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Introduction: Triple-negative breast cancer (TNBC) is known to be the most aggressive form of breast cancer. Due to its high
recurrence and mortality rates, the treatment of TNBC is a significant challenge for the medical community. Besides, ferroptosis is an
emerging regulatory cell death that may provide new insights into the treatment of TNBC. As a central inhibitor of the ferroptosis
process, the selenoenzyme glutathione peroxidase 4 (GPX4) is its classical therapeutic target. However, inhibition of GPX4 expression
is quite detrimental to normal tissues. Ultrasound contrast agents, as an emerging visualization precision treatment, may provide
a solution to the existing problem.

Methods: In this study, nanodroplets (NDs) carrying simvastatin (SIM) were constructed using the homogeneous/emulsification
method. Then, the characterization of SIM-NDs was systematically evaluated. Meanwhile, in this study, the ability of SIM-NDs
combined with ultrasound-targeted microbubble disruption (UTMD) to initiate ferroptosis and its respective mechanisms of ferroptosis
induction were verified. Finally, the antitumor activity of SIM-NDs was investigated in vitro and in vivo using MDA-MB-231 cells
and TNBC animal models.

Results: SIM-NDs exhibited excellent pH- and ultrasound-responsive drug release and noticeable ultrasonographic imaging ability,
also showing good biocompatibility and biosafety. UTMD could promote increased intracellular reactive oxygen species and consume
intracellular glutathione. However, SIM-NDs were efficiently internalized into cells under ultrasound irradiation, followed by the rapid
release of SIM, which inhibited intracellular mevalonate production, and synergistically downregulated GPX4 expression, thereby
promoting ferroptosis. Moreover, this combined treatment demonstrated strong antitumor ability in vitro and in vivo.

Conclusion: The combination of UTMD and SIM-NDs presents a promising avenue for harnessing ferroptosis in the treatment of
malignant tumors.

Keywords: ultrasound-targeted microbubble disruption, nanodroplets, ferroptosis, glutathione peroxidase 4, theranostics, lipid
peroxidation

Introduction

Breast cancer is the most common diagnosed cancer in women and also the leading cause of cancer death. Triple-
negative breast cancer (TNBC) is the most aggressive type of breast cancer, occupying 10% to 20% of all cases.' Due to
the absence of the estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2) in
TNBC patients,” targeted therapies including endocrine or anti-HER2 therapies are ineffective, and chemotherapy
remains the only effective treatment option for TNBC in clinical practice,” while the prognosis remains poor. As
a result, there is an urgent need for new methodologies to treat TNBC. Several studies have indicated that patients
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with TNBC are more delicate to ferroptosis treatment,*> and numerous studies have verified that ferroptosis could
effectively hinder TNBC growth.®®

Ferroptosis, with the ability to effectively eliminate tumor cells, is an iron-dependent regulated cell death character-
ized by excessive accumulation of lipid peroxides.’'® Glutathione peroxidase 4 (GPX4), a key inhibitor of ferroptosis in
cancer cells, is essentially a selenoprotein that detoxifies lipid peroxides by using reduced glutathione (GSH) as
a cofactor.'" In addition, there is a negative correlation between high GPX4 expression levels with the prognosis of
breast cancer patients.'? Thus, inhibiting intracellular GPX4 expression triggers ferroptotic death in cancer cells while
enhancing patient prognosis.

Simvastatin (SIM) is a clinically utilized lipid-lowering medicine and a well-known inhibitor of the mevalonate
(MVA) pathway with additional anticancer effects, in accordance with clinical trial results.'*'* The MVA pathway
modulates ferroptosis development by modulating the maturation of selenocysteine tRNA.'> Therefore, SIM can lower
GPX4 synthesis by blocking the MVA pathway, which can thereby initiate ferroptosis. However, poor water solubility
and quick elimination of orally administered free SIM prevent its delivery to the tumor site at appropriate concentrations
and reduce its bioavailability.'®'” At the same time, long-term use can result in statin-associated muscular symptoms,
new-onset type 2 diabetes, and hepatic and renal damage.'®'? Therefore, it is critical to develop technical tools that can
improve drug efficacy while decreasing the risk of side effects.
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Nanocarriers have been developed as an emerging platform for more effective diagnosis and treatment of a range of
diseases and provide a promising solution to the above-mentioned problems. Recently, numerous studies on the
application of nanocarriers in ferroptosis have been published, with significant tumor suppressive effects.”* >
However, a range of biological barriers may result in relatively low delivery efficiency, which can limit site-specific
bioavailability and prevent appropriate therapeutic consequences.”> Considering the poor effectiveness of nanocarriers in
penetrating biological barriers, nanoscale ultrasound contrast agents (UCAs) have shown great promise in cancer therapy.
UCAs perform ultrasound (US) contrast imaging by the liquid-gas phase transition and improve the permeability of the
biological barrier in the presence of ultrasound-targeted microbubble disruption (UTMD).>*2¢ In addition, UTMD can
cause cellular damage by increasing intracellular reactive oxygen species (ROS) and depleting intracellular GSH.?”®
However, till the present, there are few studies on the application of UCAs in ferroptosis.

To induce the ferroptosis process more efficiently and improve the ability to kill tumor cells, we designed SIM-loaded
nanodroplets (NDs) with dual responsiveness (ie, US-responsive and pH-responsive) to enhance the specific aggregation
of NDs in tumor tissues and can also achieve contrast-enhanced ultrasound imaging (CEUI) under the effect of US
irradiation. In addition, SIM-NDs enhanced drug penetration in tumor tissues under the action of US, and then SIM and
UTMD reduce selenocysteine and GSH (the two components on which GPX4 depends to function), respectively.
Moreover, this combination strategy synergistically promoted the onset of the ferroptosis process, ultimately achieving
inhibition of tumor progression. Our results could demonstrate that combination therapy has the potential to be a highly
effective antitumor therapy and also promises to provide a novel therapeutic technological tool for the application in

ferroptosis treatment of tumors.

Materials and Methods

Materials

SIM and lecithin were provided by Macklin (Shanghai, China). O-carboxymethyl chitosan (O-CMC) was supplied by
Santa Cruz (TX, USA). Perfluorohexane (PFH) was achieved from Aladdin (Shanghai, China). Tween 20 was supplied
by Solarbio (Beijing, China). Mevalonic acid was achieved from Sigma-Aldrich (St Louis, MO, USA). ROS inhibitor
(NAC) was obtained from Beyotime (Shanghai, China). Matrigel was achieved from Corning (New York, USA). An anti-
GPX4 antibody was supplied by Abcam (Cambridge, UK). An anti-GAPDH antibody was supplied by BOSTER
(Wuhan, China). Anti-Ki67 antibody was supplied by Servicebio (Wuhan, China).

The Cell Culture Experiments in vitro

The triple-negative breast cancer (TNBC) cell line MDA-MB-231 was originally obtained from ScienCell (California,
USA) and was incubated in DMEM medium containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at
37 °C in a humidified incubator containing 5% CO2. The cell experiments were classified into the following groups:
Control, NDs, NDs+US, SIM, SIM-NDs, and SIM-NDs+US. (SIM concentration: Sug/mL, The concentration of NDs
was 20 pg/mL, and the concentration of SIM-NDs was 20 pug/mL. US irradiation: 0.5 W c¢m-2, 60s, 1.0 MHz.)

The Tissue Culture Studies Using Animal Models

Animal experiments were approved by the Research Ethics Committee of Qilu Hospital of Shandong University. Female BALB/c
nude mice (45 weeks) were supplied by GemPharmatech (Jiangsu, China). The BALB/c nude mice were given unlimited water
and food and were also subjected to a daily circadian rhythm of 12 h of light and 12 h of darkness. The tumor model was
constructed by injecting MDA-MB-231 cell suspension (2x10”) with matrigel into the right back of BALB/c nude mice.

The Preparation of Nanodroplets and Simvastatin-Loaded Nanodroplets

The emulsion homogenization technique was applied to prepare NDs or SIM-NDs. PFH, Tween 20, and lecithin were added to
double-distilled water and were sonicated at 100 W for 5 min (10s working and 10s resting alternately) using an ultrasonic cell
crusher (UP-250, Scientz, China). Subsequently, an aqueous solution of O-CMC with or without SIM was added dropwise to the
above system. Then, it was sonicated once more for 5 min (the same parameters as above). Next, the mixture was centrifuged for 5

International Journal of Nanomedicine 2023:18 hetps: 2039
Dove:


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

Liu et al Dove

min at 300 rpm. After gathering it, the intermediate layer was spun at 12,500 rpm for 10 min. NDs or SIM-NDs were the
precipitates. For later usage, the obtained NDs or SIM-NDs were washed with PBS for 3 times to remove free SIM and impurities.
At the same time, the purifications of NDs or SIM-NDs were thoroughly mixed in PBS and stored at —20 °C.

The Characterization of Simvastatin-Loaded Nanodroplets

The morphology of SIM-NDs was evaluated using transmission electron microscopy (TEM; JEM-1400FLASH, JEOL,
Tokyo, Japan). The hydrodynamic particle size and zeta potential of SIM-NDs were determined using Dynamic Light
Scattering (DLS) (Zetasizer-Nano-ZS, Malvern, UK).

A UV-vis spectroscope (DS-11+Spectrophotometer, DeNovix, Wilmington, USA) operating at 238 nm was used to calculate
the entrapment efficiency (EE) and loading efficiency (LE) of SIM in SIM-NDs. The formulas are as follows: EE = Mass of SIM
in NDs/Mass of SIM provided x 100%; LE = Mass of the SIM in NDs/Total mass of SIM-NDs x 100%.

The dialysis approach was adopted for investigating the drug release profiles from SIM-NDs. To determine the pH
responsiveness, 2 mL of SIM-NDs solution was placed in dialysis bags (molecular weight cut-off 3500, Sigma, MO,
USA), and incubated in PBS buffer (50 mL) with two different pH values (pH 6.5 and pH 7.4). At various time intervals,
1 mL of the solution was taken and replaced with an equal amount of PBS. The amount of SIM released was determined
by UV-vis spectroscope. SIM cumulative release (%) = the amount of SIM released/ the amount of SIM encased in SIM-
NDs x 100%. In addition, the US-responsive release profile was performed by dispersing SIM-NDs with or without US
irradiation in dialysis bags, with subsequent treatments as described above.

The Cellular Uptake Ability of Simvastatin-Loaded Nanodroplets
Cells were seeded in 24-well plates and cultured with a medium containing Dil-labeled SIM-NDs. After 30 minutes, one group of
cells was treated with US irradiation. Cells were washed and fixed. US-responsive uptake of SIM-NDs by cells was evaluated by
fluorescence microscopy (Eclipse Ti2, Nikon, Tokyo, Japan) and flow cytometry (FCM) (CytoFLEX S, Beckman, USA).

To assess the pH-responsive uptake of SIM-NDs by cells, Dil-labeled SIM-NDs dispersed at different pH (pH 6.5 and
pH 7.4) were then co-cultured with cells in serum-free medium with different pH (pH 6.5 and 7.4) for 2 h. Subsequent
operations were carried out as previously mentioned.

Contrast-Enhanced Ultrasound Imaging of Simvastatin-Loaded Nanodroplets

SIM-NDs sample solutions were injected into latex glove fingertip examination models, which were then immersed in
a 37°C water bath, followed by CEUI to assess the ultrasound capacity of SIM-NDs. Following the administration of
anesthesia to BALB/c nude mice bearing tumors, CEUI was performed in vivo. BALB/c nude mice bearing tumors were
injected 200 puL of SIM-NDs or PBS through the tail vein and sonicated. Then, the US probe was positioned on the
tumor’s surface. A clinical ultrasound system (LOGIQ E9; GE, USA) and a 9L linear transducer were used.

Western Blotting

Intracellular proteins were extracted after MDA-MB-231 cells were subjected to various treatments for 24 h. SDS-PAGE
was used to separate the proteins, which were then transferred to PVDF membranes. Based on the molecular weight of
the protein, the membrane is sliced to the appropriate width. The primary antibody was incubated overnight at 4 °C,
followed by the secondary antibody the next day. Then, the bands were observed using chemiluminescence equipment.

Transmission Electron Microscope Imaging of Simvastatin-Loaded Nanodroplets

After receiving various treatments for 24 h, MDA-MB-231 cells were collected, added to 2.5% glutaraldehyde fixative,
and placed at 4 °C for over 4 h. After removing the fixative, it was replaced with 2% osmium tetroxide. Finally, TEM
observations of ultrathin slices were made (JEM-1200EXII, JEOL, Tokyo, Japan).

The Levels of Intracellular Lipid Peroxidation in Various Treatments
After each group of cells received different treatments for 24 h, a lipid peroxidation assay (LPO) kit (Beyotime, Shanghai, China)
was used following the instructions, aiming to measure the relative concentration of malondialdehyde (MDA) in the cell lysate.
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The cells were planted in 12-well plates and subjected to various treatments for 24 h. The above cells were stained
with the BODIPY Cl11 probe (Thermo Fisher, MA, USA). Finally, all the cells were digested, washed, and analyzed for
FCM measurement (FACSCalibur, BD Biosciences, USA). The above-mentioned cells were also fixed and observed by
fluorescence microscopy (Eclipse Ni, Nikon, Tokyo, Japan).

The Levels of Intracellular Reactive Oxygen Species Production in Various Treatments
Cells were seeded in 12-well plates and then subjected to different treatments for 24 h. Then, cells were stained for 30 minutes with
a DCFH-DA probe (Beyotime, Shanghai, China), washed with PBS, analyzed by FCM, and observed by fluorescence
microscopy.

The Level of Intracellular Glutathione in Various Treatments

Intracellular GSH levels were measured using a GSH assay kit (Solarbio, Beijing, China). The cells were planted in 6-well plates
and incubated with various treatments for 24 h. The cells were digested, washed and collected, and processed following the steps
in the instructions. Finally, using a microplate reader, the absorbance of each well was determined at 412nm (Infinite M200,
TECAN, Switzerland).

In vitro Antitumor Ability of Simvastatin-Loaded Nanodroplets

The cell viability was determined based on the cck-8 kit. MDA-MB-231 cells were seeded in 24-well plates and given different
treatments to incubate for 24 h. Then, DMEM medium containing 10% cck8 solution was configured to replace the original
medium and incubated in the incubator. Then, a microplate reader was used to measure the absorbance of each well at 450 nm.

The Cell-light Edu Apollo 488 kit was used to assess cell proliferation capability (RiboBio, Guangzhou, China). Cells were
seeded in 6-well plates, subjected to different treatments, and incubated for 24 h. Cells were digested and collected, replanted in
96-well plates overnight, labeled, fixed, and stained in the sequence of steps in line with the instructions, and photographed under
a fluorescent microscope.

Transwell assays were used to analyze the migration and invasion abilities of TNBC cells. MDA-MB-231 cells were seeded
on 6-well plates and subjected to different treatments for 24 h. 3x 10" cells were harvested and planted into the upper chamber with
or without matrigel. The lower chamber was filled with DMEM medium containing 15% FBS. After 24 h incubation, the
transwell chambers were fixed and stained with crystal violet. Finally, the upper layer of cells was gently swabbed. The migrating
or invading cells were observed and photographed under a microscope (NEXCAM-T5, Nexcope, China) and photographed.
Using Image J, the migrating or invading cells were counted.

In vivo Biodistribution of Simvastatin-Loaded Nanodroplets

Once the tumor volume achieved the appropriate size, the BALB/c nude mice were randomly divided into five groups. 200pL of
Dil-labeled SIM-NDs were subsequently intravenously injected into each group at various intervals (Oh, 18h, 20h, 22h, 23h).
Their major organs (heart, liver, spleen, lungs, and kidneys) and malignancies were gathered at 24 h for fluorescence imaging
using the IVIS spectrum image system (PerkinElmer, Waltham, MA, USA).

In vivo Biosafety of Simvastatin-Loaded Nanodroplets

The healthy BALB/c nude mice (n =3 mice per group) were intravenously injected with PBS, NDs, SIM, and SIM-NDs. The mice
were sacrificed after 24 h of injection and collected blood samples. Four groups of blood samples were adopted for detecting IL-6
and TNF-a. Blood samples from PBS and SIM-NDs groups were tested different biochemical indicators using Chemray 800
Automatic Biochemical analyzer (China), including alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin
(ALB), blood urea nitrogen (BUN) and creatinine (CRE).

In vivo Antitumor Ability of Simvastatin-Loaded Nanodroplets

The BALB/c nude mice were randomly allocated to 6 groups (n = 5) and administered various treatments on days 3, 6, 9,
and 12 when the tumor volumes reached approximately 100—150 mm>. The various therapies were PBS, NDs, NDs+US,
SIM, SIM-NDs, and SIM-NDs+US. (SIM concentration: 5 mg/kg, the concentration of NDs was 2 mg/mL, and the
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concentration of SIM-NDs was 2 mg/mL.) Nude mice were treated with or without US irradiation (1.5 W cm-2, 1
min, 1.0 MHz) after tail vein injection. Every two days, body weights and tumor volumes were recorded. The tumor
volume = 0.5 x width® x length. In addition, major organs and subcutaneous tumor tissues were taken on day 14 for
hematoxylin and eosin (HE), immunohistochemistry (IHC), and TUNEL staining.

Statistical Analysis

All experiments were performed in triplicate. The results are presented as the means + SD. Statistical analysis was performed with
GraphPad Prism 8 software. Data from numerous groups were analyzed using one-way ANOVA, and comparisons between two
groups were explored using the Student’s #-test. *p < 0.05, **p <0.01, ***p < 0.001 and ****p <0.0001.

Results and Discussion

Characterization of Simvastatin-Loaded Nanodroplets

Using the method of previous studies, (SIM-) NDs with O-CMC shell and PFH core with or without SIM were

successfully prepared using the homogenization/emulsification method (Figure 1A).>” TEM images showed spherical-

like morphology for SIM-NDs. In neutral conditions, SIM-NDs had a recognizable core-shell structure (Figure 1B).
Under the neutral condition, the average particle size of NDs was 284.77nm, the polydispersity index (PDI) was

0.183, and the zeta potential was —7.74mV (Figure 1D). The particle size distribution of SIM-NDs at various pH levels

was shown in Figure 1E. At pH 7.4 (pH of blood circulation), the average particle size of SIM-NDs was 286.19 nm, and
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the PDI was 0.217. The loading of SIM-NDs made no significant effect on the basic characteristics of NDs. The particle
size of SIM-NDs remained practically unaltered when incubated at pH 6.5 (pH of the tumor microenvironment) and pH
7.4 for 0.5 h, indicating that SIM-NDs could remain stable in the blood circulation and tumor microenvironment within
a short period of time. Due to their small diameter and favorable stability, SIM-NDs could readily exude through the
endothelium of tumor tissue and accumulate locally through enhanced permeability and retention (EPR) effects.’® After
incubation at pH 6.5 and pH 7.4 for 2 h, the particle size of nanodroplets remained stable at pH 7.4. Nevertheless, the
particle size of SIM-NDs increased in comparison with that under the neutral condition. The increase of particle size and
PDI indicated that NDs could begin to swell and aggregate (Figure 1F). This conforms to the results of TEM images
under different pH conditions (Figure 1C).

The zeta potential of SIM-NDs at the neutral condition is -(9.87+1.00) mV. At the condition of pH 6.5, the zeta
potential was converted from negative to positive (Figure 1G). The negative charge on the surface could allow SIM-NDs
to circulate in the blood circulation for a long period, whereas the charge conversion of SIM-NDs could allow them to
bind to the electrostatic attraction of tumor cells.>'~*?

Based on the data provided in Supplementary Table 1, we chose formulation 3 as the preparation scheme of SIM-
NDs. The EE and LE of SIM were 77.59+0.03% and 23.87+0.01%, respectively. We measured the release profiles under
different pH conditions and US irradiation. As displayed in Figure 1H, the cumulative drug release under the neutral
condition for 24 h was 27.67%, which was lower than that under the acidic condition (53.58%) (p<0.05). This
demonstrates that SIM-NDs could lower drug release in non-tumor tissues and reduce side effects. In addition, we

evaluated the effect of US irradiation on drug release. After US irradiation, SIM initially exhibited an instant release, and
the cumulative drug release could reach 36.18% at 15 min, and then maintained a sustained release, reaching
a cumulative drug release of 53.65% at 60 min. It proves that SIM-NDs can achieve an instant release of drugs in
a short period under US irradiation and then maintain a sustained release (Figure 11).

In summary, the obtained results indicate that the nanodroplets could achieve targeted delivery to tumor sites under
pH and ultrasound stimulation, which shows the potential to be a vehicle to achieve precise tumor treatment.

The Tumor-Binding Ability of Simvastatin-Loaded Nanodroplets

As shown in Figure 2A and B, S1A, the internalized uptake of SIM-NDs by cells was significantly enhanced at pH 6.5 (tumor
microenvironment) than that at pH 7.4 (blood circulation). This phenomenon may be associated with the charge conversion of
SIM-NDs in the tumor microenvironment, then binding to the electrostatic attraction of tumor cells. This consequently enhances
the uptake of SIM-NDs by tumor cells. NDs can be internalized by cells through passive phagocytosis and sonication-mediated
cavitation.” SIM-NDs marked with Dil are shown as red dots and nuclei marked with DAPI as blue dots. Clearly, the
internalization of SIM-NDs by tumor cells is greatly enhanced after US irradiation, which was in consistence with FCM results
(Figure 2C and D, S1B). This represented US irradiation can effectively enhance the intracellular uptake of nanodroplets, which
might be correlated with US-mediated acoustic pore effect.>*

We further investigated the biological distribution of SIM-NDs in BALB/c nude mice. As shown in Figure 2E, the
fluorescence signal was accumulated in the tumor tissue, which might be related to the EPR effect and the charge conversion
of SIM-NDs in the tumor microenvironment. The fluorescence signal was still detectable in the tumor tissue 24 h after injection,
showing sustained retention of SIM-NDs in the tumor tissue. The strongest accumulation in tumor tissues was observed 2 h after
injection by quantifying the average radiant efficiency (Figure 2F). In addition, the fluorescent signal was observed in the liver,
which might be related to the phagocytosis of NDs by the reticuloendothelial system. Taken together, SIM-NDs could exhibit the
excellent ability to accumulate in tumor tissues in vitro and in vivo.

Contrast-Enhanced Ultrasound Imaging of Simvastatin-Loaded Nanodroplets

To confirm the ultrasonographic capability of SIM-NDs, CEUI was performed separately. As shown in Figure 3A, SIM-NDs
exhibited good echogenicity in CEUI mode compared to PBS. In vivo, the echogenicity of SIM-NDs in the tumor region was
observed by US imaging. After intravenous injection of PBS, the tumor exhibited almost no echogenic signal, while after
intravenous injection of SIM-NDs, the echogenic signal in the SIM-NDs group was significantly increased, which may be related
to the aggregation of SIM-NDs in the tumor tissue (Figure 3B). SIM-loaded nanodroplets can be utilized for tumor imaging,
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tumor treatment, and therapeutic efficacy evaluation at the same time, combining diagnostic and therapeutic applications. To
conclude, SIM-NDs have excellent ultrasound contrast imaging ability and may have the capability of visualizing the treatment.

Ultrasound-Targeted Microbubble Disruption Combined with Simvastatin-Loaded

Nanodroplets Initiate Ferroptosis

The ultrastructural morphological changes of ferroptosis at the cellular level are different from apoptosis, necrosis, and
autophagy. The morphological changes of ferroptosis are mainly characterized by smaller mitochondrial volume, increased
membrane density, and reduced or absent mitochondrial cristae.* Therefore, we observed the morphological alterations of
cellular mitochondria under transmission electron microscopy. As shown in Figure 4A, compared with normal cells,
mitochondria in the NDs group were mildly swollen and mitochondrial cristae were visible. By contrast, the NDs+US
group showed smaller mitochondrial volume and increased membrane density, indicating that it was the combined effect of
UTMD rather than NDs alone that could initiate ferroptosis. Only a few mitochondria in the SIM and SIM-NDs groups
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Figure 4 UTMD combined with SIM-NDs initiates ferroptosis. (A) TEM images of TNBC cells after various therapies. The bottom figures (magnification 2X) are enlarged
views of the red boxes in the above figure, respectively. The red arrows represent the mitochondria in the cells. Scale bar: 1.2 um, 0.6 um. (B) The relative expression level
of GPX4 on MDA-MB-231 cells with various treatments. (C) Quantification of GPX4/GAPDH was performed from B using Image J. Compared to the normal group. (D)
MDA levels of breast cancer cells after different treatments. (E) Lipid peroxidation levels of MDA-MB-231 cells after various treatments were quantified by FCM. (F) The
percentage of positive cells was obtained from E using Flowjo. All results represent the means = SD (n = 3). *p<0.05, **p<0.01, **p<0.001.
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became smaller in size and increased in membrane density, whereas most mitochondria in the SIM-NDs+US group became
significantly smaller in size and increased in membrane density, revealing the typical morphological changes of ferroptosis.

Blocking intracellular antioxidant enzymes can disrupt the balance between oxidative damage and antioxidant
defense, thereby initiating ferroptosis. As a central suppressor of ferroptosis in cancer cells, GPX4 can fight against
lipid peroxidation and reduce toxic lipid peroxides to non-toxic lipid alcohols."' We extracted proteins from the
differently treated cells and performed Western blotting (Figure 4B). The expression levels of GPX4 were differentially
downregulated in the NDs+US, SIM, and SIM-NDs groups in relative to the normal group. In addition, due to the
synergistic effect of intracellular SIM aggregation and UTMD, the decrease in GPX4 expression levels was most
pronounced in the SIM-NDs+US group (p<0.01) (Figure 4C).

As previously mentioned, ferroptosis is essentially an excessive accumulation of lipid peroxidation, which results in
cellular damage.*® Then, we verified the levels of lipid peroxidation in different groups. MDA is a natural product of cellular
lipid oxidation. As expected, the NDs+US group had slightly elevated MDA levels, and both the SIM and SIM-NDS groups
had different levels of elevation. Compared to the other groups, MDA levels were significantly increased in the SIM-NDs+US
group (Figure 4D). The results of the FCM data and fluorescence images of lipid peroxidation were consistent with those for
MDA levels (Figure 4E and F, S2), further confirming that the combined treatment could successfully initiate ferroptosis.

Collectively, the above results provide strong evidence that the combination treatment of SIM-NDs and UTMD could
synergistically initiate the ferroptosis process, which causes cellular damage.

The Mechanism of Ferroptosis Induced by Ultrasound-Targeted Microbubble

Disruption Combined with Simvastatin-Loaded Nanodroplets

After we demonstrated that the combined therapeutic approach can synergistically induce ferroptosis, the mechanism of
ferroptosis induction by SIM-NDs in combination with UTMD was further evaluated. As a central inhibitor of ferroptosis
in cancer cells, the intracellular expression of GPX4 is largely dependent on GSH and selenium.''

As reported, UTMD can disrupt the redox balance in cancer cells by elevating intracellular ROS. Moreover, the
increase of intracellular ROS levels can scavenge GSH.?"*%3%3% As displayed in Figure 5A and B, the most significant
change of ROS level was observed in the SIM-NDs+US group, followed by the NDs+US group. The US group (ie, NDs
+US group, SIM-NDs+US group) produced more ROS than the SIM group (ie, SIM group, SIM-NDs group). The
fluorescence microscopy results were also in consistence (Figure 5D).

The changes in intracellular GSH content were consistent with expectations and were inversely associated with ROS
levels (Figure 5C). The SIM and SIM-NDs groups had high levels of GSH than the US group (ie, NDs+US group, SIM-
NDs+US group), and the SIM-NDs+US group had the highest GSH depletion (p<0.0001).

Based on the above findings, the relationship between UTMD and GPX4 was further investigated. After the addition
of ROS inhibitor (NAC), we found that the GSH level and the expression level of GPX4 were restored to be comparable
to the control group (Figure 5E-G). In conclusion, the results suggested that UTMD could down-regulate GPX4
expression via the ROS/GSH/GPX4 pathway.

SIM, a classical HMG-CoA reductase (HMGCR) inhibitor, can mediate cancer cytotoxicity by depleting MVA
downstream of HMGCR in cells rather than inhibiting HMGCR per se.*® As reported, MVA and its downstream products
positively regulate selenium transport.*® The verification was made using Western blotting. As shown in Figure 5H and I,
GPX4 expression was decreased in the SIM group compared to the control group (p<0.05), but upregulated after MVA
supplementation. However, no significant difference was found in GPX4 after the addition of NAC. To summarize the
above, SIM influences GPX4 primarily by lowering the intracellular MVA level.

The combined treatment strategy could initiate ferroptosis mainly by reducing the intracellular GSH level (the effect
of UTMD) and depleting the intracellular MVA content (the effect of SIM) to synergistically down-regulate GPX4,

which may provide a novel perspective for the application of ferroptosis in cancer therapy.
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Figure 5 Mechanism of ferroptosis induced by UTMD combined with SIM-NDs. (A) ROS generation in MDA-MB-231 cells after different treatments were quantified by
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group. (D) Fluorescence images of ROS generation in MDA-MB-231 cells after different treatments (DCFH-DA probe staining). Scale bar: 100um. (E, F) The expression
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In vitro Antitumor Ability of Simvastatin-Loaded Nanodroplets Upon Ultrasound

Irradiation

Ferroptosis makes a well-inhibiting effect on tumor growth and metastasis.*'** As shown in Figure 6A and B, the green
dots represent cells in the proliferation phase and the blue dots represent live cells. The NDs+US group, SIM group, and
SIM-NDs group exhibited varying degrees of decreased proliferation ability. The percentages of Edu-positive cells were
53.79+10.88%, 46.37+7.01%, and 53.01+2.82%. The lowest percentage of Edu-positive cells was found in the SIM-NDs
+US group (32.76+7.37%) (p<0.0001).

The antitumor effect of SIM-NDs and UTMD was further evaluated by CCK-8 assay (Figure 6C). Untreated cells
were used as control and exhibited 100% cell viability. Due to its excellent biocompatibility, the cell survival of the NDs
group was not significantly different from those of the comparison group.”>** By contrast, SIM-NDs+US exhibited the
lowest viability (p<0.0001). The above results displayed a similar trend to that detected in the Edu assay, suggesting that
the combined treatment had more significant antitumor effects than a single treatment.

To evaluate the ability of the combined treatment strategy to inhibit tumor metastasis, the invasion and migration
ability of cells was evaluated using transwell assays in vitro. The SIM-NDs+US group had the fewest migrating cells
(17.00 + 11.36), as displayed in Figure 6D and F. Comparatively, there were 118.00 + 38.57, 59.00 + 30.81, and 84.33 £+
28.59 migrating cells in the NDs+US, SIM, and SIM-NDs groups, respectively. As shown in Figure 6E and G, the
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Figure 6 In vitro antitumor ability of SIM-NDs upon US irradiation. (A) Fluorescence images of cell proliferation ability treated for 24 h under various treatments. Scale bar:
200um. (B) The percentage of Edu-positive cells was obtained from A using Image J. (C) Cell viability of MDA-MB-231 cells treated for 24 h under various treatments.
Compared to the normal group. (D and E) Transwell migration (D) and invasion (E) experiments for 24 h of different treatment treatments. Scale bar: 200um. (F and G)
Quantification of the migrating cells (F) and invading cells. Compared to the normal group. (G) All results represent the means + SD (n = 3). *p<0.05, **p<0.01, ***p<0.001,
HEH<0.0001.

conclusions of the invasion assay were comparable to those of the migration assay. Therefore, the SIM-NDs+US group
had the remarkable ability to inhibit cell invasion (p<<0.0001).

These findings confirmed that combining UTMD and SIM-NDs could effectively prevent the invasion and migration
of tumors.
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In vivo Antitumor Ability of Simvastatin-Loaded Nanodroplets Upon Ultrasound
Irradiation

Subsequently, we appraised the antitumor ability of the combination treatment in vivo. The subcutaneous tumor
tissues and major organs were extracted on day 14, and the tumor tissues were photographed and weighed
(Figure 7A). As shown in Figure 7B, the NDs group made almost no inhibitory effect on tumor growth compared
with the negative control group. The tumor growth rate that was most slowly growing was observed in the SIM-NDs
+US group, and the NDs+US, SIM, and SIM-NDs groups all had varying degrees of tumor growth inhibition
potential. Tumor weight was noticeably lower observed in the SIM-NDs+US group (0.25 £ 0.10 g) compared to
the SIM-NDs (0.64 + 0.22 g) and NDs+US groups (0.75 + 0.04 g), emphasizing the benefit of the combined therapy
(Figure 7C).

After the completion of therapy, the survival rate of nude mice in each group was 100%. As shown in Figure 7D,
during the treatment period, there was no appreciable difference in the body weight of the mice between groups. The
biochemical parameters (ALT, AST, ALB, BUN, CRE) of the control group and SIM-NDs group were also within the
normal range (p >0.05) (Figure S3). In addition, HE staining of the major organs in each group revealed no pathological
changes (Figure S4), revealing that SIM-NDs have favorable biosafety and biocompatibility in vivo. However, the HE
section of the lungs showed that treatment may increase the infiltration of inflammatory cells in the lungs. This may be
due to the fact that NDs containing perfluorinated compounds can be exhaled in the body in the form of steam,**** and
thus the NDs deposit in the lungs to a certain extent, activating inflammatory cells to engulf the deposited nanodroplets to
protect the body, conforming to previous studies.*® This is consistent with the results of the biodistribution experiment
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Figure 7 In vivo antitumor ability of SIM-NDs upon US irradiation. (A) Photographs of isolated tumors at the end of treatment. (B) Tumor growth profiles of various
groups. (C) The weight of the isolated tumors in each group. (D) Body weight changes in mice during cancer treatment. (E) HE, TUNEL, and IHC staining of isolated tumors
under different therapeutic modalities. Scale bar: 100 pm. All results represent the means * SD (n = 5). ¥p<0.05, **p<0.01, **p<0.001.
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in vivo. In Figure 2E and F, it can be found that fewer NDs accumulate in the lung compared with the tumor tissue
(»<0.0001), whose fluorescence signal diminishes gradually over 24 h, most likely as a result of biodegradation and
removal of NDs from the body.*’ To further confirm the extent of the systemic inflammatory response, we measured IL-6
and TNF-o in serum. As shown in Figure S5A and B, we found only slight increases in IL-6 and TNF-a in the treated
groups compared to the control group (p >0.05), indicating a very mild inflammatory response.

To further evaluate the antitumor ability, we stained the isolated tumor tissues with HE, TUNEL, and IHC staining
(Figure 7E). The SIM-NDs+US group demonstrated the most evident damage, according to HE staining. TUNEL-
positive apoptotic cells gave rise to green fluorescence, whereas TUNEL-negative cells exhibited blue fluorescence. The
SIM-NDs+US group had the most apoptotic cells. In addition, a few apoptotic cells were seen in the NDs+US group. HE
staining obtained consistent results. The IHC staining of Ki67 demonstrated cell proliferation activity, with the NDs+US
group having a modestly reduced cell proliferation ability and the SIM-NDs+US group having a dramatically reduced
cell proliferation ability. These outcomes matched those of the cellular assay, revealing the excellent antitumor ability of
the combination therapy. In addition, IHC staining of GPX4 was performed to assess its expression within the tumor
tissues. In relative to the SIM group and NDs+US group, GPX4 expression was significantly reduced in the SIM-NDs
+US group. This suggests that the combined treatment would significantly down-regulate GPX4 expression in tumor
tissues, consistent with the cellular assay data.

Conclusion

To conclude, in this study, we successfully fabricated a SIM-carrying nanodroplet with O-CMC as the shell and PFH as the core.
SIM-NDs had favorable CEUI ability for integrated diagnosis and treatment. We found that UTMD inhibited tumor growth by
initiating ferroptosis via the ROS/GSH/GPX4 axis. The combination of UTMD and SIM-NDs made a synergistic impact on the
occurrence of ferroptosis. This treatment strategy could be a guideline for the translation of ferroptosis therapeutic strategy in
clinical implementation. However, there are still some limitations in this study that need to be addressed, for instance, how to
avoid partial deposition in the lungs caused by the NDs containing perfluorinated compounds, and the need for further studies in
different cell lines and animal models.
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