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Introduction: Cell death regulation holds a unique value in the field of cancer therapy. Recently, disulfidptosis has garnered
substantial scientific attention. Previous studies have reported that sonodynamic therapy (SDT) based on reactive oxygen species
(ROS) can regulate cancer cell death, achieving an limited anti-cancer effect. However, the integration of SDT with disulfidptosis as an
anti-cancer strategy has not been extensively developed. In this study, we constructed an artificial membrane disulfidptosis sonosensi-
tizer, specifically, a nanoliposome (SC@lip) coated with a combination of the chemotherapy medicine Sorafenib (Sora) and
sonosensitizer Chlorin e6 (Ce6), to realize a one-stop enhanced SDT effect that induces disulfidptosis-like cancer cell death.
Methods: Sorafenib and Ce6 were co-encapsulated into PEG-modified liposomes, and SC@Lip was constructed using a simple rotary
evaporation phacoemulsification method. The cell phagocytosis, ROS generation ability, glutathione (GSH) depletion ability, lipid
peroxidation (LPO), and disulfidptosis-like death mediated by SC@Lip under ultrasound (US) irradiation were evaluated. Based on
a 4T1 subcutaneous tumor model, both the in vivo biological safety assessment and the efficacy of SDT were assessed.

Results: SC@Lip exhibits high efficiency in cellular phagocytosis. After being endocytosed by 4T1 cells, abundant ROS were
produced under SDT activation, and the cell survival rates were below 5%. When applied to a 4T1 subcutaneous tumor model, the
enhanced SDT mediated by SC@Lip inhibited tumor growth and prolonged the survival time of mice. In vitro and in vivo experiments
show that SC@Lip can enhance the SDT effect and trigger disulfidptosis-like cancer cell death, thus achieving anti-tumor efficacy both
in vitro and in vivo.

Conclusion: SC@Lip is a multifunctional nanoplatform with an artificial membrane, which can integrate the functions of sonosensi-
tization and GSH depletion into a biocompatible nanoplatform, and can be used to enhance the SDT effect and promote disulfidptosis-
like cancer cell death.
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Introduction

Cell death is a fundamental biological process that usually includes necrotic death, apoptosis, pyroptosis, autophagy,
ferroptosis, and disulfidptosis." ™ Recently, as a non-apoptotic cell death mechanism, disulfidptosis has garnered
significant attention in the field of cancer treatment due to its cytotoxic effect on cancer cells.”® Disulfidptosis is
a cell death mode caused by disulfide stress, which is induced by the accumulation of cystine or other disulfides in cells.’
In general, Nicotinamide adenine dinucleotide phosphate (NADPH) provides reducing power to counteract disulfide
stress and maintain cellular homeostasis.”® However, under certain conditions such as oxidative damage or reduced GSH
levels, intracellular NADPH is excessively consumed, leading to the accumulation of disulfide compounds. This, in turn,
triggers the formation of disulfide bonds between actin cytoskeleton proteins, resulting in the collapse of the actin
filament (F-actin) network, ultimately leading to disulfidptosis.””"'® During this process, the accumulation of LPO caused
by excessive ROS in cells is considered a sign of NADPH consumption, and the accumulation of cystine is the main
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factor inducing disulfidptosis.>'"'? Therefore, adopting effective strategies to increase the intracellular ROS level in
cancer cells to induce disulfidptosis efficiently may provide a promising strategy in anti-cancer research.

In recent years, more and more studies have reported therapeutic methods based on ROS,"? such as Chemodynamic Therapy
(CDT),14 Photodynamic Therapy (PDT),'® and SDT'® for treating different types of cancer. As a non-invasive cancer treatment
modality, the mechanism of SDT is still unclear, but it is thought that it maybe related to US-mediated activation of sound-
sensitive agents to produce ROS in cancer cells.'” Compared with PDT, SDT has many advantages, such as being non-invasive
and having a higher penetration depth, which provides new opportunities for the traditional treatment of deep tumors.'’
Although a large number of studies have confirmed the feasibility of using SDT in various tumor models, the therapeutic effect
of SDT in vivo is still limited.'® Nanotechnology provides an effective strategy to improve the therapeutic effect of SDT by
enhancing ultrasonic cavitation, improving the delivery of sonosensitizers, and regulating the tumor microenvironment
(TME).'*?° Therefore, progress in the field of nanotechnology has increased the application potential of SDT.'® In addition,
the exogenous ROS produced by nano-sonosensitizers in the SDT process can cause lipid peroxidation and then induce cell
death.?'** Moreover, the integration of SDT and lipid peroxidation injury can bypass the apoptosis pathway and thus overcome
the inherent resistance of some tumors to apoptosis. However, this strategy has not been developed to a large extent.

SLC7A11 (soluble carrier family 7, member 11, also known as xCT ) protein is a key component of the cystine/glutamate
amino acid reverse transporter (System Xc ). *° As a type of cystine transporter, SLC7A11 is used to capture and transport
cystine from outside into intracellular matrix.>**%?” Researchers found that overexpression of SLC7A11 can trigger disulfide
bond stress and subsequent cell death.”**?” In other words, SLC7A11 is the central regulator of disulfidptosis, and as a key

H,12’24’28 which is considered an

regulator, it is responsible for manipulating the input of cystine and the biosynthesis of GS
electron donor in this process. Generally speaking, GSH is highly concentrated (10 mM) in tumor cells, which is more than
four times the concentration in normal cells.”2° Elevated GSH levels protect cells from external oxidative stress by
maintaining redox balance.*® Therefore, it is a feasible strategy for cancer therapy to deplete intracellular GSH, promote
ROS-induced LPO, and increase intracellular disulfide accumulation, such as cystine. Sorafenib is a multi-targeted anticancer
chemotherapy medicine that triggers a cascade reaction involving the regulation of redox reaction and apoptosis in cancer
cells.*'*? In addition, Ce6, as a sonosensitizer with a porphyrin ring structure, is considered to be a highly active oxygen-
producing reaction catalyst under US radiation.*~* Although many anti-cancer studies based on chemotherapeutic medicine
combined with sonosensitizer have been reported, no cases of its regulation of disulfidptosis have been reported yet.

Here, we report an SDT sonosensitizer based on Sorafenib-Ce6 nanoliposome (named SC@Lip), which has strong
ROS production ability and induces the overexpression of SLC7A11, leading to disulfidptosis. According to our design,
the chemotherapy drug Sorafenib and Ce6 were loaded into nanoliposomes. US irradiation endows SC@Lip with the
ability of selective accumulation and deep penetration in tumor tissues. We expect that SC@Lip can achieve the anti-
cancer effect of SDT by scavenging GSH and accumulating LPO, while inducing disulfidptosis. In the TME (Figure 1),
the constructed Nano-SC@Lip, as a sonosensitizer, produces a large amount of ROS under ultrasonic irradiation, which
induces the abundant production of LPO in cells and finally promotes the accumulation of disulfide stress. At the same
time, SC@Lip depletes GSH in cells through US irradiation, which greatly increases the expression of SLC7A11 protein
in cancer cells. The expression level of SLC7A11 determines the susceptibility of cancer cells to oxidative stress. In other
words, the excessive expression of SLC7A11 protein causes tumor cells to suffer from peroxide damage, which leads to
the cell’s inability to transport cystine and the accumulation of disulfide. With the formation of disulfide bonds, the
migration of actin cytoskeleton protein is interrupted, and F-actin contracts and separates from the cell plasma
membrane, which eventually leads to disulfidptosis-like cancer death. Our research emphasizes that the synthesized
the SC@Lips aim at integrating the function of sonosensitizer and glutathione depletion into a biocompatible nanoplat-
form, which can be used to enhance SDT effect and promote disulfidptosis-like cancer cell death.

Materials and Methods

Materials and Agents
1,2-dipalmitoyl-sn-glycerol-3-phosphatidylcholine(DPPC),1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol) —2000 (DSPE-mPEG2000), and cholesterol are from Ruixi Biotechnology (Xi’an,
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Figure | The synthetic components of lipid sonosensitizer -SC@Lip, and the schematic diagram of its mechanism for realizing SDT anticancer effect and inducing
disulfidptosis-like cancer cell death.

China). Chloroform was purchased from Chuandong Chemical Co.Ltd. (Chongqing, China). Sorafenib (Sora), Chlorin e6
(Ce6) and Perfluorohexane (PFH) were purchased from Aladdin. (Shanghai, China) 1, 3-diphenylisopropylfuran (DPBF)
and methanol were purchased from Macklin Biochemical Co. Ltd. (Shanghai, China). Singlet oxygen sensor green
fluorescent probe (SOSG) is from Invitrogen. (California, USA). Phosphate Buffered Saline (PBS), RPMI 1640 medium,
4T1 cell line and 4T1 special medium (CM-0007) was purchased from Procell (Wuhan, China). Calcein-acetoxymethyl
ester (Calcein-AM), propidium iodide (PI), 4°,6- diamidino-2-phenylindole (DAPI), 2°,7°-Dichlorodihydrofluorescein
diacetate (DCFH-DA) kit and Actin-Tracker Green-488 were purchased from Beyotime biotechnology. (Shanghai,
China). Reduced GSH content detection kit was purchased from Solarbio (Beijing, China). Lipid peroxidation probe-
BDP 581/591C11 reagent comes from Dongren Chemical Technology (Shanghai, China). Annexin V-FITC/PI apoptosis
detection kit was purchased from 4A Biotech (Suzhou, China). Anti-xct/SLC7A11 mouse monoclonal antibody [A7C6]
was purchased from HuaAn Bio. (Hangzhou, China). Goat anti Mouse I1gG H&L (Alexa Fluor 555) second antibody was
from Abcam (Waltham, the USA).
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Synthesis of SC@Lip

SC@Lip was prepared by a simple rotary evaporation phacoemulsification method. In summary, DPPC, DSPE-
mPEG 2000, and cholesterol were dissolved in 8 mL chloroform at a weight ratio of 6:2:2. Then, 2 mg of Sorafenib
and 2 mg of Ce6 were dissolved in 2 mL methanol and then mixed with the above solution. Then the mixture above
was placed in an ultrasonic cleaning machine so that the components were fully dissolved. Next, the mixture was
rotary evaporated for 30 minutes to evaporate the chloroform and methanol form a thin green lipid film. After that,
PBS was added, and the formed film was peeled off with ultrasonic assistance. Then, PFH (200 puL) was added to the
mixture solution, followed by sonication at a power density of 52W (5s on, 5s off) for 5 minutes. After centrifuga-
tion (8000 rpm, 5 minutes), the precipitate was collected. As for the preparation of Ce6@Lip or Sora@Lip
nanoliposome, the difference lies in the omission of Sorafenib or Chlorin e6. All liposomes are stored in a 4°C
refrigerator, closed and dark.

Characterization of SC@Lip
The morphology of the obtained SC@Lip was observed using a transmission electron microscope (TEM, Thermo Fisher
Scientific, the USA). The zeta potential and hydrodynamic diameter were measured with a Malvern Zetasizer Nano
Series (the UK). UV-Vis-NIR detection was carried out using a microplate reader, SpectraMax M3 (the USA). The drug
loading rates and entrapment efficiency rates were tested by High Performance Liquid Chromatography (HPLC),
specifically using the SHIMADZU LC-20A machine (Japan).

For ROS detection: Add 1.3-diphenylisobenzofuran (DPBF) solution (final working concentration is (10 mM) into
a Ce6@Lip solution (50 pg/mL) in a 6-well plate and mix thoroughly. Next, the mixture was stimulated with an
ultrasound therapy instrument, Nu-Tek UT1021 (Shenzhen, China). This instrument was used in all experiments of this
study. Ultrasonic parameters were set to 2.0 W/em? 1.0 MHz, 50% duty cycle, for 1, 2, 3, 4, and 5 minutes. After that, the
absorbance was recorded at 410 nm using an enzyme-labeled instrument. Add Singlet Oxygen Sensor Green Fluorescent
Probe (SOSG)solution (final working concentration of is 5 nM) into a Ce6@Lip solution (50 pg/mL), treat the mixture as
above, and then use a fluorescence spectrophotometer, Agilent Cary Eclipse 5000 (the USA), to record the fluorescence
spectrum of SOSG to detect Singlet Oxygen ('0,) production.

Cell Culture
Using 4T1 special medium, 4T1 cells were cultured and placed at 37°C in a 5% CO, atmosphere. Once high-density
logarithmic growth of the cells was observed, they were digested with 0.25% trypsin solution for subsequent use.

Application Proportion of SC@Lip and Ultrasonic Parameter Selection
To select the optimal application ratio of SC@Lip, 4T1 cells were cultured in 6-well plates at a density of 1x10° cells per
well for subsequent experiments.

In the experiment to determine the optimal ultrasonic actuation time and power. Liposomes were added to a 6-well
plate at a drug concentration of 250 pg/mL. SC@Lip and incubated with the cells for 12 hours. In particular, all
therapeutic liposomes concentrations refer to the concentration of liposomes in this study. Subsequently, the 4T1 cells
were treated with ultrasonic actuation time and power gradients: 0 W/em?, 0.5 W/em? for 10s, 0.5 W/em? for 30s, 0.5 W/
cm? for 60s, 1 W/em? for 10s, 1 W/em? for 30s, and 1 W/cm? for 60s.

In the experiment to determine the optimal liposome concentrations. SC@Lip were added to the cells in the 6-well
plate at the concentration (0 pg /mL, 50 ug/mL, 125 pg/mL, 250 ug/mL, and 500 pg/mL SC@Lip and 250pg/mL empty
liposomes, named as Lipo). The incubation time was 12 hours, Then, the 4T1 cells cocultured with SC@lip were
irradiated with ultrasound (0.5 W/cm?, 30s).

Finally, all the cells above were collected simultaneously, stained with Calcein-AM according to the instructions. The
calcein-AM reagent was diluted 1000 times volume with PBS and incubated with cells at 37 °C for 30 min protected
from light. The cells were then detected by CytoFLEX flow cytometer (Beckman Coulter, USA).

8932 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xiang et al

Intracellular Phagocytosis of SC@Lip and It’'s Therapeutic Effect in vitro
Intracellular phagocytosis of SC@Lip was monitored using a confocal laser scanning microscope (CLSM, Nikon, Japan).
4T1 cells in the logarithmic growth phase were cultured overnight in confocal dishes, and subsequently, the culture
medium in each dish was replaced with medium containing SC@Lip (50pg/mL). After various time intervals (0, 2, 4, 8,
and 12 hours), the cells were washed with PBS and promptly fixed with 4% paraformaldehyde for 15 minutes. Finally,
the nuclei of the 4T1 cells were labeled with DAPI for observation under the CLSM.

To evaluate the in vitro sonodynamic therapeutic effect of SC@Lip, 4T1 cells were inoculated in 6-well plates at
a density of 1x10° cells per well and cultured overnight. The cells were then divided into six groups: (I) untreated cells
(Control), (II) Empty liposomes (Lipo), (IIT) Sora@Lip, (IV) SC@Lip, (V) Ce6@Lip + US, and (VI) SC@Lip + US, to
compare the survival status of cells following different treatments. Cells in groups (II) to (VI) were incubated with
nanoliposomes (250ug/mL) for 12 hours. Subsequently, the cells in groups (V) and (VI) were irradiated with ultrasound
at 0.5 W/em? for 30 seconds. After treatment, all cells were collected and stained with Annexin V-FITC/PI according to
kit instructions to assess the cell survival rate using CytoFLEX flow cytometer (FCM). Additionally, Repeat the above
steps, following staining with Calcein-AM/PI (dilution volume ratio is 1:1000), the CLSM was utilized to distinguish
dead cells (red fluorescence) from living cells (green fluorescence).

Measurement of ROS, GSH and LPO in Cells After SDT Effect Mediated by SC@Lip
4T1 cells were inoculated into a confocal culture dish for 24 hours and the cells were then divided into six groups: (I) untreated
cells (Control), (IT) Lipo, (IIT) Sora@Lip, IV) SC@Lip, (V) Ce6@Lip + US, and (VI) SC@Lip + US, to compare the survival
status of cells with different treatments. Cells in groups (II) to (VI) were incubated with nanoliposomes (250pg/mL) for 12
hours. Subsequently, the cells in groups (V) and (VI) were irradiated with ultrasound (0.5 W/em?,30s).

To detect intracellular ROS, the Serum-free -RPMI 1640 medium was supplemented with DCFH-DA reagent (final
working concentration of is 10 uM), and the cells in the aforementioned groups were incubated for 30 minutes.
Afterward, the fluorescence signal of the cells at 488 nm was detected using CLSM. Furthermore, the fluorescence of
DCFH-DA in the cells was also quantified using FCM for quantitative analysis.

To assess the level of GSH consumption in cells, 4T1 cells were seeded in T75 cell culture bottles (2 x 107 cells per
bottle) overnight. All the 4T1 cells were then divided into five groups: (I) untreated cells (Control), (I) Sora@Lip, (III)
SC@Lip, (IV) Ce6@Lip + US, and (V) SC@Lip + US. Cells in groups (II) to (V) incubated with nanoliposomes (250pg/
mL) for 12 hours. Afterward, the cells in group (IV) and (V) were irradiated with ultrasound (0.5 W/cm?,30s) and then
washed three times with PBS, collected, and subjected to ultrasound (200 W, on 3s, off 10s, 30 cycles). The supernatant
was then analyzed for GSH levels using HPLC (SHIMADZU LC-20A).

For further intracellular lipid peroxidation (LPO) evaluation, the cells were treated similarly to the ROS detection
procedure. Subsequently, the culture medium (dilution volume ratio is 1:1000) was supplemented with Lipid
Peroxidation Probe -BDP C11 reagent, and the cells were cultured for 30 minutes. After washing with PBS, the cells
were examined under CLSM with excitation/emission wavelengths of 581/591 nm.

Determination of SLC7AI| Protein Expression in Cells and Cell Cytoskeleton After
SDT Effect Mediated by SC@Lip

4T1 cells were inoculated into a confocal culture dish for 24 hours and the cells were subsequently divided into six
groups: (I) untreated cells (Control), (IT) Lipo, (IIT) Sora@Lip, (IV) SC@Lip, (V) Ce6@Lip + US, and (VI) SC@Lip +
US, to compare the SLC7A11 protein expression and cell cytoskeleton in cells following different treatments. Cells in
groups (II) to (VI) were incubated with nanoliposomes (250ug/mL) for 12 hours. Subsequently, the cells in groups (V)
and (VI) were irradiated with ultrasound (0.5 W/cm?30s).

After the treatment, the cells were washed with PBS and immediately fixed with 4% paraformaldehyde for 15
minutes. The cell dishes were then incubated with SLC7A11 antibody (dilution volume ratio is 1:500) overnight. The
following day, the cells were incubated with the secondary antibody (dilution volume ratio is 1:1000), abcam IgG H&L
(Alexa Fluor 555) at room temperature for 30 minutes. Finally, 4T1 cell nuclei labeled with DAPI, and the 4T1
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cytoskeleton protein, F-actin labeled with Actin-Tracker Green-488 (dilution volume ratio is 1:100) for observation under
CLSM.

Establishment of Animal Tumor Models

Balb/c female mice (6-8 weeks old) were purchased from the Experimental Animal Center of Chongqging Medical
University. All animal procedures adhered to the guidelines of the Animal Care Ethics Committee of Chongqing Medical
University (animal welfare ethics approval number: IAUC-CQMU-2024-0016). To establish a subcutaneous breast
cancer tumor model, 100 uL of 4T1 cells (1 x 10% cells/mL) were injected subcutaneously into the abdominal region
of the mice. Then monitor the size of the tumor everyday.

Evaluations of the Therapeutic Effects Mediated by SC@Lip in vivo

The experiment was conducted in two batches. When the tumor volume reached approximately 100 mm?, treatment
commenced, designated as day 0. Liposomes were injected on days 0, 3, and 6, and ultrasound treatment was
administered on days 1, 4, and 7. The dosage was 10 mg.kg ' (nanolipsomes concentration), and the administration
route was via tail vein injection. The tumor-bearing mice were randomly divided into five groups (n = 5 per group): 1)
PBS (Control); II) Sora@Lip; III) SC@Lip; 1V) Ce6@Lip + US; V) SC@Lip + US. Following the injection of
nanoliposomes, the tumor areas of mice in groups IV and V were exposed to ultrasound irradiation (2 W/cm?, 3 min).
During the follow-up period, the weight and tumor volume of the mice were measured every two days. When the tumor
volume exceeded or equaled 1500 mm?, the follow-up was terminated, and the mice in one batch were euthanized. Tumor
tissues were collected, fixed with 4% paraformaldehyde, sent to Ultron Biotechnology Co., LTD (Chengdu, China). H&E
staining, immunofluorescence staining (TUNNEL, PCNA) and immunohistochemistry (SLC7A11 protein) were per-
formed after standard operation procedures such as dehydration, embedding, section, dewaxing dehydration, staining,
sealing and observed by fluorescence biological microscope MF-23-M (Mshot Photoelectric Technology Co., LTD,
Guangzhou, China). The remaining batch continued to measure tumor size to the endpoint for Kaplan-Meier simple
survival analysis.

Biosafety Assessment of SC@Lip

Healthy Balb/c mice were treated with SC@Lip (10 mg.kg ") via tail vein injection. Blood samples from the mice were
collected at various time points (day 1, 3, 7, 14, and 21) for hematological analysis and biochemical detection. For the
control group, mice were treated with 200 pL of PBS using the same administration method. Additionally, the primary
organs were submitted and fixed with 4% paraformaldehyde, also sent to Ultron Biotechnology Co., LTD for H&E
pathological analysis.

Biological Distribution of Liposomes of SC@Lip

Eighteen Balb/c tumor-bearing mice were randomly divided into 6 groups, with 3 mice in each group. One group served
as the control group, while the others were experimental groups. The experimental groups received a tail vein injection
with SC@Lip (10 mg.kg™"). One group of mice was randomly euthanized at 4, 8, 12, 24, and 30 hours post-injection,
respectively. The control group was injected with an equal volume of PBS and then euthanized. The tumor tissues and
major organs (heart, liver, spleen, lungs, and kidneys) were completely excised and immediately imaged using an
AniView100 Pro fluorescence imaging system (Biolight Biotechnology, Guangzhou, China) for ex vivo tissue fluores-
cence imaging. Subsequently, quantitative analysis of tissue fluorescence intensity was performed (Ce6 excitation/
emission wavelengths: 675/760 nm).

Statistical Analysis

All data are expressed as mean =+ standard deviation. Analysis of variance between two or more groups. The data were
analyzed according to Tukey’s multiple comparisons test. The data is considered significant at P < 0.05. The standard
symbols are * p < 0.05, * * p < 0.01 and * * * p <0.001, * * * * p < 0.0001.
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Results and Discussion
Characterization of SC@Lip

SC@Lip was synthesized using rotary evaporation phacoemulsification method. TEM images reveal that the synthesized
SC@Lip exhibits a regular and uniform spherical structure (Figure 2A). The prepared SC@Lip is well dispersed and
appears as a dark green suspension (Figure 2B). We analyzed the UV-vis spectra of all the components involved in the
synthesis of SC@Lip (Figure 2C). Based on the ultraviolet spectra obtained for various concentrations of Sorafenib
(Figure S1) and Ce6 (Figure S2), we determined that Sorafenib has a characteristic UV absorption peak at approximately
290 nm, while Chlorin e6 has two characteristic UV absorption peaks at 400 nm and 650 nm, respectively. As is evident
from Figure 2D, the spectrum of SC@Lip displays three distinct characteristic bands around 290 nm, 400 nm, and 650
nm, indicating the successful loading of Sorafenib and Chlorin e6.

Using dynamic light scattering (DLS), we measured the average hydrodynamic diameter of SC@Lip to be 258.03 nm
+ 0.54 nm (PDI: 0.097 = 0.06) (Figure 2E), and the surface zeta potential to be approximately 27.2 mV £ 5.99 mV. The
stability of SC@Lip was investigated by monitoring the hydrodynamic diameter of the liposomes over time. Figure 2F
demonstrates that the size remained largely unchanged within 28 days, indicating that SC@Lip possesses good colloidal
stability. In addition, by analyzing the HPLC standard chromatograms of Sorafenib (Figure S3) and Chlorin e6 (Figure
S4) at 50 ppm, we determined the optimal detection wavelength (264 nm for sorafenib and 406 nm for Chlorin e6) and
retention time (9.8 min for Chlorin €6 and 17.5 min for Sorafenib). Based on these findings, we established the detection
method. The HPLC standard curves for Sorafenib was Y=126.246X-2768.03, R2=0.9996 (Figure S5) and for Chlorin E6
was Y=237.512X-14192.9, R2=0.9995 (Figure S6) by analyzing various concentrations of each standard solution.
Utilizing these HPLC standard curves for Chlorin E6, we quantified its content in the supernatant. According to the
following equation:
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Figure 2 Characterization of SC@Lip. (A) TEM image of SC@Lip (scale bar: 600nm, 200 nm). (B) Digital photos of Sora@Lip, Ce6@Lip and SC@Lip. (C) UV-Vis-NIR
absorption spectra of Lipo, Sorafenib, Ce6, Sora@Lip, Ce6@Lip and SC@Lip. (D) UV-Vis-NIR absorption spectra of Sorafenib, Ce6, and SC@Lip. (E) Hydrodynamic
diameter of SC@Lip. (F) Hydrodynamic diameter of SC@Lip in 28 days. (G) Drug loading rate and entrapment efficiency of Sorafenib and Ceé in SC@Lip. (H) DPBF
absorption curve and (I) SOSG fluorescence spectrum of SC@Lip under US irradiation.
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Encapsulation efficiency = (quality of drug input - quality of drug in supernatant)/quality of drug input x100%

Drug loading = (quality of drug input - quality of drug in supernatant)/total mass of liposomes x100%

We calculated that the loading of Ce6 in SC@Lip liposomes was 11.87% + 0.1% (w/w), with an encapsulation
efficiency (EE) of 67.33% + 0.2% (Figure 2G). Similarly, we determined the drug loading of Sorafenib to be 16.02% +
0.09% (w/w), with an EE of 95.35% + 0.12% (Figure 2G).

Both Ce6 and Sorafenib are hydrophobic drugs with low bioavailability. However, the SC@Lip nanoliposomes exhibit
a good encapsulation efficiency for both Sorafenib and Ce6. Their nanosize enables them to penetrate tumors in large
quantities through the enhanced permeability and retention (EPR) effect.’>~*%37 To validate the ROS-generating capability of
our synthesized liposomes, we conducted relevant experiments using DPBF and the SOSG probe.
1.3-Diphenylisobenzofuran (DPBF) is a fluorescent probe which, for almost 20 years, was believed to react in a highly
specific manner toward some reactive oxygen species such as singlet oxygen and hydroxy, alkyloxy or alkylperoxy radicals.
After DPBF is irreversibly oxidized by ROS, and the absorbance of UV-visible light at 410 nm is rapidly reduced, which can
be used as a ROS indicator.®® Singlet oxygen is a kind of ROS. when 'O, reacts with SOSG to form SOSG endoperoxide
(SOSG-EP), the internal electron transfer is prevented, and the fluorescence at ex/em 504/525 nm can be increased.”® As
shown in Figure 2H, Ce6@Lip After ultrasonic irradiation, the absorbance of 410 nm showed a significant decreasing trend
with the extension of ultrasonic irradiation time, while the absorbance of 410 nm did not decrease significantly without
ultrasonic irradiation. After ultrasonic irradiation of PBS, the absorbance of 410 nm showed a basically straight line change.
Similarly, the SOSG test analysis revealed analogous results (Figure 2I), Ce6@Lip After ultrasonic irradiation, the
fluorescence intensity of SOSG increased with the extension of ultrasonic irradiation time. These findings confirm that
Ce6@Lip possesses the ability to generate ROS, thereby further enhancing the efficacy of sonodynamic therapy.

Moreover, nanoliposomes can enhance solubility, permeability, and bioavailability.*” The above results indicate that
we successfully synthesized SC@Lip, which exhibits ROS production capacity. Therefore, it holds potential as
a sonosensitizer to amplify SDT’s effectiveness and can be utilized in anticancer therapy to achieve more efficient
treatment while minimizing side effects.

Application Proportion of SC@Lip and Ultrasonic Parameter Selection

To achieve an efficient and controllable therapeutic effect of SDT, it is crucial to evaluate the application performance of
nanoliposomes. Using Calcein-AM FCM, we screened for the optimal concentration of nanoliposomes as well as the
optimal ultrasonic power and duration. First we selected a concentration of SC@Lip nanoliposomes (250 pg/mL) as the
pretreatment concentration for further experiments to determine the optimal ultra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>