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Background: Sono-photodynamic therapy (SPDT), the combination of sonodynamic therapy (SDT) and photodynamic therapy
(PDT), is a promising tumor treatment method. However, the hypoxic tumor microenvironment greatly compromises the efficacy of
SPDT. Pyroptosis, a new type of programmed cell death, is mainly induced by some chemotherapeutic drugs in the current research,
and rarely by SPDT. RNA sequencing (RNA-seq) is a high-throughput sequencing technique that comprehensively profiles the
transcriptome, revealing the full spectrum of RNA molecules in a cell. Here, we constructed IR780@0O, nanobubbles (NBs) with
photoacoustic dual response and hypoxia improvement properties to fight triple negative breast cancer (TNBC), and demonstrated that
SPDT could kill TNBC cells through pyroptosis pathway. RNA-seq further revealed potential mechanisms and related differentially
expressed genes.

Methods: Thin-film hydration and mechanical vibration method were utilized to synthesize IR780@O, NBs. Subsequently, we
characterized IR780@0O, NBs and examined the cytotoxicity as well as ROS production ability. A series of experiments were
conducted to verify that SPDT killed TNBC cells through pyroptosis.

Results: IR780@0, NBs were successfully prepared and had certain stability. Compared with SDT alone, SPDT increased therapeutic
effect by 1.67 times by generating more ROS, and the introduction of NBs and O, NBs (2.23 times and 2.93 times compared with SDT
alone) could further promote this process. Other experiments proved that TNBC cells died by pyroptosis pathway. Moreover, the in-
depth mechanism revealed that colony stimulating factor (CSF) and C-X-C motif chemokine ligand (CXCL) could be potential targets
for the occurrence of pyroptosis in TNBC cells.

Conclusion: The IR780@0, NBs prepared in this study increased the degree of TNBC cell pyroptosis through SPDT effect and
alleviation of hypoxia, and cellular senescence might be a biological process closely related to pyroptosis in TNBC.
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Introduction

Breast cancer (BC) has seriously endangered women’s health. Triple negative breast cancer (TNBC), a special subtype
of BC, is characterized by the lack of expression of estrogen receptor (ER), progesterone receptor (PR) as well as human
epidermal growth factor receptor-2 (HER2)." Compared with other subtypes of BC, TNBC is more aggressive with
a higher recurrence rate and mortality, and its treatment methods are limited and the curative effect is poor due to the lack
expression of receptors.” Even as the most commonly used therapeutic modality for TNBC in clinical practice,
chemotherapy still cannot effectively improve the prognosis of patients.> Hence, the pursuit of an innovative and
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efficacious therapeutic approach for TNBC holds considerable importance. Fortunately, the era of nanomedicine for
combating tumors has flourished, largely due to the swift advancement in nanotechnological innovations.*

Photodynamic therapy (PDT), as a typical representative of nanomedicine, is a non-invasive, effective, and spatiotemporal
controllable anti-tumor method, which makes use of photosensitizers (PSs) to generate reactive oxygen species (ROS) under
light irradiation to kill tumor cells.® However, the constrained capacity for light to penetrate significantly undermines the
effectiveness of PDT, preventing the complete eradication of deep tumors and hindering the clinical transformation of PDT.”
Alternately, sonodynamic therapy (SDT), another promising nanotherapy that overcomes tumors through the ROS generated by
sonosensitizers under low-intensity ultrasound (US) irradiation, has excellent curative effect in deep tumors owing to the better
penetration characteristics of US.® Nevertheless, the relatively low generation of ROS during SDT may require a larger dose of
sonosensitizers, which will undoubtedly lead to greater side effects.’ It has been widely recognized that the anti-tumor effect of
sono-photodynamic therapy (SPDT) which combines SDT and PDT is superior to that of SDT or PDT alone, as the simultaneous
application of light and US will increase the generation of ROS.'®'* Moreover, numerous sensitizers such as indocyanine green,
IR780, and curcumin can not only produce PDT effect under light irradiation but also SDT effect under US irradiation, so as to
reduce the dosage of sensitizers and increase biocompatibility through this dual-use way of single material.'* '

Although SPDT has better tumor treatment efficacy than SDT and PDT alone, it still has some limitations. Whether SDT,
PDT, or SPDT, oxygen is required as a reactant to produce ROS, which is extremely compromised by the hypoxic tumor
microenvironment (TME).'® Fortunately, researchers have found that nanobubbles (NBs) with gas core have enormous
potential in alleviating tumor hypoxia and drug delivery.'”"'® On the one hand, the gas core of NBs can be filled with oxygen to
improve tumor hypoxia and increase the efficacy of SPDT. On the other hand, the unique biological effects produced by NBs
under US irradiation, namely ultrasound targeted nanobubble destruction (UTND) technology, can increase the local drug
concentration in tumors.

Pyroptosis, a new mode of programmed cell death, is characterized by the rupture of cell membrane and the release of
cytoplasmic contents.'” During the process of pyroptosis, gasdermin (GSDM) family proteins are cleaved by activated
caspases to release effector domain (GSDM-N), which can bind to the cell membrane and form pores on it.'* '
Generally, current studies have shown that pyroptosis is mainly induced by several chemotherapeutic drugs through
two pathways, including caspase-1/GSDMD-N and caspase-3/GSDME-N, while the latter plays a dominant role in
TNBC.**** However, chemotherapy has great side effects. Although it can effectively induce tumor cell pyroptosis, the
non-specific distribution of drugs seriously damages normal tissues. Since chemotherapy can activate caspase to induce
pyroptosis through the production of ROS, and there are currently few experimental studies on SPDT induced TNBC cell
pyroptosis, which makes it valuable to verify that SPDT can induce TNBC cell death through the pyroptosis pathway.?*

RNA sequencing (RNA-seq) is a high-throughput sequencing technique that comprehensively profiles the transcrip-
tome, revealing the full spectrum of RNA molecules in a cell.>**° It enables differential gene expression analysis,
uncovering the molecular mechanisms underlying biological processes and diseases.”® This powerful tool has facilitated
the study of transcriptional dynamics, alternative splicing, and non-coding RNAs, advancing our understanding of gene
regulation and function.

In this manuscript, we construct multifunctional NBs with photoacoustic dual responsiveness and tumor hypoxia
improvement properties. The synthesized IR780@O, NBs can exert SPDT effect under the sequential irradiation of US
and near-infrared light (NIR), and the destruction of NBs release oxygen to improve the hypoxic TME and produce
UTND effect to promote the entry of IR780 into tumor cells. Since ROS is a driving agent of pyroptosis, we explore
whether SPDT is an effective way to induce pyroptosis in TNBC cells, and whether IR780@0O, NBs can promote tumor
enrichment of drugs and improve the hypoxic microenvironment, exacerbating the degree of pyroptosis. At last, RNA-
seq further reveals potential mechanisms and related differentially expressed genes (Figure 1).

Materials and Methods
Preparation of IR780 NBs, O, NBs, and IR780@O, NBs

The details of reagents, cell line and apparatus are in the Chemicals and Apparatus section of the supporting information. IR780,
along with 1.2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), and 1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N
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Figure | Schematic illustration of IR780@O, NBs-induced pyroptosis through SPDT in MDA-MB-231 cells.

(methoxy[polyethylene glycol]-2000) (DSPE-PEG-2000) were combined in a weight ratio of 1:18:2, respectively. This mixture
was then dissolved in a solution of methanol and methylene chloride, mixed in a 1:2 volume ratio. The resulting homogeneous
suspension was subsequently conveyed to a water bath set at 60 °C for evaporation, aiming to form a lipid film. The lipid film was
rehydrated using pre-warmed phosphate-buffered saline (PBS), yielding a lipid suspension, which was then repeatedly extruded
40 times through a 400 nm membrane with a small extrude. The uniform lipid suspension was filled in an airtight vial with
a three-way tube, drained the gas in the vial, and rotated the three-way tube to inject pure oxygen. Subsequently, the vial was
shaken intensely for 60 seconds using a dental vibrator to form the end product. Then, the synthesized IR780@0O, NBs was
purified by centrifuging to remove the unloaded drugs and other excess materials and finally resuspended in an appropriate
amount of PBS. Similarly, IR780 NBs and O, NBs were produced in the same process, while the air in IR780 NBs was replaced
by perfluoropropane. All compounds were stored at 4 °C.

Characterization

The morphology of IR780@0, NBs were examined using a transmission electron microscope (TEM). The dynamic light
scattering (DLS) technique was employed to determine the zeta potential and the dimensions of the particles. The
absorption spectrums of the particles were detected by an ultraviolet-visible spectrophotometer. Moreover, in order to
evaluate the stability of IR780@O, NBs, the particle size after 15 d of preparation was measured. The encapsulation and
loading efficiency of IR780 were calculated by a standard curve. The encapsulation efficiency of IR780 was obtained by
dividing weight of loaded IR780 entrapped inside the NBs by weight of initially added IR780 and multiplying 100%,
while the loading efficiency of IR780 was obtained by dividing weight of loaded IR780 entrapped inside the NBs by the
weight of lipid used to prepare the NBs and multiplying 100%.

In vitro Release Kinetics

IR780 and O, responsive release from IR780@0, NBs were tested under different pHs (6.8 and 7.4) with or without US.
As for the release of IR780, IR780@0O, NBs solution (1 mL, 1 mg/mL IR780) was introduced into a dialysis bag with
a molecular weight limit of 2000 Da, and this bag was immersed in 10 mL of the appropriate buffer solution.
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Subsequently, at each predetermined time point, I mL of the external phase buffer solution was extracted and analyzed
using an ultraviolet-visible spectrophotometer, while an equivalent volume of the corresponding buffer solution was
replenished to the outer phase. Regarding the release of O,, IR780@O0O, NBs solution was immersed in a closed vial
containing hypoxic solution, and the O, concentration in the solution at different time points was measured with an

oximeter.

Cell Culture and Treatment
The MDA-MB-231 cells were cultured in Leibovitz’s L15 medium containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin in a sterile incubator without CO, at 37 °C.

As for treatment, there were five groups in this study: the control group (Control), IR780 plus US group (SDT),
IR780 plus US and NIR group (SPDT), IR780 NBs plus US and NIR group (SPDT NBs), and IR780@0, NBs plus US
and NIR group (SPDT + O, NBs). The US and NIR parameters were as follows: US: frequency: 1 MHz, power
density: 3.5 W/em?, duty cycle: 50%, irradiation time: 90s; NIR: wavelength: 808 nm, power density: 1 W/em?,
irradiation time: 30s.

Cell Viability Assay

In order to evaluate the toxicity of synthesized IR780@0O, NBs, MDA-MB-231 cells were seeded onto 96-well plate at
1.5x10* per well. After cell adhesion, fresh L15 medium, with varying concentrations of IR780@0O, NBs (0, 1, 2.5, 5,
7.5, 10 pg/mL IR780), was substituted for the existing culture medium. After 24 h, L15 was discarded and a mixture of
100 pL serum free culture medium and CCK-8 was added at a volume ratio of 9:1. Following 1 h of incubation in the
dark at a temperature of 37 °C, a microplate reader was utilized to determine the optical density (OD) at 450 nm for each
well. Similarly, the same process was used to detect cell viability in different groups after 24 h of treatment, and the
IR780 concentration of IR780@0O, NBs in the grouping experiment was 1 pg/mL.

Staining of Live/Dead Cells

24-well plate was utilized for the cultivation of cells, with a seeding density of 1.5x10° cells per well. After 24 h of
treatment, the cells underwent rinsing with PBS. Subsequently, 500 pL of Calcein-AM/PI solution, prepared at an
appropriate dilution, was introduced to the wells. The cells were then subjected to a 30-minute incubation at
a temperature of 37 °C in a dark environment. The last step involved the examination of the cells using a fluorescence

microscope.

Detection of ROS

MDA-MB-231 cells were plated in a 24-well format, with each well receiving a density of 1.5x10° cells. After 2 h of
treatment, the cells were rinsed twice using PBS. Subsequently, 500 pL of an appropriately diluted 2.7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) solution was applied to the cells, which were then placed in an incubator set to 37 °C
under dark conditions for a duration of 25 minutes. To eliminate any unbound DCFH-DA, the cells were washed thrice
with a serum-free culture medium. The cells were then promptly analyzed under fluorescent microscopy.

Microscopic Imaging
In order to observe the changes of cell morphology during pyroptosis, cells after 12 h of treatment were placed under
a LEICA Camera microscope for photography and post-processed with Adobe Photoshop.

Mitochondrial Membrane Potential Test

Mitochondrial membrane potential was analyzed by JC-1 kit and observed under a fluorescence microscope. Briefly, after
24 h of treatment, MDA-MB-231 cells were stained by JC-1 kit in the dark for 20 minutes, followed by washing with JC-1
staining buffer twice, and then adding culture medium for observation under a fluorescence microscope.
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Flow Cytometry Assay

The double staining of annexin V and PI detected by flow cytometry was used to evaluate the degree of pyroptosis in
MDA-MB-231 cells. In accordance with the provided guidelines, the MDA-MB-231 cells post-treatment were gathered
and rinsed twice using pre-cooled PBS. Subsequently, the cells underwent staining with annexin V-AbFluor™ 488 and
PI, followed by a 15-minute incubation period at room temperature in a dark setting. Following this, annexin V binding
buffer was introduced, the mixture was gently mixed, and then it was transferred to an ice bath. The cells were then
analyzed using flow cytometry.

Lactate Dehydrogenase (LDH) Release Assay

The release of LDH from treated cell supernatant could be used to evaluate the degree of pyroptosis. According to the
instructions, cells were seeded onto 96 well plate at 1.5x10% per well. After the cells were treated as before, the
supernatant of each well was added to the corresponding well of a new 96 well plate and LDH detection working solution
was added, and then incubated at room temperature in the dark for 30 minutes and the OD values were measured at 490
nm. The release data of LDH in each group were presented as a percentage of the total LDH level in supernatant.

Western Blot

Western blot analysis was employed to assess the levels of proteins associated with pyroptosis. Briefly, following the
designated treatment protocol, the MDA-MB-231 cells were harvested, subjected to lysis, and proteins were subsequently
isolated and quantified. The prepared protein samples were electrophoresed on 12.5% polyacrylamide gel electrophoresis and
transferred to nitrocellulose filter membrane, and then blocked with 5% skimmed milk for 1 h at room temperature and
incubated with antibodies overnight at 4 °C, including cleaved-caspase-3, cleaved-GSDME (GSDME-N) and GAPDH. After
washing three times and incubating the secondary antibody at room temperature for 1 h, the protein bands were observed
after washing three more times. The quantification of protein bands intensities was carried out utilizing the Image J software.

Whole Transcriptome Library Construction, Sequencing, and Analysis

The total RNA of MDA-MB-231 cells before and after SPDT + O,NBs treatment was isolated and tested, respectively,
named A and B group, and quality assurance measures were implemented. The comprehensive transcriptome library’s
assembly and its meticulous sequencing were both conducted by the efforts of Novogene Bioinformatic.

RNA Quantification and Qualification
The overall quantity and completeness of RNA were evaluated through the application of the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100 system.

Library Preparation for Sequencing
Each sample contributed 1 pg of total RNA as the starting material for preparing the library. The creation of strand-
specific libraries adhered to the NEBNext®

UltraTM RNA Library Prep Kit for Illumina® protocol, as per the manufacturer’s guidance, with unique index codes
appended to identify and track the sequences back to their respective samples.

Clustering and Sequencing

Once the library had passed quality assessment, the various libraries were consolidated based on their effective
concentrations and the desired data yield from the sequencing instrument, and were subsequently sequenced on the
Illumina NovaSeq 6000 platform.

Quality Control
Initially, the raw data in the form of fastq reads were subjected to processing by our proprietary perl scripts. During this
phase, the extraction of clean reads from the raw data was achieved by removing reads that included adapters, stretches
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of poly-N, or exhibited low quality. Concurrently, the calculation of the Q20, Q30, and GC content for the clean reads
was executed. Subsequent analyses were conducted utilizing the high-quality clean data.

Quantification of Gene Expression Level

(Stringtie-1.3.3b) was deployed to tally the quantity of reads aligned to individual genes. Subsequently, the FPKM values
were determined, representing the anticipated count of Fragments Per Kilobase of transcript sequence for every Millions
of base pairs sequenced. The FPKM method was a straightforward and widely adopted approach for normalizing gene
expression levels, considering the sequencing depth and the size of the genome.

Differential Expression Analysis

Before the analysis of differential gene expression, the read counts for each library were modified by applying a uniform
scaling normalization factor through the edgeR program suite. The comparative analysis of gene expression between two
samples was executed with the edgeR R package version 3.22.5. The P values underwent adjustment according to the
method by Benjamini and Hochberg. Genes with significantly different expression were identified using the criterion of
a corrected P-value below 0.05.

GO, KEGG, Reactome, and DO Enrichment Analysis of Differentially Expressed

Genes

The clusterProfiler R package was utilized to carry out a GO enrichment analysis on the set of differentially expressed
genes, with adjustments made for gene length bias. GO terms were deemed significantly enriched if they had a corrected
P-value below the threshold of 0.05. Similarly, for the statistical assessment of the enrichment of differentially expressed
genes within KEGG, Reactome, and DO pathways, the clusterProfiler R package was again employed.

Statistical Analysis

The experimental results were depicted as mean + standard deviation and the experiments were repeated at least three
times. For statistical processing, GraphPad prism 8 software was selected as the analytical tool. It employed the Student’s
t-test to assess differences in pairs of groups, whereas one-way analysis of variance was applied for evaluating variances
among multiple groups, and P < 0.05 represented statistical significance.

Results

Characterization of IR780@0O, NBs

As shown in Figure 2A, the prepared IR780@O, NBs exhibited spherical structure under TEM observation. The
detection results of DLS indicated that IR780@O, NBs had an average size of 395 + 2.94 nm, slightly larger than the
estimated particle size by TEM, which might be caused by partial aggregation of NBs, and the particle size slightly
increased with time, which proved a certain stability (Figures 2B and S1). The zeta potential of O, NBs was —7.81 + 0.05
mV, and the potential rose to —4.04 + 0.42 mV after loading IR780 (Figure 2C). The absorption spectrum in Figure 2D
showed that O, NBs had no obvious absorption peak, while the synthesized IR780@O, NBs had the same peak as IR780,
indicating that IR780 was successfully carried on O, NBs. To calculate the encapsulation and loading efficiency of
IR780, a standard curve was made (Figure S2), in which the encapsulation rate of IR780 was 80.70 + 3.44%, while the
loading rate was 3.84 + 0.16%. Figure 2E and F indicated that IR780 and O, released slowly over time, and the alteration
of the pH value did not impact this process. In contrast, following the application of US irradiation, the release of IR780
and O, was significantly hastened, demonstrating that IR780@0O, NBs was an US-responsive nano delivery system.

The Efficacy of SPDT was Superior to SDT Alone and Further Enhanced by NBs and

02 NBs
Firstly, the cytotoxicity of prepared IR780@O, NBs was detected using the CCK-8 assay. As shown in Figure 3A, the
cytotoxicity of IR780@0O, NBs increased with the increase of the concentration of IR780, and there was no obvious
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Figure 2 Characterization of the NBs. (A) TEM image of IR780@O; NBs. (B) Size distribution of IR780@O, NBs at different times after preparation measured by DLS.

(C) Zeta potential of O, NBs and IR780@0O, NBs. (D) Absorption spectra of IR780, O, NBs, and IR780@0O, NBs. (E) and (F) The release profiles of IR780 and O, at pH
7.4 and 6.8 with or without ultrasound.

cytotoxicity when the concentration was less than 5 pg/mL. As for the grouping experiment, the results in Figure 3B
showed that SDT had a certain killing effect on MDA-MB-231 cells, and the cell viability reduced to 77.05 + 2.98%. The
therapeutic efficacy was stronger when combined with PDT (SPDT), with the 61.78 + 2.84% cell viability. In addition,
after the introduction of NBs, the tumor suppressive ability of SPDT was improved (48.78 + 3.51% cell viability),
indicating that NBs could synergize SPDT to kill tumors, and after the addition of oxygen, the tumor cell viability further
reduced to 32.74 + 1.15%, proving that oxygen could synergistically promote the efficacy of SPDT through some
mechanisms.

For more intuitive visualization of cell status, Calcein-AM/PI double stain was used to observe the cell survival and
death under a fluorescence microscope, in which the dead cells were shown as red fluorescence, while the living cells
were shown as green fluorescence. In Figure 3C, significant green fluorescence and less red fluorescence could be seen in
the control group, indicating that a large number of cells in the control group survived, but red fluorescence began to
appear in the SDT and SPDT groups, indicating that SDT and SPDT killed some MDA-MB-231 cells. When NBs were
introduced, more red fluorescence could be observed, and the strongest red fluorescence signal appeared in the SPDT
O,NBs group, indicating that the introduction of oxygen could enhance the killing effect of SPDT on tumor cells. These
experimental results were consistent with the results of CCK-8 assay.

Since whether SDT, PDT or SPDT, the principle of tumor killing was through the generation of ROS, we detected the
production of ROS in different groups. As shown in Figure 3D, compared with the control group, SDT and SPDT groups
had relatively obvious green fluorescence signals (green fluorescence signals represent ROS), and the fluorescence
intensity in SPDT NBs group was stronger than that in SDT and SPDT groups. In addition, the introduction of oxygen
further enhanced the ROS fluorescence intensity. Consistent with the expectation, the production of ROS was positively
correlated with the therapeutic effect. More ROS production would lead to more cell death, and the introduction of
oxygen could alleviate tumor hypoxia, increase the production of ROS, and enhance the killing effect of SPDT.
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SPDT Induced Pyroptosis in MDA-MB-231 Cells, and the Introduction of NBs and O,

NBs Increased the Extent of Pyroptosis

Subsequently, in order to investigate the underlying cell death mechanism, a series of experiments were conducted to
verify whether SPDT could kill TNBC cells through pyroptosis pathway. Primarily, the change of cell morphology was
the most intuitive manifestation of pyroptosis. The microscopic pictures showed that the cells treated in different groups
exhibited varying degrees of peripheral swelling and the formation of large bubbles on the cell membrane, which were
not observed in the control group (Figure 4A). Compared with SDT and SPDT groups, SPDT NBs group showed fewer
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cells with normal morphology and more cells with pyroptosis characteristic morphology, which was more obvious in
SPDT O,NBs group.

After preliminary verification from cell morphology, we detected the changes of mitochondrial membrane potential
using JC-1 dye after different treatments, as several researches had shown that the induction of pyroptosis was related to
mitochondrial damage. As shown in Figure 4B, a strong red fluorescence signal (JC-1 aggregates) and a weak green
fluorescence signal (JC-1 monomers) were observed in the control group, which meant that the mitochondrial membrane
potential was not decreased, indicating the mitochondria were not damaged. In the remaining groups, the transition from
red fluorescence to green fluorescence in different degrees was obviously observed, implying that the mitochondrial
membrane potential decreased at different levels. The strongest green fluorescence signal and the weakest red fluores-
cence signal were reflected in SPDT O,NBs group.

Next, we validated the typical characteristics of cell membrane rupture during pyroptosis, including annexin V and PI
double staining as well as LDH release. Since annexin V could stain damaged cell membrane and PI could stain nucleic
acids after cell membrane rupture, the double positive of annexin V and PI staining was able to verify pyroptosis to some
extent. As shown in the flow cytometry results of Figure 4C, the percentage of double positive of annexin V and PI
staining varied among different treatment groups, and the lowest percentage in the control group and the highest
percentage in SPDT O,NBs group could be observed. After flow cytometry validation, we detected the release of
cytosolic components in the supernatant, which illustrated the rupture of cell membrane during pyroptosis from another
perspective. Considering that the integrity of the plasma membrane was disrupted, the release of LDH was detected to
represent the release of cytosolic contents. As expected, the cells after different treatments showed different degrees of
LDH release compared with the control group (Figure 4D). Consistent with the results of flow cytometry, the release of
LDH was the least in control group and the most in SPDT O,NBs group.

Then, we detected the expression of pyroptosis related proteins using Western blot. Since ROS could activate caspase
to form the effector component cleaved-caspase, and it had been reported that pyroptosis of TNBC cells was mainly
induced through the cleaved-caspase-3/GSDME-N pathway, we first detected the expression of cleaved-caspase-3. As
shown in Figure 4E-G, the expression level of cleaved-caspase-3 increased after different treatments compared with
control group, and SPDT O,NBs group had the highest expression level. Considering that cleaved-caspase-3 could cleave
GSDME to form the active ingredient GSDME-N, which bound to the cell membrane and formed pores on it to induce
pyroptosis, we next examined the expression of GSDME-N. The results showed that the expression level trend of
GSDME-N was consistent with that of cleaved-caspase-3, indicating that cleaved-caspase-3 could indeed cleave GSDME
to induce pyroptosis (Figure 4E-G).

Differential Expression Analysis Based on RNA-Seq

After validating SPDT O,NBs-mediated pyroptosis, we examined its in-depth mechanism by RNA-seq. From the
volcano plot results, it could be found that there were 628 mRNA differentially expressed before and after treatment,
of which 370 were up-regulated and 258 were down-regulated, while there were 80 IncRNA differentially expressed, of
which 31 were up-regulated and 49 were down-regulated (Figure SA and B). Table 1 and Table 2 respectively listed the
top 10 mRNA and IncRNA with the most significant differences, where mRNA mainly included CSF, TNFAIP3, CXCL,
and IL, while IncRNA mainly included HLA-A, LPP, and PSME]I, etc. All differentially expressed mRNA and IncRNA
could be found in Tables S1 and S2. The results of mRNA and IncRNA differential clustering analysis were presented in
the form of heatmaps, where red represented high expression and green represented low expression (Figure 5C and D).

GO, KEGG, Reactome, and DO Enrichment Analysis

Based on the results of differentially expressed genes, we conducted various analyses to explore their functions. GO enrichment
mainly analyzed gene function, and it could be found that there were significant differences in mRNA-based GO enrichment
results, such as “response to reactive oxygen species”, “positive regulation of cytokine production”, and “cellular response to
biotic stimulus” (Figure 6A, E and Table S3). Similarly, “cellular response to type I interferon” and ““serotonin receptor signaling
pathway” exhibited differences in GO enrichment based on IncRNA (Figure 6B, F and Table S4). Significant enrichment in

KEGG could ascertain the principal biochemical metabolic pathways and signal transduction routes that the candidate target
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Figure 5 Differential expression analysis based on RNA-seq. (A) and (B) Volcano plot of differentially expressed mRNA and IncRNA transcripts. (C) and (D) Heat map of
hierarchical clustering in the expression profiles of differentially expressed mRNA and IncRNA.

genes were engaged in. It could be observed that there was a difference in KEGG enrichment of mRNA between “HIF-1
signaling pathway”, “TNF signaling pathway”, and “IL-17 signaling pathway” (Figure 6C, G and Table S5). The KEGG
enrichment of IncRNA could be observed in Figure 6D, H and Table S6. Reactome was a curated database of biological pathways
that helped to elucidate the molecular mechanisms at play within biological systems. Reactome functional enrichment of mRNA
revealed significant differences in “cellular senescence” and “interleukin signaling” (Figure 61, 6M and Table S7), while
“interferon alpha/beta signaling” and “VLDLR internalisation and degradation” were significantly different in IncRNA
(Figure 6J, N and Table S8). DO was a database describing the relationship between gene function and disease. DO enrichment
analysis of mRNA revealed that differentially expressed genes were associated with many cancers, such as breast cancer and
pancreatic cancer (Figure 6K, O and Table S9). However, in the DO enrichment of IncRNA, although cancer species were
screened, there was no statistical difference, which might be attributed to the number of samples (Figure 6L, P and Table S10).
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Table | Top 10 mRNA with the Most Significant Differences

Gene_Name Gene_Description Log2FoldChange | pvalue padj

CSF2 Colony stimulating factor 2 2.51273429 I.16E-51 | 1.79E-47

TNFAIP3 TNF alpha induced protein 3 2.415990696 851E-50 | 8.77E-46

CXCLI C-X-C motif chemokine ligand | 2.467935244 5.43E-45 | 4.20E-4|

ILIA Interleukin | alpha 2.656018208 1.09E-42 | 6.73E-39

ZC3HIIA Zinc finger CCCH-type containing | |A —2.39365024 3.61E-39 | 1.86E-35

CXCL8 C-X-C motif chemokine ligand 8 2.378608846 4.33E-36 | 1.91E-32

CXCL2 C-X-C motif chemokine ligand 2 2.089517974 5.25E-36 | 2.03E-32

CSF3 Colony stimulating factor 3 2.076553225 8.84E-36 | 3.04E-32

CYPIAI Cytochrome P450 family | subfamily A member | 3.769705141 2.39E-31 | 7.40E-28

ILIB Interleukin | beta 1.819645536 1.72E-28 | 4.84E-25

Notes: Log2FoldChange: multiples of differences between the two comparison groups. padj: the p value after correction.
Table 2 Top 10 IncRNA with the Most Significant Differences

Gene_Name Gene_Description Log2FoldChange | pvalue padj
HLA-A Major Histocompatibility complex, class I, A —16.10905113 2.91E-25 3.67E-20
LPP LIM domain containing preferred translocation partner in lipoma —11.78060885 7.15E-10 1.92E-06
PSMEI Proteasome activator subunit | 9.295635502 1.89E-08 2.98E-05
MALAT | Metastasis associated lung adenocarcinoma transcript | —10.967943 1.46E-07 | 0.000168386
LINCO1359 Long intergenic non-protein coding RNA 1359 —7.964675796 4.71E-07 | 0.000424375
KDM5B Lysine demethylase 5B 4.950224519 6.06E-07 | 0.000530086
PIHIDI PIHI domain containing | —7.839343273 6.20E-07 | 0.000531961
DDX3X DEAD-box helicase 3 X-linked 7.590418697 1.72E-06 | 0.001176332
KIAAI671 KIAA1671 9.977367786 2.38E-06 | 0.00151802
PLEKHH2 Pleckstrin homology, MyTH4 and FERM domain containing H2 9.463738503 2.87E-06 | 0.001724487

Notes: Log2FoldChange: multiples of differences between the two comparison groups. padj: the p value after correction.

Discussion

Even though considerable attempts have been dedicated to enhancing the outcomes for TNBC, the results are not to meet
expectations. Consequently, the pursuit of innovative therapeutic approaches for TNBC holds significant value. In this
study, the gas core of IR780-loaded NBs was filled with oxygen. After sequentially applying US and NIR irradiation,
NBs rapidly ruptured and produced UTND effect, releasing oxygen and promoting IR780 to enter tumor cells. The
released oxygen improved tumor hypoxia and the stimulated IR780 simultaneously exerted SDT and PDT effects,
producing a large amount of ROS to kill tumors. Subsequently, we found that pyroptosis was the lethal mechanism
induced by IR780@0, NBs. Finally, RNA-seq detected intrinsically differentially expressed genes and multiple enrich-
ment analyses revealed potential signaling pathways.

SPDT integrates SDT and PDT, exhibiting a synergistic effect in killing tumor cells. US and NIR activate
sonosensitizers and photosensitizers, generating SDT and PDT effects, which not only produce a large amount of ROS
for anti-tumor action but also effectively eliminate deep-seated tumor tissues.”’ This study employed the dual-stimuli
responsive material IR780 to achieve both SDT and PDT. Compared to the nanoplatforms that required the separate
incorporation of sonosensitizers and photosensitizers for SPDT, our approach, which used a single material for dual
purposes, was simpler to synthesize and had superior biocompatibility, increasing the potential for clinical translation.
Moreover, studies have shown that IR780 has affinity for organic anion transport peptides, allowing it to selectively
accumulate in the mitochondria of tumor cells without the need for tumor-targeting molecules.?®° Compared to some
sono- or photosensitizers, IR780 poses a greater threat to tumor tissues because the mitochondria, being the metabolic

hub of the cell, will lead to insufficient cellular energy supply when specifically damaged.?**°
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Figure 6 GO, KEGG, Reactome, and DO enrichment analysis. (A) and (B) The bar chart of GO pathways enriched with mRNA and IncRNA differentially expressed. (C)
and (D) The bar chart of KEGG pathways enriched with mRNA and IncRNA differentially expressed. (E) and (F) The scatter plot of GO pathways enriched with mRNA and
IncRNA differentially expressed. (G) and (H) The scatter plot of KEGG pathways enriched with mRNA and IncRNA differentially expressed. (I) and (J) The bar chart of
Reactome pathways enriched with mRNA and IncRNA differentially expressed. (K) and (L) The bar chart of DO pathways enriched with mRNA and IncRNA differentially

expressed. (M) and (N) The scatter plot of Reactome pathways enriched with mRNA and IncRNA differentially expressed. (O) and (P) The scatter plot of DO pathways
enriched with mRNA and IncRNA differentially expressed.

NBs have many advantages, such as strong stability, high biocompatibility, and ease of modification, playing
a significant role in drug delivery.31’32 After US irradiation, NBs will contract and rupture abruptly, generating jets,
shock waves, and high pressure, which are known as cavitation effect.> The mechanical and chemical energy produced
by cavitation effect lead to the formation of reversible small pores in the cell membrane, increasing its permeability and
fluidity.®> The drugs released from the NBs can enter the tumor cells through these reversible small pores, leading to an
increased local drug concentration within the cells, which significantly enhances the killing effect on tumor cells.>*
Although there are currently studies combining UTND and SDT, few studies combining with SPDT. In this study, the
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synthesized IR780@0, NBs had a particle size distribution of 395 + 2.94 nm, and no significant change in particle size
was observed after 15 d of preparation, indicating good stability. The results of zeta potential and UV absorption
confirmed that IR780 was successfully loaded onto the NBs. Experiments such as CCK-8, live/dead staining, and ROS
detection verified that the NBs could enhance the SPDT therapeutic effect produced by IR780, which was attributed to
the increased accumulation of IR780 within tumor cells through the UTND effect.

Despite the fact that NBs can enhance the therapeutic efficacy of IR780 through the UTND effect, the TME is typically
hypoxic, which severely impairs the effectiveness of SPDT.>> Hypoxia is a characteristic hallmark of malignant tumors.*> On
the one hand, due to metabolic upregulation, the proliferation and replication pace of cancer cells outstrip that of normal cells
by several folds, resulting in a higher oxygen consumption.*® On the other hand, neovascularization is a common strategy used
by tumor tissues to deliver oxygen and nutrients, adapting to the hypoxic conditions. However, these newly formed blood
vessels are typically immature, characterized by their elongation, dilation, and tortuosity.*”** The chaotic blood flow within
the tumor and the compromised vascular network produces a gradient of oxygen tension and exacerbate local hypoxia.>’=**
Research indicates that hypoxia not only increases the malignancy of tumors and triggers the metastasis of tumor cells, but also
enhances the resistance of tumor cells to chemotherapy, radiotherapy, ROS-dependent therapies, and immunotherapy.*
Therefore, overcoming the limitations of the hypoxic TME during the treatment process through various methods is crucial
for improving the therapeutic effect. Currently, some studies focus on using metal ions to catalyze the production of oxygen
from H,O, within tumor cells to alleviate hypoxia.394” However, the limited content of H,O, in the TME restricts the
production of oxygen. Other studies involve the delivery of oxygen through hemoglobin-based preparations, but their oxygen-
carrying capacity needs to be further improved.** Although the oxygen-carrying efficiency of perfluorocarbons is inherently
higher than that of hemoglobin-based preparations, they are unstable and prone to spontaneously convert into gas, leading to
significant losses during the preparation process.* In comparison, this study utilized NBs to carry oxygen to ameliorate the
hypoxic TME. Unlike metal ion catalysis, it was not limited by the insufficient presence of the reactant H,O, in the TME.
Moreover, NBs naturally carried a gas core, which simplified the production steps and made synthesis more straightforward.
Additionally, the particle size distribution at 0 d and 15 d indicated that the prepared oxygen-enriched NBs had good stability.
The ROS detection results showed that the oxygen-enriched NBs produced more ROS than the regular NBs, proving that the
oxygen carried by the NBs was successfully utilized by the SPDT. Other experimental results also demonstrated that the
oxygen-enriched NBs had better therapeutic effects compared to the regular NBs.

In recent years, there has been a surge in research on pyroptosis, which is recognized as a novel type of programmed
cell death. Researchers have shown that various chemotherapeutic drugs, such as cisplatin, paclitaxel, and doxorubicin,
can activate caspase-3/GSDME through the production of ROS, inducing pyroptosis in TNBC cells.>* Li et al found that
PDT could induce esophageal cancer cells to undergo pyroptosis through the caspase-3/GSDME pathway, and Chen et al
confirmed that SDT induced pyroptosis in TNBC cells via the caspase-3/GSDME pathway.***> Additionally, the latest
research has found that during pyroptosis, the damage to the cell membrane releases a variety of intracellular contents,
including tumor-associated antigens, LDH and inflammatory cytokines.*® At the same time, the occurrence of pyroptosis
also accelerates the release of damage-associated molecular patterns (DAMPs), inducing immunogenic cell death (ICD),
thereby triggering a strong and sustained anti-tumor immune response.*® Therefore, it is necessary to explore an effective
way to induce pyroptosis in tumor cells. This study utilized the dual-stimuli responsiveness of IR780 to generate a large
amount of ROS that killed TNBC cells. Cellular morphology monitoring, JC-1 assays, LDH release, Annexin V/PI
double staining, and Western blotting validated that the SPDT induced TNBC cell death through the pyroptosis pathway.
Furthermore, oxygen enriched NBs were able to increase the accumulation of IR780 in tumor cells and improve the
hypoxic TME, enhancing the extent of pyroptosis induced by SPDT.

RNA-seq, as a tool for uncovering molecular mechanisms, has been widely utilized.*”** Similarly, after demonstrat-
ing that IR780@0, NBs-induced TNBC cell death through the pyroptosis pathway, we performed RNA-seq analysis on
the cells before and after treatment, with the aim of revealing the intrinsic mechanisms by which this method induced
pyroptosis. Among the most significant differentially expressed genes, some were widely demonstrated to be associated
with pyroptosis, such as TNF and IL, while there were few reports linking CSF and CXCL to pyroptosis, suggesting they
might be potential targets for inducing pyroptosis.>'*** In various enrichment analyses, “response to reactive oxygen
species” and “HIF-1 signaling pathway” exhibited significant differences, which from one aspect demonstrated that the
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methods employed in this study could induce pyroptosis in TNBC through ROS and also alleviate tumor hypoxia.
Additionally, the changes in “TNF signaling pathway”, “interferon alpha/beta signaling”, and “interleukin signaling”
indicated that the methods used in this study had the potential to induce tumor immune responses, which was consistent
with the occurrence of pyroptosis.'”>® It was noteworthy that cell senescence played an important role in the develop-
ment of tumors, and there was significant difference between before and after treatment in this study, suggesting
a potential link between senescence and pyroptosis, which had rarely been reported in previous studies.”'>

Although this study successfully prepared IR780@0O, NBs and verified their ability to induce pyroptosis in TNBC
cells, there were still some shortcomings. The particle size of IR780@O, NBs utilized in this study was slightly larger
than that of conventional nanoparticles, which might affect the application in vivo, and it should be further optimized to
reduce particle size in the future. According to the literature reports, TNBC mainly underwent pyroptosis through non
classical pathways. This study only verified the expression of caspase-3/GSDME, and did not detect the expression of
caspase-1/GSDMD related proteins, lacking a certain degree of rigor. Subsequent experiments needed to improve the
detection of classical pathway protein to verify whether caspase-1/GSDMD related proteins played a role in TNBC cell
pyroptosis. In addition, this study only validated one type of TNBC cell line and conducted in vitro cell experiments.
Further testing of multiple TNBC cell lines was needed, and in vivo experiments needed to be improved to make the

experimental results more convincing.

Conclusions

In this study, IR780@0O, NBs, which possessed photoacoustic dual response characteristics as well as the capability to
ameliorate hypoxia, was successfully synthesized. Additionally, it was confirmed that IR780@O, NBs- mediated SPDT
could induce the death of TNBC cells through the pyroptosis pathway. The in-depth mechanism revealed that CSF and
CXCL could be potential targets for the occurrence of pyroptosis in TNBC cells, and cellular senescence might be
a biological process closely related to pyroptosis. In general, this study explored a new nanoplatform to improve hypoxia
and enhance pyroptosis, and revealed potential targets of pyroptosis in TNBC, which might provide certain value for
future research.
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