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Background: owing to the intricate nature, variability, and persistent oxygen-deficient environment
associated with esophageal cancer (EC) tissues, radiotherapy (RT) sometimes doesn't work as well
because some cancer cells can resist the radiation to a certain extent. This can lead to the cancer
coming back in the same spot or even making the treatment ineffective. The integration of RT with
oxygenation strategies is a common approach in cancer treatment. The advent of oxygen-enhancing
sonodynamic therapy (SDT), leveraging the cytotoxic effects of reactive oxygen species (ROS), has
garnered significant attention as an innovative approach to inducing cell death. Methods: this study
utilized nanobubbles (NBs) containing the acoustic sensitizer indocyanine green (ICG) to create
a nanoplatform (ICG@O, NBs) that incorporates oxygen-enhanced SDT and RT. Besides, NBs are paired
with low-frequency ultrasound (LFUS), known as ultrasound-targeted nano-bubble destruction (UTND),
for precise drug release and improved safety. Results: experimental findings, including JC-1/DCFH-DA
assays, demonstrate that ICG@O, NBs effectively enhance the performance of both RT and SDT. RNA
sequencing (RNA-seq) demonstrated differential expression of mRNA and LncRNA prior to and after co-
treatment. KEGG and GO pathway analysis were then conducted for enriching and recognizing target
genes and pathways correlated with the sensitivity of RT, which were revealed to be remarkably
clustered in RT-associated pathways. Conclusion: in vitro and in vivo investigations have indicated
significant efficacy of synergistic treatments, highlighting the potential of combining NBs with SDT and

rsc.li/nanoscale-advances RT for managing EC.

1. Introduction

Radiotherapy (RT), which employs X-rays, is one of the most
successful cancer therapies. It reduces cell proliferation,
produces highly toxic hydroxyl ("OH) free radicals, and destroys
double-stranded DNA.* For esophageal cancer (EC), it has
continuously been a preferred therapeutic therapy strategy.’
However, radioresistance, which results from strong intracel-
lular antioxidant defenses and insufficient X-ray energy depo-
sition, frequently limits its efficacy.* Recent advancements in
nanomedical research have demonstrated that combining
radiotherapy with other treatments, e.g. chemotherapy,>® pho-
tothermal therapy,”® photodynamic therapy,” chemodynamic
therapy,'®" as well as immunotherapy, may improve thera-
peutic effect. Nevertheless, most documented combination
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therapies have failed to significantly overcome radioresistant
tumors, depending on direct addition of numerous treat-
ments."”>"® Unsatisfactory therapeutic effects and excessive
doses of radiation are still prevalent, underscoring the urgent
need for synergistic strategies to enhance radiosensitivity and
improve radiotherapeutic effectiveness.

Sonodynamic therapy (SDT) stands out as a highly promising
noninvasive cancer treatment, capable of precisely targeting
and eliminating tumors.** SDT primarily evolved from the
principles of photodynamic therapy (PDT). In the process of
SDT, sonosensitizers, upon stimulation by ultrasonic energy,
can elicit an increased production of ROS within cells.® High-
intensity focused ultrasound is a thermal ablation method
that uses a combination of mechanical and thermal factors to
cause tissue necrosis and cell death.'® The ultrasonic energy and
intensity employed in SDT, in contrast, are substantially lower.
SDT utilizes nonthermal mechanisms to preserve the biosafety
of normal tissues surrounding the tumor. Unlike PDT light, US
can penetrate deeply into tissues safely with minimal attenua-
tion."”'®* However, the hypoxic environment within tumors
significantly limits the effectiveness of SDT in combating
cancer. Additionally, during the SDT process, substantial
oxygen is progressively depleted, further exacerbating the
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hypoxic tumor microenvironment (TME). Therefore, it is crucial
to establish methods for delivering oxygen to tumor sites to
enhance therapeutic efficacy.*

Research indicates that combining SDT with RT enhances
tumor sensitivity to radiation by increasing blood supply and
reducing hypoxic cells, thereby boosting therapeutic efficacy
through synergistic ROS production.”?* Additionally, it can
lower the laser exposure intensity in SDT and reduce the X-ray
radiation dose in RT, thereby enhancing patient tolerance.**>*
Thus, integrating SDT with RT represents an effective and
promising therapeutic approach.

The effectiveness of SDT and RT has been increased by the
development of many nanoplatforms that reduce or even
reverse hypoxia. NBs have gained widespread attention as
carriers in combination with low-frequency ultrasound (LFUS),
a method known as UTND, offering advantages over other
nanocarriers. NBs can serve as cavitation nuclei, capable of
expanding, compressing, and collapsing when stimulated by
ultrasound. Micro-jets created by the collapse during cavita-
tion provide shear stress on cells, which causes reversible pore
creation in cell membranes. Drug delivery into the cells is made
easier by this procedure, which momentarily increases the
permeability of cell membrane without endangering cell
survival.?® Lipid-chitosan core NBs have been shown in several
investigations to efficiently reverse tumor hypoxia by inhibiting
HIF-1a expression.*®*” NBs are therefore seen as a viable subject
for more study.

Next-generation high-throughput RNA-Seq is a pioneer
sequencing technology that enables high-throughput quanti-
tative analysis of the entire transcriptome. In contrast to other
sequencing methods, RNA-Seq offers a more precise depiction
of isoform and transcript levels. Incorporating RNA-Seq tech-
nology into our investigations can yield important insights into
the processes of tumor treatment and help us better understand
how combination therapy enhances the sensitivity of RT and
uncover related gene alterations.

In light of the aforementioned considerations, we created
shell-core structured oxygen-enriched NBs, which have an
oxygen-filled gas core and a lipid shell that contains the sono-
sensitizer ICG. As far as we know, this is the time that oxygen
and ICG have been incorporated into NBs for use in SDT.
Furthermore, the application of the UTND technique can
enhance the accumulation of ICG in tumor cells. Additionally,
ultrasound can break down the NBs, accelerating the release of
oxygen to raise the dosage of tumor-specific oxygen. After then,
therapeutic ultrasonic irradiation was employed for SDT, which
induced cell apoptosis or necrosis, thereby significantly
improving the SDT effectiveness. When X-ray irradiation is
added, the resultant 'OH free radicals cause further DNA
damage to tumor cells, which effectively inhibits them from
proliferating. Meanwhile, ICG@O, NBs show great potential as
a tool for imaging with contrast-enhanced ultrasound (CEUS).
Thus, ICG@O, NBs hold promise for realize the integration of
tumor imaging along with treatment. Subsequently, RNA-Seq
investigates the underlying mechanisms and determines asso-
ciated gene alterations, providing a viable approach and
possible therapy options for EC.
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2. Materials and methods
2.1 Chemicals

1,2-Stearoyl-sn-glycerol-3-phosphoethanolamine-N-(methoxy
[polyethylene glycol]-2000) (DSPE-PEG-2000) and 1,2-distearoyl-
sn-glycerol-3-phosphocholine (DSPC) were provided by Avanti
Polar Lipids (Alabaster, AL). In addition, 2',7’-dichlorofluorescin
diacetate (DCFH-DA) was included, ICG was acquired from
Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
CCK-8 and Annexin V-FITC Apoptosis Detection Kit were
supplied by BD Pharmingen.

2.2 Preparation of ICG@O, NBs

ICG@O, NBs were produced via the thin-film hydration ultra-
sonic technique, as previously reported.”® DSPE-PEG-2000 and
DSPC were first combined in a solvent combination of methanol
and methylene chloride (1 : 2, vol/vol) at a mass ratio of 9 : 1. The
solution is moved to a beaker and evaporated to create a lipid
film once it has been thoroughly dissolved and combined. To
create a lipid suspension, 5 mL of 100 ug mL ™' ICG in PBS was
added to the dried lipid film. Afterwards, via applying a micro-
extruder (Avanti Polar Lipids, Alabaster, AL), the suspension
was passed through a 100 nm film and extruded 20 times.
ICG@C;Fg NBs and ICG@O, NBs were formed by transferring
the extruded solution to a sealed vial, where the syringe was
removed and replaced with either perfluoropropane (CsFg) gas
or pure oxygen. After 60 seconds of mechanical shaking in
a dental mixer (YJT Medical Apparatus and Instruments,
Shanghai, China), the mixture was reconstituted in 2 mL of PBS
solution and stored at 4 °C. All procedures were carried out in
darkness.

2.3 Characterization

Examine the morphology and distribution of ICG@O, NBs
utilizing a scanning transmission electron microscope (TEM,
Hitachi, Japan). With a dynamic light scattering (DLS) analyzer
(ZEN3600, Malvern Instruments), the zeta potentials, stability,
and particle sizes of ICG@O, NBs were examined.

2.4 Detection of "OH generation

A brilliant green fluorescence with emission and excitation
peaks at 515 and 490 nm is produced when aminophenyl
fluorescein (APF, ThermoFisher, USA) interacts with ‘OH. In
ddH,O with 5 uM APF, ICG@O, NBs, ICG, and PBS were sus-
pended. The RAD SOURCE RS2000 system (USA) was employed
to expose each reagent (100 pL) to X-ray irradiation at dosages of
0, 2, 4, 6, or 8 Gy. An AniView SE system (Guangzhou Biolight
Biotechnology Co., Ltd) was applied to promptly measure the
fluorescence signals.

2.5 Detection of 'O, generation

Singlet Oxygen Sensor Green (SOSG, Thermo Fisher, USA) reacts
and emits a bright green fluorescence with emission and exci-
tation maxima at 525 and 504 nm, separately. In ddH,O with
12.5 pM SOSG, ICG@O, NBs, ICG, and PBS were suspended for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SDT. The AniView SE system (Guangzhou Biolight Biotech-
nology Co., Ltd) was exploited to promptly measure the fluo-
rescence signals.

2.6 Cell culture

KYSE-150 and TE-1, the human esophageal cancer cell lines,
were acquired from the Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences, CAS. The
cultivation of cells was conducted at 37 °C with 5% CO, in
RPMI-1640 media with 10% FBS in a humidified incubator.

2.7 Cell cytotoxicity assay

Cytotoxicity of ICG@O, NBs was assessed with a conventional
CCK-8 test. In particular, esophageal cancer cells (KYSE-150 and
TE-1) were plated in 96-well plates at 10 000 cells per well, and
were incubated for 24 hours at 37 °C with 5% CO,. Following the
treatment of US, the medium was replaced for new medium that
contained varying concentrations of ICG@O, NBs. Following
a period of 24 hours incubation, cell viability was determined
through the standard methodology of CCK-8 assay.

In order to assess the RT killing effect of ICG@O, NBs, KYSE-
150 and TE-1 cells weretreated with or without ICG@O, NBs for
six hours. This was followed by X-ray exposure and/or US
therapy (1.0 W ecm™2, 5 minutes, Focused Ultrasound Thera-
peutic Device, Model-CZF, Chongqing Haifu Medical Tech-
nology Co., Ltd, China). The CCK-8 test was applied to
investigate the cell-killing impact following a further 18 hours
of incubation, as previously mentioned. KYSE-150 and TE-1
cells (1 x 10> cells per well) were cultured with or without
ICG@O, NBs for 6 hours before being exposed to X-rays or US
treatment (1.0 W ecm ™2, 5 minutes) for the live/dead co-staining
experiment. All cells were stained with calcein-AM/propidium
iodide and investigated under a fluorescence microscope after
an extra 18 hours.

2.8 Apoptosis analysis

Flow cytometry was applied to measure apoptosis. Cells at
different stages of apoptosis were counted utilizing the FITC-
Annexin V/PI detection Kkit. After being plated in 6-well plates,
KYSE-150 along with TE-1 cells were subjected to DMEM
(negative control), SDT + RT, RT, and SDT. Subsequently, 1 x
10° cells was resuspended in 100 pL of 1x binding buffer. The
cell suspension was incubated for 15 minutes in darkness
following the addition of FITC-Annexin V and PI. Following
adding 400 pL of 1x binding buffer to the cells, the samples
were prepared for analysis with flow cytometry.

2.9 DNA double-strand breaks

KYSE-150 and TE-1 cells in the irradiation groups were sub-
jected to X-rays and incubated for an extra hour following
various treatments (RT, SDT, DMEM, and SDT + RT). The cells
were then fixed with 4% paraformaldehyde, blocked with 10%
goat serum, and permeabilized with 0.5% Triton. The anti-
YH2AX antibody was subsequently cultured with the cells at
a dilution of 1:200 for 12 hours. Following the application of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a secondary antibody, a confocal laser scanning microscope
(CLSM) was exploited to view the cells.

2.10 ROS detection

To detect ROS within cells, a DCFH-DA fluorescent probe was
employed. Following 6 hours of incubation with or without
ICG@O, NBs, KYSE-150 and TE-1 cells were subjected to an X-
ray (100 ¢cGy min~ ", 8 Gy), and then treatment with US (1.0 W
ecm™?, 5 min), and incubated for 18 hours. Following incubation
with a cell medium containing DCFH-DA, the cells were exam-
ined through a CLSM.

2.11 Mitochondrial membrane potential detection

Following six hours of incubation with or without ICG@O, NBs,
KYSE-150 along with TE-1 cells were treated by US (1.0 W cm 2,
five minutes), exposed to an X-ray (100 ¢cGy min~", 8 Gy), and
then incubated for 18 hours. The same laser excitation at
488 nm was applied to determine JC-1 aggregates and mono-
mers at emission wavelengths of 590 nm (red) and 530 nm

(green).

2.12 In vivo tumor model

The six-week-old male naked mice were acquired from the
Laboratory Animal Center of Harbin Medical University. A cell
suspension comprising 5 x 10° KYSE-150 cells was subcutane-
ously injected into the right flank of mice to establish tumor-
bearing mice. This investigation was authorized via the
Animal Ethics Committee of Harbin Medical University. All
animal experiments, encompassing euthanasia, were conduct-
ed in compliance with the regulations of the Institutional
Animal Care and Use Committee and Association for Assess-
ment and Accreditation of Laboratory Animal Care.

2.13 In vivo fluorescence imaging

Tumor-bearing mice (n = 3) received intravenous administration
of ICG@O, NBs or not. 24 hours following the injection, the mice
were observed vig the In Vivo Imaging System (Bruker, FX Pro). All
of the mice were euthanized at the conclusion of the trial, and the
major organs and tumors were gathered for imaging.

2.14 In vivo antitumor therapy

First, there were four groups (n = 5) of tumor-bearing nude
mice: (1) PBS, (2) SDT, (3) RT, and (4) RT + SDT. Mice in groups
(1) and (3) received PBS intravenously, but those in groups (3)
and (4) received RT. Mice in groups (2) and (4) were given
ICG@O, NBs. X-ray (8 Gy, 100 cGy min ') and/or LFUS (1 W
cm 2, 5 minutes) were administered to the tumors 24 hours
following injection for the groups undergoing X-ray and/or US
treatments. Every 4 days of the trial, measurements of tumor
volume (tumor volume (mm®) = 1/2 x length x width®.) and
body weight were made. All organs and tumors were gathered at
the end of the experiment for further pathological examination.

The healthy mice (n = 3) were administered ICG@O, NBs. At
designated time points following injection, blood samples were
collected for routine blood analysis.

Nanoscale Adv., 2025, 7, 2209-2221 | 2211
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2.15 Construction, sequencing and analysis of whole
transcriptome library

The RNA sequencing experiment was conducted with four groups:
Group A, TE-1 cells before RT + SDT treatment; Group B, TE-1 cells
after RT + SDT treatment; Group C, KYSE-150 cells before RT +
SDT treatment; and Group D, KYSE-150 cells after RT + SDT
treatment. Extraction of total RNA was conducted from KYSE-150
and TE-1 cells both before and after RT + SDT treatment and
subjected to quality control. Deep sequencing and the creation of
whole transcriptome library were carried out by Novogene Bio-
informatics Technology Co., Ltd (Beijing, China).

2.15.1 Construction and sequencing of whole tran-
scriptome library. 3 pg of RNA per sample were utilized as the
input material for the RNA sample production process. As
directed by the manufacturer, the TruSeq PE Cluster Kit v3-cBot-
HS (Illumina) was employed to index the samples on a cBot
Cluster Generation System. The libraries were sequenced on an
Ilumina HiSeq 2500 platform after cluster creation, yielding
125 bp paired-end reads. The relevant author can provide the
data in this paper upon reasonable request.

2.15.2 RNA-seq data analysis

2.15.2.1 Quality control. The raw data (fastq format) was
initially processed with an in-house Perl script. In this step, low-
quality reads, poly-N reads, and adapter sequences were elimi-
nated from the raw data to deliver clean data (clean reads). The
GC, Q30, and Q20 contents of clean data were also computed.
This clear, high-quality data acted as the basis for all further
analysis.

NBs

Radiotherapy

DNA breakage

-
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2.15.2.2 Coding potential analysis. Without depending on
established annotations, CNCI (Coding-Non-Coding-Index) (v2)
efficiently separates protein-coding from non-coding sequences
via analyzing nearby nucleotide triplets. CNCI was utilized in
this investigation using its default parameters.

CPC2 (v0.1) employs four sequence inherent properties that
are clearly interpretable and biologically significant. The Fickett
score determines the preferred positions of bases within the
sequence at the DNA level. The ORF (open reading frame)
integrity and length are crucial at the RNA level, as protein-
coding transcripts typically have long and intact ORFs. Addi-
tionally, CPC2 incorporates several peptide-level features, on
the basis of hypothesis that peptides found in non-coding
transcripts have diverse chemical characteristics from those
encoded by legitimate coding sequences. Ultimately, CPC2
incorporates the isoelectric point (pI) as a key feature in its final
SVM model.*

We applied Pfam Scan (v1.3) to determine any known protein
family domains from the Pfam database (version 27),
combining Pfam A and B, after translating each transcript in all
three reading frames.>® Subsequent studies did not include
transcripts with a Pfam hit. The default settings of -E 0.001 and
—-domE 0.001 were utilized for Pfam searches.*

Conservation of evolutionary features specific to coding
areas are analyzed by PhyloCSF (phylogenetic codon substitu-
tion frequency) (v20121028). It recognizes high-frequency
synonymous codon substitutions and conserved amino acid
variations, while simultaneously observing low-frequency other
missense and nonsense mutations, thereby distinguishing
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Scheme 1 Schematic illustration of ultrasound-inspired ICG@O, NBs nanotheranostics for the powerful tumor cell invasion synergistic

sonodynamic therapy (SDT)-radiotherapy (RT).
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Fig. 1 Preparation and characterization of NBs. (a) TEM image of ICG@O, NBs (scale bar: 400 nm). (b) Zeta potential of ICG@O, NBs and
ICG@C3Fg NBs. (c) The DLS results showed a mean particle size of ICG@O, NBs to be 108.8 + 7.5 nm (d) size stability of the ICG@O, NBs and
ICG@CsFg NBs over 4 days. (e) Detection of YO, generation using SOSG probe under LFUS at different time periods (0, 1, 2, 3, 4, and 5 min). (f)
Detection of -:OH generation using APF probe at different intensities of X-ray irradiation (0, 2, 4, 6, and 8 Gy).

between non-coding and protein-coding transcripts.** Utilizing
the default parameters, we ran PhyloCSF and created multi-
species genome sequence alignments.

Transcripts that were exhibited to have coding potential
utilizing any of the four aforementioned tools were eliminated,
and those that did not were regarded as our candidate IncRNAs.

2.15.3 Quantification of gene expression level. The FPKM
(fragments per kilobase of exon per million fragments mapped)
values for each sample's coding genes and IncRNAs were iden-
tified through Cuffdiff (v2.1.1).>* The FPKMs of all the tran-
scripts in each gene group were added to produce the gene
FPKMs. The number of reads and the length of the fragment
aligned to it are employed to compute FPKM.

2.15.4 Differential expression analysis. The Ballgown suite
provides the ability to interactively explore transcriptome
assemblies, visualizing transcript structures and abundance
patterns for specific features at each locus, and conducting post
hoc annotation of the compiled features utilizing the annotated
data.** A P-adjusted value of less than 0.05 indicated that
a transcript was differentially expressed. Cuffdiff utilizes
a model according to the negative binomial distribution and
statistical methods to evaluate differential expression in tran-
script or gene expression data.*® Transcripts having P values
below 0.05 after adjustment were categorized as differentially
expressed.

2.15.5 GO and KEGG enrichment analysis. The GOseq R
package, which accounts for gene length bias, was employed to

© 2025 The Author(s). Published by the Royal Society of Chemistry

conduct GO enrichment analysis of differentially expressed
mRNAs or target genes of IncRNAs.>®> GO terms were deemed
highly enriched in differentially expressed genes (DEGs) if their
adjusted P-value was less than 0.01. A thorough database called
KEGG is utilized to comprehend the high-level pathways and
functions of biological systems,*® This includes understanding
biological systems at the ecosystem, organismal, and cellular
levels, utilizing data at the molecular level, especially large-scale
data sets produced by genome sequencing as well as other high-
throughput experimental techniques (http://www.genome.jp/
kegg/). We evaluated the statistical enrichment of DEGs or
IncRNA target genes in KEGG pathways through KOBAS
software.?”

2.16 Statistical analysis

GraphPad Prism (version 8.0) was employed to statistically
analyze the experimental data. The data are represented as
mean + SD after one-way analysis of variance (ANOVA) was
applied. P-Values less than 0.05 were regarded as statistically
significant.

3. Results and discussion
3.1 Characterization of ICG@O, NBs

ICG@C;Fg NBs and ICG@O, NBs were created through a thin-
film hydration-sonication approach. In this procedure, hydro-
phobic ICG was enclosed within the lipid bilayer, with oxygen

Nanoscale Adv., 2025, 7, 2209-2221 | 2213
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In vitro evaluation of sonodynamic effect. (a) Fluorescence images and mean fluorescence intensity (DCF) of TE1 and KYSE-150 cells

incubated using different formulations under laser irradiation for ROS generation in the presence of a DCFH-DA probe (scale bar indicated 100
um). (b) Representative flow cytometry (FCM) profiles and representative fluorescence images of ROS generation in cells with various treatments.
(c) CLSM images and mean fluorescence intensity ratio (JC-1 aggregate/JC-1 monomer) of TEL and KYSE-150 cells treated using different
treatments for mitochondrial membrane potential detection by JC-1 staining (scale bar indicated 100 um).

serving as the core. To increase the stability of NBs, DSPE-PEG-
2000 was also conjugated to their surface (Scheme 1). TEM
images indicated that the ICG@O, NBs had a smooth surface
and a homogeneous spherical shape, with a diameter of around
100 nm, as exhibited in Fig. 1a. The zeta potential of ICG@O,
NBs were —37.04 + 2.53 mv (Fig. 1b). The synthesized ICG@O,
NBs had a size distribution of 108.8 & 7.5 nm (Fig. 1c). And the
size of ICG@O, NBs and ICG@C;Fg NBs did not change in 4
days, which suggests good stability (Fig. 1d).

3.2 Invitro efficacies assessment of ICG@O, NBs

The SOSG probe was applied to measure the SDT effectiveness
of ICG@O, NBs in order to identify the generation of singlet
oxygen. As exhibited in Fig. 1e, ICG@O, NBs demonstrated
a significant generation of singlet oxygen, with a ~37-fold
increase compared to PBS when exposed to ultrasound at
a density of 1 W cm 2. Next, an APF test was exploited to assess
the radio-enhancement impact of ICG@O, NBs. This assay

2214 | Nanoscale Adv., 2025, 7, 2209-2221

detects the generation of hydroxyl radicals ("OH) by activating
fluorescence upon reaction with ‘OH. As shown in Fig. 1f,
ICG@O, NBs produced significantly more hydroxyl radicals
(‘OH) compared to PBS and X-ray treatment alone (8 Gy), with
a ~3-fold increase in relative enhancement upon X-ray irradia-
tion. Additionally, the production of hydroxyl radicals ("OH) was
dose-dependent, indicating that X-ray irradiation was the
primary factor responsible for inducing "“OH generation. These
results suggest that ICG@O, NBs, when combined with X-ray/
US, exhibit enhanced SDT and radio-sensitizing efficacy.

3.3 Invitro SDT efficacy of ICG@O, NBs

To determine the 'O, generation efficiency of ICG@O, NBs,
DCFH-DA was utilized to visualize the levels of ROS, which
would react with 'O, and cause DCF to fluoresce green. KYSE-
150 and TE-1 cells with RT + SDT treatment exhibited the
strongest intracellular DCFH-DA fluorescence with LFUS (US
density of 1 W em™2). In comparison, cells with RT treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In vitro evaluation of synergistic sonodynamic—radiotherapy. (a and b) Representative fluorescence images of cells stained with calcein

AM (green, live cells) and propidium iodide (red, dead cells) in different treatment (scale bar = 100 um). (c) The apoptotic frequency was analyzed
by flow cytometry after different treatments. Total apoptosis rate was calculated by Q2 (early apoptosis) and Q3 (late apoptosis). (d) Quantifi-
cation of the total apoptosis rates. Data are expressed as mean + SD (n = 3). Statistical significances were calculated via one-way analysis of
variance (ANOVA). ***P < 0.001, ****P < 0.0001. (e) Representative CLSM images and mean fluorescence intensity (y-H2AX) of SUNE-1 cells
using different treatments for DNA fragmentation and nuclear condensation detection by y-H2AX staining (scale bar indicated 30 pm). (scale bar

=5um).

displayed moderate levels of intracellular fluorescence, whereas
cells treated with SDT displayed the highest levels of ROS by
flow cytometry analysis (Fig. 2a and b), indicating that SDT
elevated the production of intracellular 'O, related to RT.

To further confirm the efficiency of the production of single-
linear oxygen in cells, '0,-induced mitochondrial membrane
potential variations were evaluated employing JC-1 staining. In
the mitochondrial matrix, JC-1 builds up and forms aggregates
that emit fluorescence. On the other hand, JC-1 exists as
monomers and emits green fluorescence when mitochondrial

© 2025 The Author(s). Published by the Royal Society of Chemistry

membrane depolarization stops it from accumulating in mito-
chondrial matrix. Following RT + SDT therapy, a decreased ratio
of red (JC-1 aggregate) to green (JC-1 monomer) fluorescence
intensity suggested mitochondrial membrane depolarization,
as displayed in Fig. 2c. On the other hand, cells treated with RT
alone had lesser green fluorescence intensity and stronger red
fluorescence intensity, indicating less mitochondrial damage.
These findings indicate that RT + SDT can generate a high level
of ROS, leading to significant cytotoxicity.
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Scale bar = 40 pm.

3.4 Invitro SDT-RT synergistic efficacy

To assess whether SDT and RT synergistically reduced cell
viability, CCK-8 assays were conducted (Fig. S1t). After incu-
bating KYSE-150 and TE-1 cells with ICG@O, NBs nanosystems
for 24 hours in darkness, there was a minimal decrease in cell
viability, suggesting that ICG@O, NBs have good biocompati-
bility. After treatment with X-ray (8 Gy) and/or US (1.0 W cm 2, 5
min), 86.17% of the cells in the RT + SDT group were killed,
which was significantly higher than the 46.29% cell death
observed in the SDT group and the 21.98% in the RT group. The
CCK-8 results were in agreement with the outcomes of the live/
dead cell test utilizing calcein-AM/propidium iodide (PI) co-
staining (Fig. 3a and b) and the apoptosis analysis with
Annexin V-FITC/PI co-staining (Fig. 3c and d). These outcomes
provide further evidence that cellular apoptosis is more mark-
edly induced by RT and SDT together than by either treatment
alone.

3.5 In vitro radiosensitization effect of ICG@O, NBs

The primary source of radiation-induced cytotoxicity is cellular
DNA damage. With confocal microscopy, y-H2AX foci—

2216 | Nanoscale Adv., 2025, 7, 2209-2221

a quantifiable indicator of DNA double-strand breaks—were
observed in the cell nuclei to confirm the radiosensitizing
action of ICG@O, NBs (Fig. 3e and f). The fluorescence intensity
of y-H2AX foci was considerably greater in the RT + SDT group
than in the RT group, indicating that the ICG@O, NBs nano-
system effectively induced DNA breakage.

3.6 Invivo SDT-RT imaging and antitumor effect of ICG@O,,
NBs

For biodistribution studies, mice bearing the tumor were
administered free ICG and ICG@O, NBs via tail vein injection,
and after 24 h, for ex vivo fluorescence imaging, the major
organs along with tumor were obtained (Fig. S2t). The ICG@O,
NBs group's fluorescent signal was still detectable in the tumor
tissue after 24 h and showed higher fluorescence signal
compared to mice treated with ICG. This demonstrates that the
generation of ICG@O, NB produces long-term, intense ICG
enrichment at the tumor site.

For assessing the anti-tumor effects of ICG@O, NBs in
combination with SDT-RT, we established subcutaneous
xenograft models in nude mice. Tumor-bearing mice were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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allocated randomly to four groups (5 mice per group) when the
tumor volume achieved about 100-150 mm?: (1) PBS, (2) RT, (3)
SDT, and (4) RT + SDT. The treatments, including US (1 W ¢cm™?)
for SDT, X-ray irradiation (8 Gy) for RT, and combined SDT-RT
(US, 1 W ecm?; X-ray, 8 Gy), were administered 24 hours after
injection of ICG@O, NBs. During the RT procedure, to protect
the healthy tissues of mice from radiation exposure, lead plates
were applied. Over the course of the 20 days treatment period,
digital pictures of the mice along with their tumor tissues were

© 2025 The Author(s). Published by the Royal Society of Chemistry

taken from each group (Fig. 4a). Every four days, the tumor
volume was detected. As revealed in Fig. 4b and c, tumors in the
PBS group exhibited rapid growth. In contrast, the groups
treated with either SDT or RT alone exhibited some degree of
suppression of tumor growth. Notably, the ICG@O, NBs in
combination with X-ray therapy confirmed a more marked
decline of tumor development than the RT-only group, indi-
cating that ICG@O, NBs might improve the effectiveness of RT.
Interestingly, the combination treatment of LFUS and X-ray in

Nanoscale Adv., 2025, 7, 2209-2221 | 2217
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the ICG@O, NBs groups resulted in significant tumor ablation,
resulting in the smallest observed tumor volume. The weight of
the resected tumor was in line with the tumor growth pattern
observed (Fig. 4d), further confirming that the synergistic SDT-
RT treatment using ICG@O, NBs effectively inhibited tumor
growth. Besides, during the combination treatment, there was
no discernible decline in body weight (Fig. 4e), indicating that
the treatment was well tolerated by the mice.

Next, we conducted immunohistochemical staining on
tissue sections. TUNEL staining was performed to assess cell
apoptosis, as it is a well-established marker for detecting
apoptotic cells. The tumors in the RT + SDT group had
a noticeably greater proportion of TUNEL-positive cells than
those in the other treatment groups, as displayed in Fig. 4f,
suggesting improved apoptosis. Hematoxylin and eosin (H&E)
staining of tumor tissues displayed significant structural
damage in the ICG@O, NBs + SDT + RT group, with a noticeable
decrease in cell density in the tumors. These findings indicate
that the ICG@O, NBs nanosystem, when combined with LFUS
and Xray irradiation, can effectively suppress esophageal
cancer growth by inducing apoptosis and suppressing cancer
cell proliferation in tumor cells.

2218 | Nanoscale Adv, 2025, 7, 2209-2221

3.7 In vivo biosafety analysis of ICG@O, NBs

Following 20 days of treatment, blood samples were taken for
investigation of blood cell counts in order to evaluate the
biosafety of the ICG@O, NBs nanosystem. The blood cell counts
exhibited no discernible abnormalities, encompassing red
blood cells (RBC), lymphocytes (LY), white blood cells (WBC),
platelets (PLT) and hemoglobin (HGB) (Fig. 5a). These results
indicate that the ICG@O, NBs nanosystem exhibits good
biosafety. During the combination therapy, no apparent
damage to major organs was found, like the spleen, liver, heart,
kidneys and lungs (Fig. 5b). This suggests that ICG@O, NBs
combined with LFUS/X-ray irradiation does not cause signifi-
cant acute biological toxicity. These findings demonstrate that
the combination of ICG@O, NBs with RT and SDT can effec-
tively inhibit the growth of tumors and decrease the mortality
rate caused by tumors without significant long-term side effects.

3.8 Differential expression analysis

The IncRNA and mRNA transcripts levels were assessed based
on their expression levels. As a result, 2591 mRNA transcripts
showed differential expression between group A and B, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The representative results of GO enrichment analysis with differential mRNA

GO accession Description Term type P Vvalue® P Value®
G0:0006119 Oxidative phosphorylation Biological process 4.45 x 1077 1.09 x 107°
GO0:0042775 Mitochondrial ATP synthesis coupled electron transport Biological process 7.31 x 10°° 9.09 x 10~°
GO0:0000786 Nucleosome Cellular component 1.51 x 10" 0.000514
GO0:0005746 Mitochondrial respiratory chain Cellular component 7.71 x 10°® 1.39 x 10°°
GO0:0003735 Structural constituent of ribosome Molecular function 0.000241 1.48 x 1072
@ Means P value between group A and group B. ° Means P value between group C and group D.
Table 2 The representative results of GO enrichment analysis with differential IncRNA targets
GO accession Description Term type P value” P Value”
G0:0044391 Ribosomal subunit Cellular component 1.97 x 107° 0.000479
GO0:0005840 Ribosome Cellular component 1.98 x 107> 0.00013
G0:0044448 Cell cortex part Cellular component 0.000223 0.000253
GO0:0005743 Mitochondrial inner Cellular component 0.005852 3.26 x 1077
membrane
GO0:0098798 Mitochondrial protein Cellular component 0.008315 0.000997
complex
“ Means P value between group A and group B. ® Means P value between group C and group D.
Table 3 The representative results of KEGG enrichment analysis with differential mRNA
Term Database ID P-value® P Value®
Chemical carcinogenesis - reactive oxygen species KEGG PATHWAY hsa05208 0.000672 0.000263855
Ribosome KEGG PATHWAY hsa03010 3.27 x 107° 3.53 x 107"
Oxidative phosphorylation KEGG PATHWAY hsa00190 1.14 x 10°® 1.84 x 10°°
Nucleotide excision repair KEGG PATHWAY hsa03420 0.044381 0.00133868
Cytosolic DNA-sensing pathway KEGG PATHWAY hsa04623 0.00133 0.021292642
@ Means P value between group A and group B. ° Means P value between group C and group D.
Table 4 The representative results of KEGG enrichment analysis of differential IncRNA targets
Term Database ID P-value” P value”
Ribosome KEGG PATHWAY hsa03010 0.001127 0.002237
Nucleotide excision repair KEGG PATHWAY hsa03420 0.044381 0.001339
Ubiquitin mediated proteolysis KEGG PATHWAY hsa04120 0.00399 0.011191
Necroptosis KEGG PATHWAY hsa04217 0.000444 0.000493
Chemical carcinogenesis - reactive oxygen species KEGG PATHWAY hsa05208 0.003199 0.008812

4 Means P value between group A and group B. ° Means P value between group C and group D.

1036 transcripts being upregulated and 1555 downregulated (P
< 0.05, Fig. 6a). In total, there were 6002 mRNA transcripts that
were differentially expressed between group C and D, with 3597
transcripts upregulated and 2405 downregulated (P < 0.05,
Fig. 6b).

Similarly, IncRNA transcripts also exhibited differential
expression. In total, there were 9904 IncRNA transcripts that
were differentially expressed between group A and B, of which
5102 were down-regulated and 4802 were up-regulated (P < 0.05,
Fig. 6¢). There were 14867 IncRNA transcripts that were
differentially expressed between groups C and D, of which 5596

© 2025 The Author(s). Published by the Royal Society of Chemistry

were down-regulated and 9271 were up-regulated (P < 0.05,
Fig. 6d).

3.9 Functional enrichment analysis: GO and KEGG

In accordance with GO analysis, 88 differential mRNA GO terms
were clearly enriched in groups A versus B (Table S1,} P < 0.01),
while 51 terms displayed considerable enrichment in group C
vs. D (Table S2,} P < 0.01). At the same time, 31 differential
IncRNA target GO terms were significantly enriched in group A
vs. B (Table S3,1 P < 0.01), while 20 terms showed significant
enrichment in group C vs. D (Table S4,1 P < 0.01). Table 1 and 2

Nanoscale Adv., 2025, 7, 2209-2221 | 2219
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display the typical enriched terms for differential mRNA along
with targets, separately. Fig. S37 displays the comprehensive
group classification of GO terms.

Table 3 and 4 provide the top five pathway enrichments for
differential mRNA and IncRNA targets, separately. Additionally,
the detailed KEGG pathway enrichment data can be accessed
through NCBI's Sequence Read Archive or upon request from
the corresponding author. On the other hand, Fig. S41 displays
the pathway enrichment results for IncRNA and mRNA targets
across several groups.

4. Discussion and conclusions

In this work, bionic ICG@O, NBs have been designed as
a nanocarrier encapsulating an ultrasonic sensitizer ICG and
oxygen for US/fluorescent image-guided cancer sonodynamic
therapy to increase the sensitivity of radiation therapy. This new
core-shell structure could provide enough oxygen to diagnose
and treat cancer at the same time. With UTND technology,
ICG@O, NBs can achieve directional delivery of sound sensi-
tizer ICG to release oxygen at the tumor site in a controlled
manner to reverse the internal oxygen-depleted state.

At the same time, the enhanced sonodynamic effect of
oxygen can produce more singlet oxygen and improve the
sensitivity of radiation therapy. ICG@O, NBs can effectively
induce the death of esophageal cancer cells KYSE-150 and TE-1
by low frequency focused ultrasound and X-ray irradiation,
combined with the efficiency of SDT and radiation therapy
(Fig. 2 and 3). Real-time monitoring by fluorescence imaging,
ICG@O, NBs radiosensitizer gives priority to long-term accu-
mulation of tumor sites (Fig. 4). In addition, through the
synergistic effect of SDT and RT, ICG@O, NBs showed excellent
antitumor properties without systemic toxicity in xenografted
nude mouse esophageal cancer models (Fig. 5).

However, the underlying mechanism by which sonodynamic
therapy enhances radiation therapy is not known. A state-of-the-
art next-generation technique called NA sequencing has
enabled the creation of a posttranscriptional regulatory network
for pathways and genes associated with SDT-RT in esophageal
cancer (EC), offering unprecedented insights into the roles of
mRNAs and IncRNAs. Predicting the IncRNAs and mRNAs that
control radiation sensitivity in EC was the main goal of this
investigation. Based on the results, the IncRNAs and mRNAs
may be viable targets for co-chemotherapy for EC in the future.

Initially, the Illumina HiSeq 2500 platform was employed to
identify the differences in IncRNA and mRNA expression
between groups A and B, as well as between groups C and D.
According to the analysis, a total of 8593 dysregulated mRNA
transcripts (Fig. 6a and b) and 24 771 apparently dysregulated
IncRNA transcripts (Fig. 6¢ and d) were detected between both
parallel experimental groups.

GO enrichment analysis indicated that mRNA transcripts
were primarily enriched in terms associated with “nucleosome”,
“mitochondrial ATP synthesis coupled electron transport”,
“oxidative phosphorylation”, “structural constituent of ribo-
some” and “mitochondrial respiratory chain”. These enriched
terms, which are displayed in Table 1, were associated with

2220 | Nanoscale Adv., 2025, 7, 2209-2221
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ribosomes and mitochondria, suggesting that SDT is an
essential part of the therapeutic process. Owing to mitochon-
dria are the primary targets of SDT. Additionally, the cellular
component contained five typical differential IncRNA target
enrichment terms (Table 2). These terms represent the impor-
tant structure of tumor cells. Therefore, another factor that
enhances the radiosensitivity of SDT may be attributed to the
destruction of tumor cell structures.

Next, to provide a clear visualization of the GO enrichment
results for other researchers, the top 20 enriched GO terms were
selected for display. Due to limitations in figure resolution and
manuscript length, the figures depicting differential IncRNA
and mRNA target enrichments are presented in Fig. S3.t

Third, another significant finding was the enrichment of
pathways. Differential mRNAs were mainly enriched in key
pathways, as shown in Table 3, including “chemical
carcinogenesis-reactive oxygen species”, “ribosome”, “oxidative
phosphorylation”, “nucleotide excision repair” and “cytosolic
DNA-sensing pathway”.

The differential IncRNA targets were primarily enriched in
key pathways, as listed in Table 4, including terms for instance
“ubiquitin-mediated proteolysis”, “nucleotide excision repair”,
and “ribosome”. “necroptosis” and “chemical carcinogenesis-
reactive oxygen species”. These KEGG pathways were all
involved in the principles of radiation therapy and sonody-
namic therapy.

All these in vivo and in vitro investigations show that ICG@O,
NBs nanosystems based on bionic engineering strategies have
broad application prospects in US/fluorescence image-guided
collaborative SDT-RT and further translational studies.
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