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ARTICLE INFO ABSTRACT

Keywords: Disulfidptosis, a newly identified regulated cell death, is linked to tumor progression, particularly in cancers with

Hepatocellular carcinoma elevated SLC7A11 expression. This study investigates SLC7A11 expression in liver hepatocellular carcinoma

Disulﬁdptos‘is (LIHC) and evaluates the therapeutic potential of ICG@C3F8-KL nanobubbles (NBs) combined with sonodynamic

f;l;fg:;g:pt;lerapy therapy (SDT) for inducing disulfidptosis. Bioinformatics analysis of TCGA datasets revealed upregulation of

Nanobubbles SLC7A11 in LIHC tissues. The synthesized ICG@C3F8-KL NBs exhibited a mean diameter of 156.46 nm and stable

RNA-seq properties, with high encapsulation efficiencies of 51.32 % + 0.7 % for KL and 80.15 % + 0.21 % for ICG. In
vitro, ICG@C3F8-KL NBs, under ultrasound, generated reactive oxygen species (ROS), enhancing cytotoxicity in
HepG2 cells with an IC50 lower than KL alone. These NBs also inhibited cell migration and colony formation,
suggesting disulfidptosis induction via altered glucose uptake and NADP+/NADPH ratio, as well as F-actin
contraction. In vivo, ICG@C3F8-KL NBs accumulated in tumor tissues and suppressed growth without significant
toxicity. Unsupervised clustering of disulfidptosis-related genes in TCGA LIHC cohort identified subtypes with
distinct prognoses, and a predictive model based on five key genes was developed. In conclusion, ICG@C3F8-KL
NBs, combined with ultrasound, effectively induce disulfidptosis, offering a promising strategy for LIHC treat-
ment, with the potential for personalized therapy informed by disulfide-associated gene signatures.

1. Introduction [1-3] The main features of disulfidemia include F-actin contraction,

accumulation of disulfides (e.g., cystine), and NADPH depletion, espe-
Disulfidptosis is a recently identified kind of programmed cell death cially when glucose uptake is suppressed in vitro [1,4,5]. Disulfidptosis
triggered by an accumulation of excess cystine, causing disulfide stress. is more likely to occur in tumor cells, which typically have a higher

Abbreviations: TME, tumor microenvironment; LIHC, liver hepatocellular carcinoma; NBs, nanobubbles; UTMD, ultrasound-targeted microbubble destruction; US,
ultrasound; ROS, reactive oxygen species.
* This article is part of a special issue entitled: ‘Biomaterial Assembly and Theranostics’ published in Ultrasonics Sonochemistry.
* Corresponding authors.
E-mail addresses: chuang@must.edu.mo (C. Huang), zth3856@126.com (T. Zhang), zhiguangwu@hit.edu.cn (Z. Wu), hougangecmu@163.com (G. Hou),
chengwen@hrbmu.edu.cn (W. Cheng).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.ultsonch.2025.107368

Received 7 March 2025; Received in revised form 13 April 2025; Accepted 21 April 2025

Available online 23 April 2025

1350-4177/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:chuang@must.edu.mo
mailto:zth3856@126.com
mailto:zhiguangwu@hit.edu.cn
mailto:hougangcmu@163.com
mailto:chengwen@hrbmu.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2025.107368
https://doi.org/10.1016/j.ultsonch.2025.107368
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Chen et al.

metabolic rate, than in apoptosis or other forms of necrotic cell death
[1,6,7]. Additionally, studies have confirmed that disulfidptosis may be
harnessed to specifically target and eradicate tumor cells, thereby
enhancing systemic antitumor immunity, reducing immunosuppressive
effects in the tumor microenvironment, and increasing antitumor effi-
cacy [8]. Intriguingly, LIHC is often considered a highly energy-
demanding and metabolically active tumor, [9] and several studies
suggest that limiting glucose intake is an effective strategy for its therapy
[10-12]. However, the application of disulfidptosis in LIHC has yet to be
investigated. Therefore, the development of therapeutics that elicit
disulfidptosis is of great potential for the treatment of LIHC.

However, despite the promising therapeutic potential of disul-
fidptosis inducers, their development still presents challenges in clinical
translation [13]. One significant hurdle is the low solubility of disul-
fidptosis inducers, like KL-11743 (KL), which reduces their bioavail-
ability and in vivo delivery effectiveness [14]. Nanotechnology-based
methods have presented promise in overcoming these obstacles and
improving the therapeutic potential of disulfidptosis. These approaches
are designed to enhance the solubility of disulfidptosis inducers, thereby
overcoming the limitations associated with their poor solubility and
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improving their intracellular delivery.[15,16].

Furthermore, during disulfidptosis, excessive ROS-induced lipid
peroxidation (LPO) accumulation in cells is recognized as a marker of
NADPH depletion, with cystine buildup being the primary contributing
factor. Therefore, effective strategies to elevate ROS levels in cancer
cells can promote disulfidptosis in tumor cells more effectively. Sono-
dynamic therapy (SDT), triggered by ultrasound radiation, has attracted
significant attention because of its non-invasive approach, ability to
penetrate deep tissues, and precise targeting potential [17,18]. Recent
evidence suggests that SDT induces ROS generation, which can disrupt
cellular redox equilibrium, particularly the NADP+/NADPH ratio [19].
In this study, we developed and synthesized an ultrasound-activated
nanomedicine (ICG@C3F8-KL NBs) (Fig. 1), which not only sup-
pressed the growth of the primary tumor but also stimulated the sys-
temic immune response. Significantly, ICG@C3F8-KL NBs could
efficiently produce ROS when exposed to ultrasound radiation, resulting
in the decomposition of ICG@C3F8-KL NBs and consequent release of
KL. Cysteine accumulation and disulfidptosis were caused by the
released KL suppression of Glutl in tumor cells, which decreased the
pentose phosphate pathway and glucose transport. Meanwhile, the ROS
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Fig. 1. Schematic diagram of the assembly process of ICG@C3F8-KL NBs and mechanism of mediating SDT-sensitizing disulfidptosis in treating LIHC.
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produced by ultrasound could synergistically disrupt the intracellular
redox balance, promoting disulfidptosis. The mechanism underlying the
synergy between disulfidptosis and SDT was explored through RNA-Seq,
further highlighting the clinical potential of combining disulfidptosis
with SDT for the treatment of liver hepatocellular carcinoma (LIHC).

2. Results and discussion
2.1. Expression of SLC7A11 in LIHC

It has been demonstrated that tumors with elevated expression of
SLC7A11 are more likely to induce disulfidptosis. To investigate the
expression of SLC7A11 in LIHC, we first used bioinformatics techniques
to examine the cancer genome atlas (TCGA) datasets, which comprise
369 instances of LIHC and 160 normal cases. According to the research,
LIHC tissues had higher levels of SLC7A11 than nearby normal tissues
(Fig. S1). To validate the elevated levels of SLC7A11 observed in LIHC
tissues through bioinformatics analysis, we performed Western blot
analysis to assess SLC7A11 expression in HepG2 and Hepal-6/luc cells.
As shown in Fig. S2, both HepG2 and Hepal-6/luc cells exhibited
significantly higher expression levels of SLC7A11 compared to normal
controls, consistent with the bioinformatics results. Quantification of the
Western blot bands further confirmed the upregulation of SLC7A11 in
these cell lines. These findings provide direct evidence supporting the
elevated expression of SLC7A11 in liver cancer cells, reinforcing its
potential role in the progression of disulfidptosis.

2.2. Synthesis and characterization of ICG@C3F8-KL NBs

The preparation of ICG@C3F8-KL NBs was carried out with rotary
evaporation phacoemulsification. As shown in the Fig. 1, first, the
selected phospholipids (DSPC, DSPE-PEG2000) are dissolved in an
organic solvent (dichloromethane/methanol mixture), and KL-11743
was added at the same time to form a uniform mixed solution. Subse-
quently, the organic solvent is removed by rotary evaporation to form a
uniform phospholipid-drug mixed film in the flask, and ICG in PBS was
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added for hydration to allow the phospholipids to spontaneously form
vesicles. Then, in an inert gas (perfluoropropane) environment, me-
chanical oscillation is used to induce bubble core formation, further
enhancing the ultrasound imaging performance and stability of the
microbubbles. Subsequently, the unencapsulated KL-11743 and ICG are
removed by low-speed centrifugation to obtain stable ultrasound
microbubbles, and morphology is observed by transmission electron
microscopy (TEM) and Scanning Electron Microscopy (SEM). Based on
TEM and SEM images, the resulting revealed that the ICG@C3F8-KL NBs
exhibited a uniform spherical morphology with a smooth surface,
consistent with their nanoscale structure (Fig. 2a, Fig. S3a). (Reviewer 2
Comment 4) In addition, we detected the UV-vis spectra of all compo-
nents that were involved in the preparation of the synthesized
ICG@C3F8-KL NB. From the UV spectra of KL and ICG, we observed that
KL exhibits a characteristic absorption peak around 247 nm, while ICG
has two apparent absorption peaks at 715 nm and 780 nm. As shown in
Fig. 2b and Fig. S3b, the UV spectrum of ICG@C3F8-KL NBs displays
three characteristic peaks at approximately 247 nm, 715 nm, and 780
nm, which proves the successful integration of ICG and KL. The KL
loading in ICG@C3F8-KL NBs was calculated to be 5.78 % + 0.8 % (w/
w), and the encapsulation efficiency (EE) was 51.32 % =+ 0.7 %. Simi-
larly, the ICG had a drug loading of 10.20 % + 0.01 % (w/w), with an EE
of 80.15 % =+ 0.21 %.

Furthermore, Fourier-transform infrared spectroscopy (FT-IR) was
conducted to investigate the chemical composition and molecular in-
teractions. The successful incorporation of ICG and KL-11743 into NBs
was confirmed by infrared (IR) spectroscopy based on the following
spectral characteristics: retention and superposition of characteristic
peaks—the distinct absorption band of ICG at 1525 cm ™! (aromatic ring)
and KL-11743 at 1728 cm ™! (C=0 stretching) were observed at 1525
em ™! and 1664 cm ™, respectively, after loading. The slight shift of the
C=0 peak suggests a possible alteration of the local microenvironment,
while the preservation of these signals indicates that both agents
remained chemically intact within the liposomal complex. Furthermore,
the characteristic CHy stretching vibration of lipids at 2974 cm ™! and
the phosphate ester peak shifting from 1110 to 1101 cm ' were
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Fig. 2. Characterization of ICG@C3F8-KL NBs. (a) TEM image of ICG@C3F8-KL NBs. Scale bar: 120 nm, 150 nm. (b) The UV-Vis absorption spectra of KL,
ICG@C3F8 NBs, and ICG@C3F8-KL NBs. (c) The hydrodynamic diameter of ICG@C3F8-KL NBs. (d) The zeta potential of ICG@C3F8-KL NBs. (e) The hydrodynamic
diameter of ICG@C3F8-KL NBs in 48 h. (f) The SOSG fluorescence spectra of ICG@C3F8 NBs and ICG@C3F8-KL NBs upon ultrasound irradiation.
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retained, although with changes in intensity, implying that drug
encapsulation may alter lipid packing and membrane organization.
Emergence of new interaction-associated peaks was also observed: the
appearance of a peak at 1566 cm™! is likely attributed to hydrogen
bonding interactions (e.g., between the C=0 group of KL-11743 and the
O-H group of phospholipid headgroups) or n—r stacking between the
aromatic rings of ICG and the hydrophobic lipid tails. Additionally, the
band at 1220 cm™! may correspond to interactions between the C-O-C
groups of the drug molecules and the phosphate moieties of the lipids.
Peak shifts and intensity variations provided further evidence of mo-
lecular interactions: the O-H stretching band of liposomes exhibited a
blue shift from 3450 to 3423 cm™!, suggesting the formation of a
strengthened hydrogen bonding network upon drug encapsulation. A
slight shift in the N-H/O-H vibration band of ICG from 3876 to 3884
cm ! further reflects the altered microenvironment surrounding the
amino/hydroxyl functionalities post-encapsulation. Collectively, these
IR spectral changes indicate that ICG and KL-11743 were successfully
encapsulated within NBs via non-covalent interactions, such as hydro-
phobic interactions and hydrogen bonding, without chemical bond
cleavage, and that the overall structural integrity of the NBs carrier was
maintained. (Fig. S3c).

The in vitro drug release profiles of ICG and KL from ICG@C3F8-KL
NBs were studied at different times to evaluate the effect of ultrasound
(US) stimulation on drug release. Regarding the selection of ultrasound
(US) parameters (1.0 W/cmz, 50 % duty cycle, 30 s, 1 MHz), we based
our choices on previous studies, preliminary optimization experiments,
and safety considerations. Specifically: 1.0 W/cm?: This intensity was
chosen to balance therapeutic efficacy and avoid excessive tissue heat-
ing or cavitation-induced damage [20]. 50 % duty cycle: This setting
optimizes ultrasound exposure while minimizing unnecessary energy
deposition, reducing potential thermal effects. 30 s duration: Based on
preliminary tests, this duration was found to be sufficient for effective
activation without inducing significant off-target effects [1]. 1 MHz
frequency: This frequency is commonly used in therapeutic ultrasound
due to its optimal tissue penetration and controlled cavitation effects
[6]. These parameters were systematically optimized to ensure efficient
activation of the nanobubbles, effective singlet oxygen generation, and
minimal toxicity.

As shown in Fig. S4, under normal physiological conditions (PBS, pH
7.4), both ICG and KL were continuously released within 72 h, and the
release rate was significantly higher under ultrasound exposure. Under
ultrasound stimulation (1.0 W/cm?, 1 MHz, 50 % duty cycle, 30 s), the
release rate was significantly accelerated, with 93 % of ICG and 89 % of
KL released within 72 h, indicating that ultrasound significantly
enhanced drug release from nanobubbles.

Measurements by dynamic light scattering (DLS) indicated that the
mean hydrodynamic diameter of the ICG@C3F8-KL NBs was 156.46 nm
+ 40.09 nm (Fig. 2¢ and d), and the surface zeta potential was about
—13.25 mV + 2.85 mV. ICG@C3F8-KL We also conducted additional
experiments to assess the stability of NBs in both water and cell culture
medium over seven days. As shown in the Fig. 2e and Fig. S5, the results
demonstrated that the nanobubbles maintained their structural integrity
and exhibited minimal size variation (<10 %) in both conditions, indi-
cating favorable stability.

KL and ICG are drugs with low bioavailability. However, the
ICG@C3F8-KL NBs exhibit good encapsulation efficiency for both ICG
and KL. Due to their nanoscale size, they can significantly penetrate
tumors via the enhanced permeability and retention (EPR) effect
[21-23]. We conducted studies utilizing the SOSG probe to verify the
synthesized NBs’ capacity to generate ROS [24]. The formation of SOSG
endoperoxide (SOSG-EP) when monoclinic oxygen (102) reacts with
SOSG prevents the transfer of internal electrons, leading to an increase
in fluorescence at the excitation/emission wavelengths of 504/525 nm
[25]. As depicted in Fig. 2f, SOSG fluorescence intensity enhanced after
ultrasound irradiation of ICG and ICG@C3F8-KL NBs. These results
confirm that because ICG can produce ROS, sonodynamic treatment can
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be much more effective by ICG@C3F8-KL NBs.

Besides, NBs can enhance bioavailability, permeability, and solubi-
lity.[26] The above findings indicate that we successfully produced
ICG@C3F8-KL NBs capable of producing ROS. Thus, it has the potential
to serve as a sonosensitizer, enhancing the effectiveness of SDT, and can
be utilized in the treatment of cancer, thereby increasing the efficiency
of treatment and minimizing side effects.

2.3. ROS generation and cytotoxic effects of ICG@C3F8-KL NBs under
ultrasound exposure in vitro

First, we aimed to evaluate the impact of different drug adminis-
tration ratios on treatment outcomes, testing various combinations of
ICG and KL at mass ratios of 1:1, 2:1, 1:2, 3:1, and 1:3, while maintaining
constant total drug loading and NBs concentration across all groups. The
CCK-8 assay was employed to assess cell viability after 24 h of treatment.
The results indicated that all tested drug combinations inhibited cell
growth to varying extents, with the 1:1 ratios demonstrating the most
significant inhibition of cell viability. Interestingly, these two ratios,
where the doses of ICG and KL were more balanced, provided better
therapeutic outcomes than the others. Therefore, we chose this ratio to
make NBs in subsequent experiments (Fig. S6).

For a visual evaluation of the ability of ICG@C3F8-KL NBs to produce
ROS under ultrasound exposure, HepG2 cells treated with different
conditions were stained with the 2/,7-dichlorodihydrofluorescein diac-
etate (DCFH-DA) probe (green) and then observed under a fluorescence
microscope. According to the findings, HepG2 cells with ICG@C3F8-KL
NBs treatment under ultrasonic radiation exhibited a much greater
green fluorescence than cells treated with other substances (Fig. 3a,
Fig. S7). To further assess the impact of increased ROS levels on mito-
chondrial function, we performed JC-1 staining to evaluate mitochon-
drial membrane potential (A¥m). As shown in Fig. S8, cells in the NC
and ICG@C3F8-KL NBs group exhibited strong red fluorescence, indi-
cating intact mitochondrial membrane potential. In contrast,
ICG@C3F8-KL NBs + US treated cells displayed a significant shift from
red to green fluorescence, suggesting mitochondrial depolarization,
indicating mitochondrial dysfunction induced by increased ROS levels.
These results provide additional evidence that ROS generation disrupts
mitochondrial integrity, further contributing to the therapeutic effects
observed.

To investigate the anticancer roles of ICG@C3F8-KL NBs in vitro,
cytotoxicity of ICG@C3F8 NBs under ultrasound irradiation,
ICG@C3F8-KL NBs under ultrasound irradiation, and KL was first
evaluated using the cell counting kit-8 (CCK-8) assay. The half-
inhibitory concentration (IC50) of ICG@C3F8-KL NBs on HepG2 cells
under ultrasound irradiation was 67.72 + 1.1 pM, nearly half of KL
(IC50 = 93.07 + 2.6 pM) and one-sixth of ICG@C3F8 NBs under ultra-
sound irradiation (IC50 = 410.2 + 0.5 pM), indicating that ICG@C3F8-
KL NBs are highly cell-killing under ultrasonic irradiation (Fig. 3b).

Furthermore, to further demonstrate the anticancer activity of
ICG@C3F8-KL NB in vitro under ultrasound exposure, live/dead assays
were performed. Treatment of HepG2 cells with ICG@C3F8 NBs + US
(SDT), ICG@C3F8-KL NBs, PBS (NC), ICG@C3F8-KL NBs + US (SDT +
KL) along with KL, and later staining with PI (red) and Calcein-AM
(green). The findings of fluorescence microscopy exhibited that HepG2
cells with SDT + KL treatment were primarily dead (red), underscoring
the crucial anticancer impact of ICG@C3F8-KL NBs in vitro when
exposed to ultrasound (Fig. 3c).

Subsequently, a colony formation test was applied to evaluate the
proliferation of HepG2 cells under various treatments visually. The
findings exhibited that PBS-treated HepG2 cells produced closely spaced
colonies within the field of vision. HepG2 cells treated with KL formed
fewer colonies, and those treated with ICG@C3F8-KL NBs showed a
significant decrease in colony formation under ultrasound radiation,
indicating that SDT + KL notably inhibits colony formation in HepG2
cells (Fig. 3d, Fig. S9).
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Fig. 3. ROS production and cytotoxicity with ICG@C3F8-KL NBs under ultrasound radiation. (a) Representative fluorescence images showing ROS production in
HepG2 cells after different treatments. Scale bar = 100 pm. (b) In vitro cytotoxicity of different treatments on HepG2 cells for 24 h, n = 3. (c) Cell viability and death
were assessed using live/dead staining after different treatments. Scale bar = 100 pm. (d) Colony formation assay under different treatments. (¢) Wound healing
assay to assess cell migration in HepG2 cells under different treatments. Scale bar = 2000 pm. (f) Transwell assay to evaluate cell migration in HepG2 cells under

different treatments. Scale bar = 20 pm.

Previous studies have indicated that ROS can effectively inhibit
tumor cells’ metastasis [27,28]. A wound-healing assay was performed
to evaluate the impact of ICG@C3F8-KL NBs on tumor cells. The results
demonstrated that SDT + KL could markedly suppress wound closure,
suggesting its potential to inhibit the migration of tumor cells (Fig. 3e,
Fig. S10). A transwell experiment was performed to explore the anti-
metastatic properties of ICG@QC3F8-KL NBs further. The findings dis-
played that SDT + KL successfully prevented the metastasis of tumor
cells by dramatically reducing tumor cell motility. (Fig. 3f, Fig. S11)
These results reveal that, when exposed to ultrasound, ICG@C3F8-KL

NBs can efficiently target malignancies and prevent the metastases of
tumor cells.

2.4. ICG@C3F8-KL NB:s triggered disulfidptosis under ultrasound
exposure

Studies have demonstrated that in glucose-deprived conditions, tu-
mors with high SLC7A11 expression, such as LIHC, [28-30], consume
significant amounts of NADPH, [31,32] which leads to cystine accu-
mulation and cell skeleton contraction, triggering a distinct cell death
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mechanism called disulfidptosis. Furthermore, studies have suggested
that when levels of ROS are elevated in the cell, the NADP+/NADPH
system is a critical regulator, and sensitizers can produce substantial
ROS under low-intensity ultrasound radiation [22,33]. Thus, it can be
inferred that under ultrasonic radiation, ICG@C3F8-KL NBs release
ROS, which facilitates the consumption of NADPH in cells, mainly when
glucose levels are low. Cysteine external accumulation accelerates
NADPH depletion, which causes tumor cells to undergo disulfidptosis
and slows tumor development.

To prove that cell death is due to sonodynamics, we improved the
tumor cell sensitivity to KL drugs. First, it was assessed how ICG@C3F8-
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KL NBs inhibited tumor cells’ glucose absorption when exposed to ul-
trasonic radiation. To assess this, glucose levels in HepG2 cells treated
with various therapies were measured using a glucose uptake assay kit.
According to the results, SDT + KL was able to successfully decrease
glucose absorption because its cellular glucose uptake under ultrasonic
radiation was 3633.6 + 120.1 pg/mg, which was 67.9 % and 53.2 % of
KL (5351.4 + 523.7 pg/mg) and SDT (6834.3 + 139.2 pg/mg), sepa-
rately (Fig. 4a). Immunofluorescence staining was conducted on cells
undergoing various treatments to investigate the alterations in F-actin in
HepG2 cells. According to the findings, the F-actin contraction (green) in
the SDT + KL group was considerably higher than that of the SDT and KL
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Fig. 4. ICG@C3F8-KL NBs promote disulfidptosis in vitro and in vivo under ultrasound exposure. (a) The glucose uptake in HepG2 cells was quantitatively assessed
following treatments, n = 3. Data are presented as mean + SD. Statistical significance was calculated by one-way ANOVA, ****p < 0.0001, ***p < 0.001. (b)
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groups (Fig. 4b). Lastly, the intracellular NADP+/NADPH ratios of
HepG2 cells that were treated under various conditions were determined
with the use of a NADP-++/NADPH assay kit. The findings revealed that
under ultrasound radiation, the intracellular NADP+/NADPH ratio
elevated to 2.25 + 0.17 in the SDT + KL group, which was 1.2 and 1.7
times higher than that in the KL group (1.84 + 0.07) and the SDT group
(1.31 £ 0.05), separately. These findings indicate that under ultrasound
radiation, SDT + KL significantly enhances intracellular NADPH
depletion compared to KL alone (Fig. 4c).

To further confirm the occurrence of disulfidptosis in our experi-
mental model, we examined the expression levels of key cytoskeletal-
associated proteins, FLNA, TLN1, and MYH9, by Western blot analysis.
As shown in Fig. S12, treatment with SDT + KL treatment led to a sig-
nificant downregulation of FLNA and TLN1, while MYH9 expression was
markedly increased. These alterations are consistent with the charac-
teristic cytoskeletal collapse associated with disulfidptosis [6,34].
Furthermore, pretreatment with dithiothreitol (DTT), a disulfidptosis
inhibitor, effectively rescued the expression levels of these proteins,
indicating that their dysregulation was specifically linked to disul-
fidptosis rather than nonspecific cellular stress responses. These findings
provide strong molecular evidence supporting the involvement of
disulfidptosis in our system.

2.5. Antitumor efficacy of ICG@C3F8-KL NBs under ultrasound
radiation

Following the in vitro anticancer evaluation of ICG@C3F8-KL NBs,
its antitumor activity in vivo was also assessed (Fig. 4d). The bio-
distribution of ICG@C3F8-KL NBs in mice with tumors was initially
examined. Subcutaneous tumor models of Hepal-6/luc LIHC were
established in 6-week-old healthy C57BL/6 mice. 48 h after the drug was
administered, ex vivo imaging of the tumor tissues and organs was
carried out. The tumor displayed the maximum fluorescence intensity,
evidently surpassing that of other organs (Fig. 4e).

The in vivo antitumor efficacy of ICG@C3F8-KL NBs combined with
ultrasound (US) exposure was evaluated in C57BL/6J mice bearing
subcutaneous Hepal-6/luc tumors. Regarding anticancer effectiveness,
the findings presented that the impact of ICG@C3F8-KL NBs alone was
not satisfactory, and there was no evident variation in tumor inhibition
in contrast to PBS. With a tumor inhibition rate of 97.8 + 0.01 %, SDT +
KL exhibited the strongest tumor inhibition efficacy, while KL and SDT
had tumor inhibition rates of 72.51 + 0.11 % and 66.64 + 0.04 %,
respectively (Fig. 4f-g, Fig. S13a). At the end of the treatment period (20
days), tumor masses in the combination treatment group were notably
smaller, with a significant reduction compared to the control and other
treatment groups, further supporting the antitumor potential of this
approach (Fig. S13b).

To verify the anticancer impact of SDT + KL, tumor tissues were
stained with hematoxylin and eosin (H&E) and TUNEL staining. The
findings demonstrated that compared to tumor tissues from other
treatment groups, those from SDT + KL-treated mice exhibited a large
drop in cell count and a significant decrease in density (Fig. 4h,
Fig. S14a).

Additionally, Ki-67 immunofluorescence staining showed a marked
decrease in proliferating cells in the combination treatment group,
suggesting that SDT + KL effectively inhibited tumor cell proliferation.
These findings are consistent with SDT enhances the therapeutic effects
of KL, not only by promoting drug release but also by inducing apoptosis
and suppressing cell proliferation within the tumor (Fig. S14b).

Regarding safety, the findings showed that 20 days after treatment,
there was no apparent decrease in body weight in SDT + KL-treated mice
compared to those treated with PBS, suggesting that ICG@C3F8-KL NBs
exhibit favorable biocompatibility and biosafety under ultrasound
exposure (Fig. S15). Additionally, we conducted liver and kidney func-
tion tests, including serum ALT, AST, BUN, and CRE levels. As shown in
Fig. S16, no significant abnormalities were observed in these
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biochemical markers, suggesting that our treatment strategy does not
cause apparent systemic toxicity. These findings support the good
biocompatibility and potential clinical applicability of our NBs.

2.6. Identification of disulfidptosis subtypes in the TCGA cohort

In this study, differential expression of mRNA and IncRNA transcripts
(counts) was estimated using the edgeR R package, with thresholds set at
|log2FC| > 1 and p.adjust < 0.05. The NC1 and SDT + KL1 groups were
found to have 1,077 differentially expressed genes, of which 779 were
upregulated and 298 downregulated, according to the data
(Fig. 5a).1225 differential genes were identified in the SDT + KL2 and
NC2 groups, including 875 up-regulated genes and 350 down-regulated
genes (Fig. 5b). KEGG enrichment analysis was performed using the two
groups of differential genes, the results showed that complement and
coagulation cascades, insulin secretion, and cytokine-cytokine receptor
interaction were significantly enriched in SDT + KL1 vs. NC1, suggesting
that disulfidptosis may significantly interfere with immune response and
metabolic regulation. Meanwhile, the PI3K-Akt signaling pathway,
arachidonic acid metabolism, and MAPK signaling pathway showed
moderate enrichment, suggesting potential imbalances in cell prolifer-
ation, apoptosis, and inflammatory responses. Of note, virus-related
pathways such as human cytomegalovirus infection and primary im-
munodeficiency appeared in this group, which may reflect abnormal-
ities in the host’s antiviral defense mechanism (Fig. 5c).

In the comparison of SDT + KL2 vs. NC2, the cGMP-PKG signaling
pathway and cortisol synthesis and secretion emerged as the most sig-
nificant pathways. This suggests disulfidptosis may exacerbate the
pathological process through the hormone stress response and the
intracellular second messenger system. In addition, the enrichment of
ECM-receptor interaction, Antigen processing and presentation, and
Epstein-Barr virus infection suggested the persistent dysregulation of
extracellular matrix remodeling and immune surveillance function.
Compared with SDT + KL1, the SDT + KL2 group showed unique
enrichment in aldosterone/thyroid hormone synthesis, TNF signaling
pathway, and antifolate resistance, suggesting the dynamic changes of
disulfidptosis mechanism in different time points or samples. In general,
disulfidptosis may drive the pathological process through multiple
pathways such as metabolic disorders (insulin resistance, abnormal lipid
metabolism), immune disorders (complement activation, cytokine
release), abnormal hormone synthesis (cortisol, aldosterone), and virus-
host interactions, while the differential enrichment of signaling path-
ways such as PI3K-Akt and cGMP-PKG further reveals the complexity of
its molecular mechanism (Fig. 5d).

Expanding on these findings, the Gene Ontology (GO) enrichment
analysis was conducted to delineate the functional categories associated
with the differential expressed genes (DEGs). In comparing SDT + KL1
and NC1, the Wnt signaling pathway, cell differentiation, and growth
factor activity pathways were significantly enriched. These pathways
regulate disulfidptosis, a cell death mechanism driven by disulfide bond
accumulation. They control several key processes, including protein
folding, oxidative stress response, and the metabolism of sulfur-
containing amino acids. Together, these processes influence the forma-
tion of protein disulfide bonds in cancer cells (Fig. S17). In a GO
enrichment analysis of DEGs between NC2 and SDT + KL2, several key
pathways have been identified that are particularly relevant to disul-
fideptosis and tumor suppression. Pathways such as endopeptidase ac-
tivity and the proteasome complex are critical as they facilitate protein
turnover and the removal of misfolded proteins.

Additionally, cytokine receptor binding and immune system pro-
cesses enhance immune surveillance, vital for identifying and elimi-
nating tumor cells. Furthermore, the response to oxidative stress, cell
differentiation, and modulation of GTPase activity regulate the cellular
redox environment and sulfur metabolism. These modifications directly
influence the formation and stability of disulfide bonds within proteins,
highlighting their potential impact on tumor biology (Fig. S18).
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Subsequently, according to the overlapping DEGs in the two groups

(disulfidptosis-related gene, DFPRGs, Fig. 5e), we employed the DFPRGs
expression in the TCGA LIHC cohort to perform unsupervised clustering
and stratified LIHC patients into different disulfidptosis subtypes. The
cumulative distribution function (CDF) curve may calculate the proper K
value by identifying a notable rise in the area under the curve. The most
stable number of clusters with minimal fluctuation within the CDF curve
range may be obtained by setting the K parameter to 2. After

determining that two clusters were the ideal amount based on the
consensus heat map, LIHC patients were divided into two groups, class 1
and class 2 (Fig. 5f-h). Patients in the class 2 group had better prognoses
than those in the class 1 group (Fig. 5i). GSEA was conducted utilizing
the clusterProfiler R package for analyzing the underlying mechanisms
that resulted in different results for the class 1 and class 2 groups. Ac-
cording to the results of KEGG enrichment, the class 2 group had a high
enrichment in the retinol metabolism, cancer-related pathways, and cell
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cycle, indicating that the good prognosis of class2 patients may be due to
the multi-pathway synergistic effect of cell cycle normalization, meta-
bolic homeostasis reconstruction, and immune microenvironment opti-
mization (Fig. 5j-k). The pathway enrichment results of Hallmark and
Reactome showed that cell cycle and immune checkpoint-associated
pathways were also markedly enriched in class 2 groups (Fig. S19a-b).
The above results indicate that the good prognosis of Class 2 patients
may be due to the multi-pathway synergistic effects of cell cycle
normalization, metabolic homeostasis reconstruction, and immune
microenvironment optimization. In addition, this study collected mul-
tiple death-related gene sets, and the scores of multiple regulated cell
deaths (RCD) were estimated by performing ssGSEA. According to the
findings, the RCD scores in the class 2 group were noticeably higher than
those of the class 1 group (Fig. S20). Specifically, class 2 group patients
had a considerably higher disulfidptosis score versus those in the class 1
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group (Fig. 51). The above results reveal that disulfidptosis may bring
new perspectives to the treatment of cancer patients.

2.7. Correlation between disulfidptosis subtypes and tumor immune
microenvironment

For investigating the relationship between immunological microen-
vironment and disulfidptosis subtypes, immune score (Fig. 6a), stromal
score (Fig. 6b), GEP score (Fig. 6¢) as well as tumor purity (Fig. 6d) were
calculated in this work. The outcomes presented that patients in class 1
had much lower GEP, stromal, and immune scores than those in class 2,
whereas class 2 patients had considerably lower tumor purity. The im-
mune checkpoint expression level (Fig. 6e) and cell cycle characteristic
score (Fig. 6f) of patients in class 2 were higher than those in class 1. In
addition, the infiltration level of various immune cells was markedly
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higher in the class 2 group relative to the class 1 group, encompassing
neutrophils, CD8 + T cells, and other cell types with immune-killing
functions. The above results provide additional evidence to support
disulfidptosis-induced immunogenic cancer cell death.

2.8. Establishment and validation of prognostic model

In this study, two machine learning algorithms, LASSO regression
(Fig. 7a and b) and random forest (Fig. 7c and d), were used to refine the
selection of signature genes and mitigate the risk of overfitting. A total of
5 genes were identified (Fig. 7e, table S1), and then multivariate Cox
regression analysis was performed, incorporating each prognostic gene
to obtain the regression coefficient of each gene. Subsequently, a risk
scoring model was developed based on the activity of the five

b 231 198

a 237 2312312161931511198458 34 18 126 3 0
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characterized genes, weighted by their respective multivariate Cox
proportional hazards regression coefficients. Based on the median risk
score for survival analysis, the TCGA LIHC patients were split into low-
and high-risk groups. The results indicated that the overall survival rate
of the high-risk group in TCGA cohort was much lower than that of the
low-risk group (Fig. 7f). The time-dependent ROC results showed that
the AUCs of TCGA LIHC patients at 1, 2, 3, and 4 years were 0.74, 0.74,
0.75, and 0.72, separately (Fig. 7g). The survival analysis in GSE14520
cohort also demonstrated that patients in high-risk group had a
considerably worse prognostic ability versus those in the low-risk group
(Fig. 7h). Time-dependent ROC results revealed that at 1, 2, 3, and 4
years, the AUCs were respectively, 0.61, 0.64, 0.67, and 0.66 (Fig. 71i).
The findings above present the model’s ability to forecast prognoses of
patients with LIHC accurately.
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3. Conclusion

Disulfidptosis is a potential new approach to promote the death of
tumor cells. Here, we report an effective new method to enhance
disulfidptosis in combination with SDT to prevent tumor occurrence,
development, and metastasis. NBs were synthesized by thin film hy-
dration method and then co-assembled with KL and ICG to obtain
nanoparticles ICG@C3F8-KL NBs, which can be degraded and produce a
large amount of ROS under ultrasound irradiation. This process leads to
the rupture of ICG@C3F8-KL NBs and the release of KL. This sonody-
namic therapy-enhanced disulfidptosis can effectively inhibit glucose
uptake, reduce NADPH synthesis, and promote depletion. In addition,
this study exhibited a strong link between the immune microenviron-
ment and disulfidptosis, metabolic abnormalities, and pathological
processes of LIHC by comprehensively analyzing the differentially
expressed genes of disulfidptosis subtypes in the TCGA cohort. Through
KEGG and GO enrichment analysis of differentially expressed genes, we
found that disulfidptosis may drive tumor progression through the
synergistic effects of multiple signaling pathways, including immune
response, metabolic regulation, cell cycle, hormone synthesis, etc. In
particular, the enrichment of pathways such as complement and coag-
ulation cascade, insulin secretion, and cytokine-cytokine receptor
interaction indicated that disulfidptosis not only affects the metabolic
state of tumor cells but may also improve the tumor immune microen-
vironment by inducing immunogenic death. Through machine learning
methods (LASSO and random forest), we developed a predictive model
that accurately predicts the prognosis of patients with LIHC via applying
genes linked to disulfidptosis. The survival analysis findings in both
external validation sets and TCGA demonstrated the model’s high pre-
diction performance, supporting the prognostic evaluation and person-
alized treatment of liver cancer.

In summary, this paper proposes a nanomedicine that effectively
utilizes sonodynamics to enhance disulfidptosis and deeply clarifies the
potential mechanism of disulfidptosis in LIHC. It also suggests its pos-
sibility as a new target for LIHC immunotherapy, laying the groundwork
for future clinical applications.

4. Materials and methods
4.1. Expression of SLC7A11 in LIHC

Utilizing the GEPIA database (https://gepia2.cancer-pku.
cn/#analysis), we investigated the differences in the expression of
SLC7A11 between normal and LIHC patients. The TCGA database sup-
plied the tumor and normal tissue information, which was assessed
online using the GEPIA database. To determine whether LIHC and
normal tissues express SLC7A11 differently, 369 instances of LIHC and
160 cases of normal were acquired to identify the differential expression
of SLC7A11 in normal and LIHC tissues.

4.2. Materials

Avanti Polar Lipids (Alabaster, AL) supplied the 1.2-Distearoyl-sn-
glycerol-3-phosphocholine (DSPC) and 1.2-stearoyl-sn-glycerol-3-phos-
phoethanolamine-N-(methoxy [polyethylene glycol]-2000) (DSPE-PEG-
2000). ICG was provided by Shanghai Yuan Ye Bio-Technology Co., Ltd.,
located in Shanghai, China. The CCK-8 cell counting kit was obtained
from BD Pharmingen. KL-11743 (KL) was supplied by Shanghai MCE
Chemicals Technology (Shanghai, China).

4.3. Synthesis of ICG@C3F8-KL NBs

According to previous publications, [35] we produced ICG@C3F8-
KL NBs by applying the thin-film hydration ultrasonic process. DSPE-
PEG-2000 and DSPC should first be combined in a 1:9 mass ratio.
Then, in a 2:1 vol/vol solution of methylene chloride and methanol, 95.7

11
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pL of 10 mM KL was incorporated. After thoroughly mixing and dis-
solving the previously described solution, transfer it to a beaker and let it
evaporate to form a lipid layer. 5 ml of 100 pg/mL ICG in PBS was
applied to create a lipid solution of the dried film (KL:ICG (mass ratio) =
1:1). Subsequently, a microextruder (Avanti Polar Lipids, Alabaster, AL)
was exploited to extrude the suspension 20 times through 200 nm and
100 nm membranes. The squeezed solution was then moved to a sealed
vial once the syringe had been drained and loaded with C3F8. Following
a 60-second physical agitation in a dental mixer (manufactured by YJT
Medical Apparatus and Instruments, Shanghai, China), the mixture was
resuspended in 2 ml of PBS solution and kept at 4 °C. Each process is
carried out in a dark environment. Without KL, nanobubbles were pro-
duced using the same process.

4.4. Characterization of ICG@C3F8-KL NBs

The PDI value, zeta potential, and particle size of nanomedicine were
ascertained via the DLS (Malvern, UK) method. The stability of NBs in
both water and cell culture medium were evaluated by observing size
changes over seven days. The morphology of ICG@C3F8-KL NBs and
ICG@C3F8 NBs was observed via transmission electron microscopy
(TEM, JEOL, Japan) and scanning electron microscopy (SEM, JEOL JSM-
6700F). UV-vis spectrometer (SHIMADZU, Japan) and fourier transform
infrared (FT-IR) spectroscopy were exploited to record absorption
spectra of ICG@C3F8-KL NBs, ICG, and KL.

4.5. Loading of KL into ICG@C3F8-KL NBs

The drug loading rates and entrapment efficiency rates were tested
by UV-vis spectrometer. These measurements were then used to calcu-
late the loading efficiency (LE %) and loading content (LC %).

LE (%) = W_loaded/W_total x 100 %.

LC (%) = W_loaded/ (W_loaded + W_polymer) x 100 %.

Wtotal: Total weight of the drug added.

W_loaded: Weight of the drug encapsulated in the nanoparticles.

W_polymer: Weight of the polymer used.

Encapsulation Efficiency (LE) and Loading Content (LC) for KL.

4.6. Drug administration ratios and cell viability assessment

To evaluate the effect of different drug administration ratios on
treatment outcomes, we established several drug combinations with
varying ratios of ICG to KL, including 1:1, 2:1, 1:2, 3:1, and 1:3. In these
experiments, the total drug loading and concentration in the nano-
bubbles were kept constant, and only the drug dosing ratio was adjusted.
To assess the therapeutic effect of different drug ratios, we performed
CCK-8 (cell counting kit-8) assays to measure cell viability. Briefly, cells
were seeded in 96-well plates and different drug solutions with varying
ratios were then added to the wells, and cells were treated for 24 h. After
treatment, CCK-8 reagent was added, and cells were incubated for an
additional 2 h. The absorbance was measured at 450 nm using a
microplate reader. The cell viability was compared across different drug
ratio groups to determine the optimal drug combination for treatment.

4.7. In vitro drug release kinetics under ultrasound stimulation

To further evaluate the release behavior of ICG and KL under ultra-
sound (US) irradiation, an in vitro drug release assay was performed.
Briefly, ICG@C3Fg-KL NBs were individually loaded into dialysis bags
(MWCO = 3.5 kDa) and immersed in 10 mL of phosphate-buffered saline
(PBS, pH 7.4). All samples were incubated at 37 °C with gentle shaking
(100 rpm). Two experimental conditions were established: one group
was incubated without US exposure (No US), while the other was sub-
jected to ultrasound stimulation (1.0 W/cm?, 1 MHz, 50 % duty cycle,
30s) before incubation. At predetermined time points (0, 1, 2, 4, 8, 12,
24, 48, and 72 h), 500 pL of the external solution was withdrawn and
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replaced with an equal volume of fresh PBS. The absorbance of ICG and
KL at 780 nm and 247 nm, respectively, was measured using a UV-Vis
spectrophotometer to quantify the cumulative drug release.

4.8. In vitro ROS generation of ICG@C3F8-KL NBs upon ultrasound
radiation

A solution of Single Online State Oxygen Sensor Green Fluorescent
Probe (SOSG) (5 nM final working concentration) was incorporated into
the ICG@C3F8-KL NBs, ICG@C3F8 NBs, NBs and ICG in a 6-well plate
and mixed completely. Afterward, the mixture was activated using ul-
trasonic treatment equipment. This equipment was utilized in all ex-
periments in this study. For three minutes, the ultrasonic parameters
were set to 1.0 W/cm?, 1.0 MHz, and a 50 % duty cycle. The fluores-
cence spectrum of SOSG was then measured using a fluorescence spec-
trophotometer (Cary5000, Malaysia) to detect the formation of singlet
oxygen (102).

4.9. Cell culture

Human hepatocellular carcinoma cell line (HepG2) along with Mu-
rine hepatocellular carcinoma cell line (Hepa 1-6/luc) were supplied by
Procell Life Technologies Co., Ltd. (Wu Han, China) and cultured in
DMEM media containing 10 % FBS in a humid incubator at 37 °C with 5
% COs.

4.10. Cytotoxicity of therapeutic effect in vitro

A CCK-8 test was conducted to evaluate the cytotoxicity in HepG2
cells. After being seeded at 1 x 10% cells per well in 96-well plates, the
cells were grown for 24 h. Afterward, cells were treated by ICG@C3F8-
KL NBs, ICG@C3F8 NBs and KL upon ultrasound radiation (1.0 W/cmz,
50 % duty cycle, 30 s, 1 MHz following treatment for 4 h), ICG@C3F8-KL
NBs upon ultrasound radiation (1.0 W/cm? 50 % duty cycle, 30 s, 1
MHz following treatment for 4 h) at final KL concentrations ranging
from 5, 10, 20, 40, 80, 160, 320, 640 to 1280 uM for 24 h, respectively.
Then, 10 pL CCK-8 was added to the wells. A microplate reader
measured the absorbance of each well at 450 nm (peak absorbance). The
experiment was performed in triplicates.

4.11. Intracellular production of ROS in ICG@C3F8-KL NBs cells during
ultrasound radiation

The intracellular level of ROS was examined by employing DCFH-DA
as a fluorescent probe. In brief, cells (2 x 10° cells) in 1 ml complete
media were incorporated into each well on a 24-well plate and inocu-
lated at 37 °C for 24 h. Spheroids were subsequently treated through
ICG@C3F8 NBs + US (SDT group), ICG@C3F8-KL NBs, ICG@C3F8-KL
NBs + US (SDT + KL), and KL, separately, for 4 h (KL concentration
= 67.72 uM). The group of cells that underwent no treatment served as a
negative control. Subsequently, the culture medium of the cells was
replaced with a serum-free medium and then incubated with ROS in-
dicator DCFH-DA (10 pM) for 30 mins. After being cleaned twice by PBS,
cells were exposed to ultrasound radiation (1.0 W/cm?2, 50 % duty cycle,
30 s, 1 MHz) or not. Afterward, the cell nuclei were stained in DAPI.
Fluorescence microscopy was then applied to gather images.

4.12. Mitochondrial membrane potential staining by JC-1 assay

To assess the impact of ROS on mitochondrial function, we per-
formed mitochondrial membrane potential (A¥m) analysis using JC-1
staining. Briefly, cells were treated under ICG@C3F8 NBs + US (SDT
group), ICG@C3F8-KL NBs, ICG@C3F8-KL NBs + US (SDT + KL), and
KL, separately, for 4 h (KL concentration = 67.72 uM). The group of cells
that underwent no treatment served as a negative control. Subsequently,
the culture medium of the cells was replaced with a serum-free medium
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and then incubated with ROS indicator JC-1 dye for 30 mins. After being
cleaned twice by PBS, cells were exposed to ultrasound radiation (1.0
W/cm2, 50 % duty cycle, 30 s, 1 MHz) or not. Afterward, the cell nuclei
were stained in DAPI. Fluorescence microscopy was then applied to
gather images. In fluorescence microscopy, a shift from red fluorescence
(JC-1 aggregates, indicative of healthy mitochondria) to green fluores-
cence (JC-1 monomers, indicative of mitochondrial depolarization) was
observed.

4.13. Live/dead cell staining

On 96-well plates, 1 x 10* HepG2 cells were planted per well.
Following a 24-hour incubation period, cells were subjected to various
drug treatments and 48 h of ultrasonic radiation (1.0 W/cm?, 50 % duty
cycle, 30 s, 1 MHz, KL concentration = 67.72 uM). After that, the treated
cells were left in the cell culture container for 30 min to be stained with a
PBS solution containing PI and Calcein-AM. The cell samples were
observed utilizing fluorescence microscopy at the excitation of 488 nm
and 532 nm following PBS washing.

4.14. Wound healing and transwell

Transwell and the wound healing experiment were implemented to
examine cell migration. In short, a sterile pipette tip was utilized to
create the scratches after HepG2 cells were seeded onto 6-well plates.
Cells were then cultivated in DMEM media devoid of FBS. After 24 h,
cells were treated with different drug treatments and ultrasound radia-
tion (1.0 W/cmz, 50 % duty cycle, 30 s, 1 MHz, KL concentration =
67.72 uM) for 24 h. Subsequently, the migration distance was recorded.
For the transwell assay, the upper chamber, equipped with an 8 pm pore
size filter, was used, and the bottom chamber was filled with 600 pL of
complete DMEM. Cells were exposed to various drug treatments and
ultrasonic radiation (1.0 W/cm?, 50 % duty cycle, 30 s, 1 MHz, KL
concentration = 67.72 uM) for 24 h after 24 h. Crystal violet was then
utilized to stain the migratory cells.

4.15. Colony formation assay

HepG2 cells were cultivated for 24 h after being seeded onto 6-well
plates in quantities of 2000 cells each. The cells were then exposed to
ultrasonic radiation (1.0 W/cm?, 50 % duty cycle, 30 s, 1 MHz, KL
concentration = 67.72 uM) for 12 days while being incubated with
ICG@C3F8 NBs + US (SDT group), ICG@C3F8-KL NBs, ICG@C3F8-KL
NBs + US (SDT + KL) and KL. The cells were fixed with 70 % ethyl
alcohol and rinsed with PBS once they had grown into visible colonies.
The colonized cells were dyed with 0.5 % crystal violet, and a camera
was applied to photograph the colonies.

4.16. Cell intake of glucose

A glucose assay kit (S0201S, Beyotime) was used to evaluate cell
uptake of glucose. HepG2 cells were inoculated on 6-well plates at 1 x
10° cells per well. Cells were exposed to various drug treatments and
ultrasonic radiation (1.0 W/cmz, 50 % duty cycle, 30 s, 1 MHz, KL
concentration = 67.72 pM) for 24 h following incubation for 24 h. The
cells were gathered and mixed with the tissue lysate (for glucose), and
then the supernatants were obtained as the samples to be tested. Stan-
dard curves were prepared using the standards, and the glucose content
of the samples to be tested was determined. A microplate reader
(SpectraMax) was exploited to measure the absorbance of the wells at
630 nm (peak absorbance). Lastly, the bicinchoninic acid (BCA) protein
assay kit was employed to determine the concentration of protein, and
the glucose content per unit of protein in the sample was computed. The
experiment was performed in triplicates.
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4.17. Detection of the intracellular NADP+/NADPH ratio

NADP+/NADPH assay kit (S0179, Beyotime) was used to evaluate
the intracellular NADP+/NADPH ratio. HepG2 cells were seeded on 6-
well plates at 1 x 10° cells per well. After 24 h incubation, cells were
treated with the different drug treatments and ultrasound radiation (1.0
W/cm?, 50 % duty cycle, 30 s, 1 MHz, KL concentration = 67.72 uM) for
12 h. NADP+/NADPH extract was incorporated after being rinsed with
PBS and then gently blown to facilitate cell lysis. Centrifugation was
then performed at 4 °C and 12,000 g for 5 min, and the supernatants
were collected as samples for testing. Subsequently, 50 uL of the sample
was pipetted into a 96-well plate for measurement. Afterwards, 100 pL
of G6PDH working solution was added and incubated for 10 min at
37 °C, protected from light. Subsequently, 10 uL of color development
solution was added, and the total amount of NADPH and NADP + was
measured at 450 nm (peak absorbance) using a microplate reader
(SpectraMax). Next, the sample to be tested was heated in a 60 °C water
bath for 30 min to remove NADP+, resulting in a new sample for testing.
The amount of NADPH was then measured using the same method
described above. Finally, the protein concentration was determined
using a BCA protein assay kit, and the NADP+/NADPH ratio was
calculated.

4.18. Detection of the expression of F-actin

HepG2 cells were inoculated at 1 x 10° cells per well on 24-well
plates. Cells were exposed to various drug treatments and ultrasonic
radiation (1.0 W/cm?, 50 % duty cycle, 30 s, 1 MHz, KL concentration =
67.72 uM) for 12 h following incubation for 24 h. Following a PBS wash,
the cells were fixed with 4 % paraformaldehyde for 10 min at ambient
temperature. The aforementioned fixed cells were then incubated for 30
min at ambient temperature in the dark following PBS washing with
DAPI (Blue) and F-actin (Green) and then observed by CLSM.

4.19. Western blot

Western blot analysis was performed to evaluate the levels of
SLC7A11 in HepG2 and Hepa 1-6/luc cells. To evaluate occurrence of
disulfidptosis, HepG2 cells were inoculated on 6-well plates at 1 x 10°
cells per well. Cells were exposed to various drug treatments (PBS,
ICG@C3F8 NBs + US (SDT group), ICG@C3F8-KL NBs, ICG@C3F8-KL
NBs + US (SDT + KL), ICG@C3F8 NBs + US (SDT group), ICG@C3F8-
KL NBs, ICG@C3F8-KL NBs + DTT + US (SDT + KL + DTT) and KL
for 24 h. The ultrasonic radiation was 1.0 W/cm?, 50 % duty cycle, 30s,
1 MHz, KL concentration = 67.72 pM, DTT concentration = 5 mM).
Following treatment, the cells underwent three PBS washes for WB to
measure the expression of FLNA, TLN1, and MYH9 proteins (Immuno-
way Biotechnology Co. LTD).

4.20. Rna-seq analysis

4.20.1. Data collection

TCGA-LIHC transcriptome data, along with the corresponding clin-
ical information, were downloaded from TCGA (https://cancergenome.
nih.gov). Gene expression profiles of the transcriptome of GSE14520
and corresponding clinical data were derived from GEO (https://www.
ncbi.nlm.nih.gov/geo/).

4.20.2. Differentially expressed genes (DEGs) analysis

The edgeR R package was used to identify differentially expressed
genes (DEGs) between the treatment and control groups (group SDT +
KL1 vs. NC1, group SDT + KL2 vs. NC2), with screening criteria of |
log2FC| > 1 and p.adjust < 0.05. The overlapping DEGs of the two
groups of differential genes were called disulfide apoptosis-related genes
(DFPRGs) for subsequent analysis.
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4.20.3. Identification of disulfidptosis subtypes

We obtained the expression levels of DFPRGs in LIHC from the TCGA
cohort for subsequent analysis. To identify the disulfidptosis subtypes
(class1/class2), hierarchical clustering of LIHC was performed accord-
ing to the DFPRGS expression pattern in each sample. The analysis was
implemented employing the unsupervised clustering “Pam” method
based on the Pearson and Ward linkage, realized with the software
package “ConsensusClusterPlus”R [36].

4.20.4. Gene set enrichment analysis (GSEA)

A GSEA was conducted to investigate the possible mechanisms of the
disulfidptosis subtypes. Gene sets containing KEGG, broad hallmarks,
and Reactome pathways were obtained from the MSigDB database of
Broad Institute. The genes with varying expression levels in the class 1
and class 2 groups were then employed to create a ranked gene list.
GSEA was carried out utilizing the clusterProfiler R package with 1000
permutations [37]. Afterward, the multiple tests were adjusted to con-
trol for FDR with the Benjamini-Hochberg procedure.

4.20.5. Correlation between disulfidptosis subtypes and tumor infiltration
microenvironment

To analyze the association between tumor immune infiltration and
disulfidptosis subtypes, this study quantified immune infiltration scores
using four methods: MCP-counter, Cibersort, TIMER, and xCell, imple-
mented via the IOBR R package [38]. Additionally, the ESTIMATE R
package was used to calculate the stromal and immune scores of LIHC.
The response to PD-1 blockade was then predicted by GSEA using an 18-
gene T cell inflammatory gene expression profile (GEP).

4.20.6. Construction and validation of prognostic models

To identify genes associated with disulfidptosis subtypes, we first
divided LIHC patients into class 1 and 2 groups. We then used the limma
R package [39] to determine DEGs. The genes with an adjusted p-value
of less than 0.05 by the Benjamin and Hochberg were determined to be
genes that were significantly different between both disulfiram sub-
types. Genes linked to prognosis were then screened through two ma-
chine learning approaches. Specifically, (1) LASSO regression was
utilized to filter the genes with the optimal prediction results, thus
narrowing the range of candidate genes, and the regression shrinkage
parameter was determined using 10-fold cross-validation. (2) The
random forest method was used to screen features. First, a certain
number of samples (called the in-bag sample set) were selected from the
sample set to train the decision tree in the random forest. This method
constructed 10,000 decision trees, and a certain number of genes were
randomly selected as classification features when constructing each
decision tree. A trained random forest model was then used to predict
the out-of-bag samples and evaluate the classification’s generalization
error. Additionally, it is crucial that the classifier can estimate the
importance score of each gene feature by predicting the out-of-bag
samples. In each iteration, we selected one-third of the least important
genes for removal to eliminate redundant information and effectively
reduce the number of features used to build the model. After each gene
deletion, we recalculated the model’s generalization error for classifying
the out-of-bag samples. To create a predictive model based on the spe-
cific activity profile of the genes in the sample, we first employed 628
important genes as features. Next, we observed a minor variation in the
model’s generalization error after each deletion of one-third of the least
important gene features. However, the error increased dramatically
when fewer than 23 genes were retained. Therefore, 23 genes relevant to
prognostic classification were selected from the 628 important genes.
Subsequently, we conducted multivariate Cox proportional hazards
regression analyses on the overlapping genes identified by random for-
est and LASSO. We developed a disulfidptosis-related prognostic risk
scoring model as follows: riskscore = > f; x E;, where p; is the coeffi-
cient of gene i in the multivariate Cox, E; representing the expression of
gene i. According to the median risk score, LIHC samples can be
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separated into two groups: high risk (> median) or low risk (< median).
Kaplan-Meier curves were exploited for survival analysis, and the log-
rank test was applied to compute p-values, which estimated the sur-
vival distribution of the two subgroups. The external validation cohort
from the GEO database confirmed the strong predictive performance of
the risk score model for patient prognosis.

4.21. Establishment of Hepal-6/luc mouse xenograft model

The mice received a subcutaneous injection of 1.5 x 10° Hepal-6/
luc cells utilizing a 100 pL solution of Matrigel and saline (1:1, v/v).
The tumor sizes of the mice increased to about 100 mm? after a week.

4.22. Biodistribution in Hepal-6/luc mouse xenograft model

Hepa 1-6/luc tumor-bearing C57BL/6 mice were then intravenously
injected with 200 pL of free ICG and ICG@C3F8-KL NBs in PBS, sepa-
rately, along with the same dose of ICG for in vivo imaging.The bio-
distribution of major organs and ex vivo fluorescent images, along with
their quantification data 48 h after injection, provided additional
confirmation of the tumor.

4.23. Inhibition of tumor growth in a Hepal-6/luc mouse xenograft
model

To assess the antitumor efficacy of ICG@C3F8-KL NBs in combina-
tion with ultrasound (US), an in vivo tumor model was established using
C57BL/6J mice. Once the tumors reached approximately 100 mm?® in
volume, mice were randomly divided into five groups: (1) PBS, (2)
ICG@C3F8-KL NBs, (3) KL, (4) SDT, and (5) SDT + KL. For treatment,
mice received intravenous injections of ICG@C3Fg-KL NBs (dose: X mg/
kg) every two days. In the US-treated groups, ultrasound irradiation
(1.0 W/em?, 1 MHz, 50 % duty cycle, 2 min) was applied 4 h post-
injection. Tumor volume was measured every four days using a digital
caliper and calculated as V = (length x width?) / 2. On day 20, IVIS
(AniView SE, Guangzhou Biolight Biotechnology Co., Ltd) was used to
calculate bioluminescence signals of tumors in vivo and then mice were
euthanized, and tumors were excised, weighed, and subjected to histo-
logical analysis.

To further evaluate the therapeutic mechanism, tumor sections were
analyzed using TUNEL staining to assess apoptosis and Ki-67 immuno-
fluorescence staining to evaluate cell proliferation. Stained sections
were visualized under a fluorescence microscope.

To assess the potential systemic toxicity of the NBs, body weights
were taken and recorded every four days, and liver and kidney function
markers were evaluated by blood samples post-treatment. Serum levels
of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine (CRE) were measured.

4.24. Histopathological analysis

The solid tumors were harvested from tumor-bearing mice of tumor
inoculation for histological observation by standard hematoxylin and
eosin (H&E) staining. For H&E staining, the excised tumor and organs
were fixed in a 4 % paraformaldehyde solution, embedded in paraffin,
sectioned, and stained with H&E.

4.25. Statistical analysis

For all statistical studies, GraphPad Prism 8.0.1 (GraphPad Software)
was utilized. Normalization or transformation was used as a pre-
processing technique for the raw data. Unless indicated in the figure
legend, data are expressed as the mean + SD from at least three inde-
pendent biological replicates. When comparing more than two or mul-
tiple groups, one-way or two-way analysis of variance (ANOVA)
together with Tukey post-hoc tests were employed, whereas an unpaired
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two-sided t-test was utilized between the two groups. Each figure or
experiment has a caption that explains the number of independent
repetitions, type of test, and significance level. The significance level
was setat p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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