL3@O2-ICG NBs, 
which is consistent with the previous SEM imaging 
results.

The stability of RSL3@O2-ICG NBs and blank nano-
bubbles is expressed in concentration. The RSL3@O2- 
ICG NBs and blank nanobubbles concentration is diluted 
to 4 × 108/mL. The concentrations of different times were 
shown in Figure S1A. Brown–Forsythe test shown the 
P value of RSL3@O2-ICG NBs was 0.5060 and the 
P value of blank nanobubbles was 0.7860, which demon-
strated no statistical significance in concentration changes 
within 48 hours, respectively.
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Detection of Intracellular ROS of SDT
CCK8 experiment verified the cell viability of different con-
centrations of ICG on WRL68, HepG2 and Huh7 cells in 
Supplementary Figure S1B–D. We choose 100ug/mL of ICG 
used for the next experiment. Besides, the CCK-8 assay 
showed that RSL3@O2-ICG NBs + LFUS could cause 
damage to normal hepatocytes, when the concentration of 
RSL3 was 8uM (Figure S1E). The fluorescence microscope 
shows that HepG2/Huh7 cells presented the most amount of 

green fluorescence in the O2-ICG-NBs+LFUS group 
(Figure 2A). Flow cytometry also showed that the number 
of fluorescence intensities in the O2-ICG-NBs+LFUS group 
was much higher. Therefore, the role of O2-ICG-NBs in 
enhancing SDT has been proven (Figures 2B and S1F, G).

The Enhancement Effect of Ferroptosis
First of all, CCK8 experiment found that different concen-
trations of RSL3 combined with SDT, the HepG2/Huh7 

Figure 1 Structure and characterization of composite RSL3@O2-ICG NBs. (A) General morphology of General morphology of microbubbles; (B) Scanning Electron 
Microscopy image showing a quasi-spherical morphology; (C–F) Enrichment degree of different elements on RSL3@O2-ICG NBs; (G) The DLS results showed a mean 
particle size of to be with a polydispersity value; (H) The absorption spectrum of RSL3, ICG, O2-NBs and RSL3@O2-ICG NBs.
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cells viability decreased significantly compared to RSL3 
treatment alone (Figure S2A and B). Mitochondrial 
damage is a significant feature of ferroptosis. We found 
that in the combined treatment group RSL3@O2-ICG NBs 
+ LFUS, the red fluorescence decreased significantly, 
while the green fluorescence increased, indicating the 
decrease in mitochondrial membrane potential and damage 
(Figure 3A). Then, we conducted GSH and MDA experi-
ments. GSH level is usually used to evaluate the intensity 
of ferroptosis.45,46 As seen from Figure 3C and Figure 3E, 
the GSH level of the combination treatment group was 
significantly reduced (P < 0.001, one-way ANOVA). In 
order to prove that the GSH level reduction in the combi-
nation treatment group was mainly caused by ferroptosis, 
Fer-1, a ferroptosis inhibitor, the drugs were added to our 
combined treatment group, and it was found that GSH did 
not decrease. At the same time, MDA is an advanced fat 
oxidation end product. The results in Figure 3B and 
Figure 3D show that the expression level increases 

throughout the process (P < 0.001, one-way ANOVA), 
and there is a negative correlation between GSH.

Influence on Cell Cycle Progression 
in vitro
After various treatments, more than half of HepG2/Huh7 
cells stagnated in G0/G1 phase in the combination therapy 
group compared to PBS groups (Figure 4). These data 
suggested that RSL3@O2-ICG NBs with LFUS could 
inhibit cell cycle progression (P < 0.001, two-way 
ANOVA), thus affecting HepG2/Huh7 cells growth.

Differential Expression Analysis Based on 
RNA-Seq
Estimate the expression of mRNA and lncRNA by expres-
sion level (FPKM). Show the difference between differen-
tially expressed mRNA and lncRNA through the volcano 
graph (P<0.05). As a result, a total of 3391 mRNAs in 

Figure 2 Analysis of ROS. (A) Fluorescence microscope images of intracellular ROS generation as indicated by DCFH-DA detection after receiving different treatments as 
indicated. (B) Flow cytometry analyses of intracellular ROS generation in the same experiment as above.
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group A and group B (A vs B) were differentially 
expressed significantly, of which 2307 were up-regulated 
(Figure 5A). Similarly, compared with group B, 2281 
lncRNAs showed significant differences in expression, 
including 1516 up-regulated genes and 765 down- 
regulated genes (Figure 5B). A total of 2582 mRNAs 
expression differences between C group and D group (C 
vs D), of which 1335 were down-regulated (Figure 5C). 
2227 lncRNA expressions are significantly different, 
including 1328 up-regulated genes and 902 down- 
regulated genes (Figure 5D). A total of 886 mRNAs and 
570 lncRNAs overlapped between the differentially 
expressed genes between group A and group B and the 
differentially expressed genes between group C and 
D (Figure S3A and B).

Differentially Expressed Analysis
In the previous step of the differentially expressed gene, 
we found that A vs B, C vs D are also significantly 
enriched in cell functions such as regulation of protein 
phosphorylation, leukocyte chemotaxis, MAPK cascade, 
and response to alcohol, regulation of cell proliferation 
(Table 1). The differentially expressed mRNAs of the 
two groups A vs B, C vs D of cell lines were enriched 
by the KEGG pathway, respectively. The bubble chart 
(Figure 6A and B) shows the top 20 main enriched path-
ways. After comparison, we found that after RSL3@O2- 
ICG NBs + LFUS treatment, the common enrichment 
pathway is ECM-receptor interaction. We predict the tar-
get genes of all differentially expressed lncRNAs (Table 
S2 and S3), that is, predict the target genes of lncRNAs 

Figure 3 Analysis of Mitochondrial membrane potential (MMP) and the function of RSL3@O2-ICG NBs in ferroptosis. (A) Fluorescence microscope images of the JC-1 
monomer (green channel), and aggregate (red channel) in the mitochondria of HCC cells after differential treatments as indicated; (B–E) DTNB assay of GSH Level, MDA 
examination in HCC cells under different treatment. ***P<0.001.
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through the co-location of lncRNAs and protein-coding 
genes. GO and KEGG enrichment analyses were per-
formed on target genes to predict the function of 
lncRNA. Functional enrichment of the predicted target 
genes found that the target genes of A vs B and C vs 
D were also significantly enriched in protein phosphoryla-
tion, ubiquitin protein ligase binding, regulation of Wnt 
receptor signaling pathway, cell cycle process, autophagy, 
and other pathways (Table 2). The result of KEGG path-
way enrichment shows that the differentially expressed 
LncRNA target genes are also significantly enriched in 
the Alcoholism pathway (Figure 6C and D).

Based on the differentially expressed genes identified 
in the previous step, we found that the differentially 

expressed genes between A vs B, C vs D groups were 
also significantly enriched in cell functions such as regula-
tion of protein phosphorylation, leukocyte chemotaxis, 
MAPK cascade, and response to alcohol, regulation of 
cell proliferation (Table 1). Among them, the MAPK cas-
cade and cell proliferation are important biological pro-
cesses affected by Ferroptosis.47 KEGG pathway analysis 
shows that DEGs are highly correlated with ECM−recep-
tor interaction, Focal adhesion, and some metabolic related 
pathways. The bubble chart (Figure 6A and B) shows the 
top 20 main enriched pathways. After comparison, we 
found that after RSL3@O2-ICG NBs + LFUS treatment, 
the common enrichment pathway is ECM-receptor inter-
action. Interestingly, the term of focal adhesion, which was 

Figure 4 Analyses of Cell Cycle. (A) Cell cycle of HCC cells was analyzed by flow cytometry after differential treatments as indicated. (B and C) The column charts of 
different cell period of Hep G2 and Huh7 cells.
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also reported closely related to the tumor immune micro-
environment (TME), was enriched in KEGG analyses.48 

Next, we predict the target genes of all differentially 
expressed lncRNAs (Table S2 and S3), that is, predict 
the target genes of lncRNAs through the co-location of 
lncRNAs and protein-coding genes. GO and KEGG 

enrichment analyses were performed on target genes to 
predict the function of lncRNA. We found that the target 
genes of A vs B and C vs D were also significantly 
enriched in protein phosphorylation, ubiquitin protein 
ligase binding, regulation of Wnt receptor signaling path-
way, cell cycle process, autophagy, and other pathways 

Figure 5 Screening of differentially expressed genes and KEGG enrichment analysis. (A) group A vs group B differentially expressed mRNA; (B) group C vs group 
D differentially expressed mRNA; (C) group A vs group B differentially expressed lncRNA; (D) lncRNA differentially expressed in group C vs group D; Up-regulated genes 
are represented by red dots, down-regulated genes are represented by green dots, and blue dots are genes that have not changed significantly.

Table 1 The Representative Results of GO Enrichment Analysis with Differential mRNA

GO 
Accession

Description Term Type Adjusted P value 
(AvsB)

Adjusted P value 
(CvsD)

GO:0006468 Protein phosphorylation Biological_process 0.00028462 0.031899

GO:0010562 Positive regulation of phosphorus metabolic 

process

Biological_process 0.0027964 0.0069588

GO:0001932 Regulation of protein phosphorylation Biological_process 0.0026933 0.024195

GO:0001934 Positive regulation of protein phosphorylation Biological_process 0.0018498 0.0051221

GO:0045937 Positive regulation of phosphate metabolic 
process

Biological_process 0.0027964 0.0069588

GO:0042325 Regulation of phosphorylation Biological_process 0.014019 0.029001

GO:0042327 Positive regulation of phosphorylation Biological_process 0.0017908 0.0082935
GO:0071621 Granulocyte chemotaxis Biological_process 0.012215 0.030822

GO:0030595 Leukocyte chemotaxis Biological_process 0.012618 0.023316

GO:0000165 MAPK cascade Biological_process 6.14E-06 0.026917
GO:0043410 Positive regulation of MAPK cascade Biological_process 0.0029229 0.027081

GO:0097305 Response to alcohol Biological_process 0.021317 0.00094936

GO:0008283 Cell proliferation Biological_process 8.95E-05 0.019719
GO:0042127 Regulation of cell proliferation Biological_process 1.70E-05 0.026033
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(Table 2). The result of KEGG pathway enrichment shows 
that the differentially expressed LncRNA target genes are 
significantly enriched in the Notch signaling pathway, 
TGF−beta signaling pathway (Figure 6C and D).

The Expression in the TCGA and the 
Immune Infiltration Status
We obtained the RNA-seq data of hepatocellular carci-
noma from the TCGA database (https://portal.gdc.cancer. 
gov/), including the gene expression information of 373 
samples of hepatocellular carcinoma patients. The combi-
nation therapy group and the control group included 
a total of 886 significantly different mRNA overlaps 
between group A and group B, group C and group 
D. Disturbances in the expression of these genes may 

indicate different clinical outcomes in patients with hepa-
tocellular carcinoma. We used 886 overlapping differen-
tially expressed genes (DEGs) to perform heat map cluster 
analysis of TCGA hepatocellular carcinoma patients, and 
we found that the expression of these differential genes 
can divide 373 hepatocellular carcinoma patients into two 
distinct categories. We define these two categories as 
ferroptosis-sensitive class 1 and ferroptosis insensitive 
class 2 (Figure 7A and B). At the same time, we evaluated 
the immune cell infiltration ratio of all hepatocellular 
carcinoma samples from TCGA using the Xcell database. 
For class 1 and class 2, the scores of immune cell abun-
dance, stromal cell abundance, and tumor microenviron-
ment scores all show significant differences. It indicates 
that the treatment of the RSL3@O2-ICG NBs + LFUS 

Figure 6 KEGG enrichment analysis of differentially expressed genes. (A) The first 20 KEGG pathways enriched with mRNA differentially expressed between A vs 
B groups; bubble chart; (B) Differences between C vs D groups Enriched bubble chart of the first 20 KEGG pathways expressing mRNA; (C) Enriched bubble chart of the 
first 20 KEGG pathways that differentially express lncRNA target genes between A vs B groups; (D) The first 20 KEGG pathways that differentially express lncRNA target 
genes between C vs D groups Enrichment bubble chart; the y-axis is the enriched pathway, and the x-axis is the ratio of the total genes in the gene of a pathway. The bubble 
color represents the p value. The larger the p value, the darker the color, and the bubble size represents the enrichment. The number of genes collected.
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treatment group can adjust the proportion of immune cells 
in the hepatocellular carcinoma tumor microenvironment 
to induce the sensitivity of ferroptosis further (Figure 7C).

Prognostic Analysis of the TCGA Cohort
We used the tumor microenvironment score obtained from 
the Xcell database in the previous step and used Pearson to 
screen out 122 differential genes related to the tumor 
microenvironment score for subsequent analysis. First, in 
the training set, two prognostic risk genes were obtained, 
namely “SLC37A2” and “ITGB7” genes, and then these 
two genes were used to calculate the risk score of ferrop-
tosis sensitivity for each sample, and the training set 
samples were divided high-risk group and low-risk group 
(Figure 7D and E). The Log rank test shows that the 
prognosis of the high-risk group and the low-risk group 
is significantly different. Low-risk group means a worse 
prognosis. In the test set, the Log rank test also found that 
the low-risk group means a worse prognosis. The above 
results indicate that the prognostic risk genes “SLC37A2” 
and “ITGB7” which are significantly related to the tumor 
microenvironment of hepatocellular carcinoma, may repre-
sent new hepatocellular carcinoma ferroptosis inducing 
markers and have guiding significance for the treatment 
of hepatocellular carcinoma. The expression of the two 
prognostic risk genes between the class 1 and class 2 
groups is also significantly different, and both are highly 
expressed in the class 1 group relative to the class 2 group 
(Figure 8A and B). At the same time, the scatter plot 
shows that the Pearson correlations between the prognostic 
risk genes “SLC37A2” and “ITGB7” and the 

hepatocellular carcinoma tumor microenvironment score 
are 0.46 and 0.41, respectively (Figure 8C).

Weighted Co-Expression Network 
Analysis in the TCGA Cohort
In order to explore the correlation pattern between the 
gene expression of hepatocellular carcinoma in the class 
1 and class 2 groups in the TCGA data, we use the 
WGCNA method to hope to find gene co-expression mod-
ules related to ferroptosis sensitivity. WGCNA first divides 
the gene co-expression network of 886 overlapping genes 
in hepatocellular carcinoma into several highly correlated 
characteristic modules, representing several groups of 
highly coordinated gene sets. When the soft threshold is 
set to 3, we found that four different gene co-expression 
feature modules can be obtained, namely blue, brown, 
turquoise, and yellow modules, containing 157, 116, 164, 
and 60 genes, respectively. Use the gene co-expression 
similarity matrix to draw a heat map and display it in 
combination with the cluster tree of the characterization 
module. It can be seen that the higher the expression 
similarity between genes, the darker the color. Genes in 
the same module have a high co-expression pattern, but 
there are apparent differences between different modules. 
In order to further determine which module is most related 
to the iron death-sensitive phenotype, we calculated the 
Pearson correlation coefficients between the feature vector 
ME of the four modules and the phenotype (Table S4). We 
found that the blue module is most relevant to the ferrop-
tosis-sensitive phenotype. On this basis, we calculated the 

Table 2 The Representative Results of GO Enrichment Analysis with Differential LncRNA Targets

GO Accession Description Term Type P value (AvsB) P value (CvsD)

GO:0006468 Protein phosphorylation Biological_process 3.85E-06 0.00014357
GO:0006793 Phosphorus metabolic process Biological_process 1.83E-06 1.33E-07

GO:0006796 Phosphate-containing compound metabolic process Biological_process 1.02E-06 1.88E-07

GO:0019220 Regulation of phosphate metabolic process Biological_process 0.017031 0.0019835
GO:0019902 Phosphatase binding Molecular_function 0.00096843 0.0041649

GO:0042325 Regulation of phosphorylation Biological_process 0.026018 0.0036226

GO:0046434 Organophosphate catabolic process Biological_process 0.030242 0.00059334
GO:0051174 Regulation of phosphorus metabolic process Biological_process 0.018107 0.0018457

GO:0007049 Cell cycle Biological_process 6.61E-05 0.011614
GO:0022402 Cell cycle process Biological_process 0.0020298 0.020299

GO:0031625 Ubiquitin protein ligase binding Molecular_function 0.003529 0.022639

GO:0006914 Autophagy Biological_process 0.038656 0.022267
GO:0030111 Regulation of Wnt receptor signaling pathway Biological_process 0.0020955 0.022372

GO:0030178 Negative regulation of Wnt receptor signaling pathway Biological_process 0.023016 0.031455
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overall Pearson correlation coefficient between the blue 
module and the gene to be 0.58. In the end, we screened 
out 6 genes with a correlation greater than 0.4 in the blue 
module. We believe that these 6 co-expressed genes are 
the essential genes that affect the sensitivity to ferroptosis 
of hepatocellular carcinoma, including “CPNE5”, 
“GLIPR2”, “FAIM2”, “ANKDD1A”, “P2RX1”, 
“LYPD5”. GO and KEGG analysis further show that 

they are enriched in membrane-related and glycosylation 
pathways (Figure 8D–G).

Discussion
In recent years, combination therapy has shown good 
advantages in the treatment of HCC. Combination therapy 
can overcome the shortcomings of monotherapy and 
reduce the resistance caused by a single medication.49,50 

Figure 7 DEG function enrichment and DEG expression in TCGA hepatocellular carcinoma data and immune infiltration status. (A) Hierarchical clustering heat map of the 
expression of the intersection of differentially expressed genes between A vs B and C vs D in TCGA hepatocellular carcinoma RNA-seq; (B) overlapping DEG in TCGA 
hepatocellular carcinoma patients based on the hierarchical clustering of expression, red and Blue is the two types of aggregation, defined as class 1 and class 2; (C) box plot 
of the difference in immune cell abundance between class 1 and class 2 in TCGA hepatocellular carcinoma (t-test, p<0.05), green represents class 1 and red represents class 
2; (D) the prognosis of the two types in the training set (Log rank test, p<0.05); (E) the prognosis of the two types in the test set (Log rank test, p<0.05); ****P<0.0001.
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Sonodynamic therapy, as a non-invasive ultrasound- 
induced treatment method, due to the hypoxia and high 
GSH of HCC TME, the effect of single sonodynamic 
therapy is not good.50 Ferroptosis is a type of programmed 
cell death characterized by iron overload and lipid perox-
idation. Since ROS of ferroptosis has great similarity with 
SDT’s cytotoxicity, homologous ROS generation therapies 
bypass the apoptosis pathway and avoid the occurrence of 
multi-drug resistance (MDR),51 alleviating the inherent 
Resistance. Indocyanine green was selected for the 

construction of nanobubbles as a sonosensitizer. ICG can 
produce abundant ROS under the stimulation of ultra-
sound. We constructed RSL3@O2-ICG NBs that took 
advantage of the amphiphilic nature of phospholipid mole-
cules, loaded hydrophilic ICG on the surface of the hydro-
philic head of the phospholipid, and packaged the 
hydrophobic RSL3. With the core of oxygen encapsulated 
in lipid NBs, NBs in this study can also be used as oxygen 
carrier combined with US to relieve hypoxia in the tumor 
microenvironment and achieve UTND simultaneously. 

Figure 8 Prognosis analysis of the TCGA cohort and weighted co-expression network analysis in the TCGA queue. (A and B) box plot of differences in expression of two 
prognostic risk genes between class 1 and class 2 groups (t-test, p<0.05), blue represents class 1, red represents class 2; (C) Scatter plot of the correlation between two 
prognostic risk genes and tumor microenvironment scores (Pearson, R>0.4, p<0.05); (D) Soft Threshold (power) represents the weight, and the ordinate represents the 
correlation between the connection degree k and p(k); (E) the gene tree for clustering genes by Euclidean distance, different colors represent different gene modules; (F) 
the heat map of gene co-expression similarity matrix, and the characterization module Cluster trees are displayed in combination. The higher the expression similarity 
between genes, the darker the color; (G) the scatter plot of the correlation between the blue module and the characteristic gene. **P<0.01, ****P<0.0001.
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UTND can selectively deliver the sonosensitizer ICG and 
the molecularly targeted drug RSL3 to the tumor site 
through NBs to increase the drug concentration in the 
tumor site and increase the permeability of cell membranes 
through the cavitation effect and promote the entry of 
drugs into cells. Furthermore, it has ultrasound imaging 
function. In the next experiment, we will add RSL3@O2- 
ICG NBs combined with LFUS to achieve the combined 
treatment of SDT and ferroptosis for HCC.

Firstly, as shown in Figure 1A, Spherical nanoparticles 
with a diameter of about 300 nm can be seen by SEM. It 
was observed that the representative Chlorine element of 
RSL3 and Sodium Sulfur elements of ICG were enriched 
on the phospholipid nanobubbles (Figure 1B–F). The Zeta 
potential of the nanoplatform is shown in Table 1, and it 
showed a negative charge at about –3.86 mV. The size of 
300 nm diameter, negative potential and good solubility of 
the NBs all indicated that might have EPR (Enhanced 
Permeability and Retention) effect. As shown in 
(Figure 1H), NBs had specific absorption of ICG and 
RSL3 at approximately 770nm and 240nm, indicating the 
successful incorporation of ICG and RSL3 into RSL3@O2 

-ICG NBs, which is consistent with the previous SEM 
imaging results.

Secondly, the role of O2-ICG-NBs in enhancing SDT 
has been proven (Figure 2B), which proved that the ROS 
generated by LFUS increased and supported us to carry 
out the following experiment. Since the intracellular GSH 
will be reduced due to the cytotoxic •OH produced by the 
Fe Fenton reaction in ferroptosis, the GSH level is gen-
erally used to evaluate the intensity of ferroptosis.52 It can 
be seen from Figure 3C and E that compared with the PBS 
treatment group, the GSH level of the combined treatment 
group decreased significantly, while the decreased GSH 
levels of the other two groups treated with SDT or RSL3 
alone were considered to be negligible. In order to prove 
more convincingly that most of the decrease in GSH level 
in the combination treatment group was caused by ferrop-
tosis, we chose to add Fer-1 (1μM). The results showed 
that the GSH level was similar to the blank group, indicat-
ing that GSH depletion was mainly due to ferroptosis. At 
the same time, kinds of literature indicate that LPO in cells 
is an important biomarker of ferroptosis,53,54 and its accu-
mulation contributes to the occurrence of ferroptosis. As 
an end product of fat oxidation, MDA has increased 
expression during the whole process, which can also indi-
cate the occurrence of ferroptosis process.16 The results in 
Figure 3B and D show that the MDA content of the 

combined treatment group increased. It can be seen that 
there is a negative correlation between MDA and GSH. In 
contrast, MMP analysis showed similar results; the com-
bination therapy effectively enhanced the green fluores-
cence of the cells. After determining the method of leading 
induced cells, we will further explore the effects of cell 
division through cell cycle experiments; after various 
treatments, more than half of HepG2/Huh7 cells stagnated 
in G0/G1 phase in combination therapy group compared to 
PBS groups (Figure 4). These data suggested that 
RSL3@O2-ICG NBs with LFUS could inhibit cell cycle 
progression, thus affecting HepG2/Huh7 cells growth.

Thirdly, RNA-seq analysis further clarify the primary 
mechanism. Moreover, the target genes of the differential 
lncRNAs were predicted, and then GO and KEGG func-
tion analyses were performed on the differential mRNAs 
and the predicted target gene of the differential lncRNAs. 
We found that different mRNAs before and after treat-
ment in different cell lines are collectively enriched in 
“protein phosphorylation,” “positive regulation of phos-
phorus metabolic process,” “regulation of protein phos-
phorylation,” “positive regulation of protein 
phosphorylation,” “positive regulation of phosphate 
metabolic process,” “regulation of phosphorylation,” 
“positive regulation of Phosphorylation” and other pro-
tein phosphorylation-related functional pathways 
(Table 1). It suggests that targeted protein phosphoryla-
tion may help increase the sensitivity of HCC to ferrop-
tosis. In addition, mRNA was also enriched in 
“granulocyte chemotaxis,” “leukocyte chemotaxis,” and 
other pathways (Table 1). It showed that the treatment 
caused the change of tumor cell TME and caused the 
change of related immune cells. To further confirm it, 
the immune cell infiltration ratio of all hepatocellular 
carcinoma samples from TCGA was evaluated, which 
found that the scores of stromal cell abundance and 
tumor microenvironment scores showed significant dif-
ferences between the ferroptosis sensitive and insensitive 
groups that we considered. It shows that combined treat-
ment can adjust the proportion of immune cells in the 
hepatocellular carcinoma tumor microenvironment to 
improve ferroptosis sensitivity further. Moreover, the 
WGCNA weighted co-expression network found six key 
modular genes related to ferroptosis sensitivity and found 
them enriched in membrane-related pathways and glyco-
sylation-related pathways. It will become a new target 
for HCC.
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Finally, we analyze the 122 differential genes related to 
the tumor microenvironment score for subsequent prog-
nostic analysis, then discovered that the prognostic risk 
genes “SLC37A2” and “ITGB7” which are significantly 
related to the tumor microenvironment of hepatocellular 
carcinoma, which may represent new ferroptosis inducing 
markers for hepatocellular carcinoma, this has guiding 
significance for the clinical treatment of hepatocellular 
carcinoma.

Hepatocellular carcinoma, realize effective treatment 
of liver cancer, and reduce drug resistance. It may become 
the application of more sensitive molecular imaging 
probes in the diagnosis of early cancer and potentially 
effective treatment methods.

There are a large number of reports in the literature that 
RSL3 is an effective small molecule inhibitor that can 
cause ferroptosis in liver cancer cells.55–57 It mainly 
induces ferroptosis by inhibiting the key enzyme GPX4 
in the ferroptosis pathway, which makes the intracellular 
redox imbalance and leads to cell death. To achieve the 
effect of antitumor, it has the effect of anti-liver cancer 
when used alone.58 Unlike the sonosensitizers we use, it 
does not significantly increase its efficacy under ultra-
sound irradiation, so we added the sonosensitizer 
Indocyanine Green. Sonodynamic therapy is produced by 
the combination of sonosensitizers and ultrasound to make 
Hepatocellular Carcinoma cells sensitive to RSL3-induced 
ferroptosis and achieve better anti-liver cancer effects.

However, this study still has some shortcomings and 
limitations; the potential therapeutic targets obtained by 
RNA sequencing have not been verified by QPCR, and 
animal experiments have not been carried out.

Conclusions
In this study, RSL3@O2-ICG NBs provide a two-in-one 
treatment platform for SDT and sensitization ferroptosis 
treatment of liver cancer, showing high antitumor efficacy 
and safety. We found that it was significantly related to the 
tumor microenvironment of hepatocellular carcinoma. The 
prognostic risk genes “SLC37A2” and “ITGB7” may 
represent new hepatocellular carcinoma ferroptosis- 
inducing markers and have guiding significance for treat-
ing hepatocellular carcinoma.
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