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Background: Melanoma poses a significant threat to human health due to the lack of effective treatment options. Previous studies
have demonstrated that the combination of photothermal therapy (PTT) and photodynamic therapy (PDT) can enhance therapeutic
efficacy. However, conventional PTT/PDT combination strategies face various challenges, including complex preparation processes,
potential damage to healthy tissues, and insufficient generation of reactive oxygen species (ROS). This study aims to design a rational
and efficient PTT/PDT therapeutic strategy for melanoma and to explore its underlying mechanisms.

Methods: We first synthesized two target materials, indocyanine green-targeted liposomes (ICG-Lips) and magnetic microbubbles
(MMBs), using the thin-film hydration method, followed by characterization and performance evaluation of both materials.
Subsequently, we evaluated the synergistic therapeutic effects and underlying mechanisms of ICG-Lips combined with MMBs in
melanoma treatment through in vitro experiments using cellular models and in vivo experiments using animal models.

Results: Herein, we developed a multifunctional system comprising ICG-Lips and MMBs. ICG-Lips enhance targeted delivery through
specific binding to the S100B protein on melanoma cells, while MMBS, via ultrasound (US)-induced cavitation effects, shorten the uptake time
of ICG-Lips by melanoma cells and improve uptake efficiency. Furthermore, the combination of ICG-Lips and MMBs induces significant
reactive oxygen species (ROS) generation. Under 808 nm laser irradiation, the accumulation of ICG-Lips in melanoma cells achieves mild
photothermal therapy (mPTT) and PDT effects. The elevated temperature and excessive ROS generated during these processes result in
glutathione (GSH) depletion, ultimately triggering ferroptosis. The occurrence of ferroptosis further amplifies PDT efficacy, creating
a synergistic effect that effectively suppresses melanoma growth. Additionally, the combined therapeutic strategy of ICG-Lips and MMBs
demonstrates excellent biosafety.

Conclusion: In summary, this study presents a novel and straightforward strategy that integrates mPTT, PDT, and ferroptosis
synergistically to combat melanoma, thereby laying a solid foundation for improving melanoma treatment outcomes.
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Introduction
Melanoma is a highly malignant skin cancer that poses a severe threat to global human health, with a high incidence and
mortality rate among skin cancers.' Due to the inherently aggressive nature of melanoma, traditional treatment methods
such as surgical intervention, chemotherapy, and radiation therapy have limited efficacy in improving patient prognosis.’
Recently, the exploration of immunotherapy, including immune checkpoint inhibitors (ICIs), chimeric antigen receptor
T-cell (CAR-T) therapy, and vaccines, has shown significant improvement in prognosis, especially for patients with
metastatic melanoma.*> However, due to factors such as the high heterogeneity of melanoma, the overall response rate to
immunotherapy remains low. The therapeutic effects of existing treatments fall far short of expectations. In this context,
many researchers are dedicated to elucidating key molecular mechanisms and developing new diagnostic and therapeutic
strategies, with the aim of discovering novel treatment approaches for melanoma.®®

In the past decades, the superiority of nanoparticles in delivering therapeutic agents to tumor cells, reducing drug
toxicity, and facilitating synergistic therapy has been widely recognized, which promotes a big step forward in medicine
and proposes many innovative therapeutic modalities such as Photothermal therapy (PTT), photodynamic therapy (PDT),
Chemodynamic therapy (CDT), and sonodynamic therapy (SDT), etc.”'' Among the therapeutic modalities, PTT and
PDT are particularly noteworthy because of their excellent temporal and spatial controllability, low toxicity, and
noninvasiveness.'>'> PTT involves the absorption of light energy by photothermal agents (PTAs), which convert light
into heat energy to increase local hyperthermia and effectively kill cancer cells effectively.'* Three primary target
temperature ranges were classified: 1. Tumor cell cytoclast ablative therapies (>50 °C) that induce coagulative necrosis;
2. High-temperature focal hyperthermia (>43 °C) leads to irreversible cellular damage, delayed cellular damage,
ischemia, and inflammatory infiltration; 3. Moderate hyperthermia (mPTT) (38—43°C /42-45 °C), which enhances
tumor immunogenicity by inducing sublethal cellular damage and increasing immune cell tumor transit.'>'® All three
temperatures used in the treatment effectively killed the cancer cells. For example, Pandesh et al synthesized
a nanomaterial composite consisting of Fe;04 and gold owing to its excellent photothermal conversion efficiency
(PCE), which can inhibit the growth of mouse melanoma under magnetically targeted selective PTT.!” Clinically, PTT
involves the induction of local temperature elevation at moderate temperatures owing to the relatively high sensitivity of
malignant cells to hyperthermia, which leads to apoptosis/necrosis of tumor cells to facilitate oncological therapies.
Disappointedly, when the temperature of the PPT exceeds 45 °C, it may cause thermal damage to healthy tissues
surrounding the tumor and tumors often persist and subsequently recur when treated with PTT monotherapy because of
the limited tissue penetration of NIR.'™'? Therefore, mild-temperature PTT (mPTT) or its combination with other
treatment modalities is generally considered the optimal choice. mPTT induces thermal damage or apoptosis in tumor
cells by locally generating heat. It not only kills tumor cells directly through the thermal effect but also enhances the anti-
tumor response by activating immune reactions and promoting changes in the tumor microenvironment. For instance,
mPTT can increase immune cell infiltration in tumor regions and activate specific immune responses.°

In PDT, photosensitizers (PS) are excited by NIR, transferring energy to the surrounding oxygen molecules and
generating reactive oxygen species (ROS) (including hydroxyl radicals, superoxide anion radicals, singlet oxygen, and
hydrogen peroxide radicals), which ROS causes excessive oxidative damage to cancer cells, leading to tumor cell
death.?' Normally, PDT is classified into two types. Type I PDT involves the direct binding of substrates or molecules on
the cell membrane, resulting in the transfer of an electron to form a free radical. Type Il PDT converts oxygen molecules
into active singlet oxygen via energy conversion.”> The balance between the two types of PDT varies depending on
factors such as photosensitizer type, light conditions, tumor microenvironment, and tissue oxygen concentration.”’
Hypoxic conditions within the tumor microenvironment and tumor cells exhibit elevated levels of intracellular antiox-
idant glutathione (GSH) to fulfill their antioxidant function, which significantly limits PDT efficacy by hindering ROS
generation.”* 2° Therefore, strategies focused on disrupting the antioxidant function of tumor cells to stimulate ROS
production represent a promising approach for enhancing anti-tumor efficacy. Theoretically, synergistic outcomes of PTT
and PDT are expected.

In PTT and PDT, the nanomaterial applied is a key factor in nanomedicine. Among the different nanoparticles, ICG,
a fluorescence imaging reagent, was approved for clinical use by the FDA as early as 1956, and has recently attracted
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much interest in PTT and PDT. Previous research suggests that ICG can serve as a PTA and PS for PTT and PDT under
approximately 800 nm laser irradiation to combat tumors simultaneously.”’ >° Various ICG Nanoparticles have been used
in therapeutic studies on melanoma.’®?' Meanwhile, ICG-based PDT have been proved to induce ferroptosis in
fibrosarcoma cell lines by altering lipid ROS levels,*” but there is no evidence whether ICG could induce ferroptosis
in melanoma. ICG has several limitations, including a short half-life (2—4 minutes), self-aggregation in physiological
solutions, poor photostability and hydrolytic stability, nonspecific binding to proteins, and lack of specific targeting,
which hinder its accumulation and therapeutic efficacy in medical applications. As a result, various carriers have been
explored for ICG delivery. Liposomes are considered the preferred drug delivery vehicles, particularly for mRNA-based
vaccines. For instance, EphA2-targeted nanotherapeutics and aerosolized mRNA have been developed and applied in
pulmonary treatments.”*~* In this study, liposomes were also introduced as a delivery vehicle for ICG. However,
liposomes lack active targeting capabilities, limiting their therapeutic efficacy, which has spurred the development of
various enhancement strategies. One such approach involves the cavitation effect of ultrasound (US)-induced micro-
bubbles (MBs), which significantly improves the delivery efficiency of nanomedicines. MBs are a commonly used US
contrast agent in clinical practice. Mediated by US, the vibration and expansion of MBs in liquids to the point of rapid
collapse and destruction is known as the cavitation effect, and this process generates shock waves, which facilitate the
entrance of drugs or sensitizers, etc., into the cells by improving the permeability of the cell membrane. In addition, gas-
filled MBs may cleave to produce an acoustic luminescence effect, generating ROS, and the rupture of MBs leading to
localized temperature elevation also promotes the generation of ROS.*>*® It has been demonstrated that ultrasound-
mediated MBs destruction inhibits melanoma growth in both cellular and animal models.>’® Utilization of MBs for
adjuvant cancer therapy has been clinically reported. For example, Dimcevski et al demonstrated that US combined with
phospholipid MBs (SonoVues) dramatically improved the response to gemcitabine in patients with pancreatic ductal
adenocarcinoma.*® However, there are limitations of MBs such as low binding capacity, short retention time, and lack of
specificity and sensitivity and conquering these limitations will have a favorable effect on their application.

Inspired by previous findings, this study introduced a stable and multifunctional system comprising ICG-Lips with
targeting characteristics and magnetic microbubbles (MMBs) that exhibit both targeting and cavitation effects for
synergistic treatment of melanoma using mPTT and ferroptosis-enhanced PDT. As illustrated in Scheme 1, the ICG-
Lips and MMBs were prepared via a thin-film hydration method. Using an external magnetic field, MMBs were directed
to surround melanoma cells. Under ultrasound stimulation, MMBs induced a cavitation effect that facilitated the entry of
ICG-Lips into melanoma cells and promoted ROS generation. Upon near-infrared irradiation, ICG-Lips experienced
a temperature rise, triggering the mPTT effect, while simultaneously generating ROS to exert the PDT effect. The
generation of ROS can lead to lipid metabolism dysregulation and GSH depletion, resulting in ferroptosis in melanoma
cells. The oxidative stress and accumulation of lipid peroxides associated with ferroptosis increase cellular vulnerability,
potentially making the cells more sensitive to PDT. Overall, both in vitro and in vivo results demonstrated that ICG-Lips
combined with MMB-activated PTT/ferroptosis-enhanced PDT exhibited a synergistic effect with high biological safety.
This study provides a safe and effective therapeutic strategy for melanoma.

Materials and Methods

Materials

Indocyanine Green (ICG 95%), streptavidin-coated superparamagnetic Fe;O4 NPs (5 mg/mL, ~130 nm), and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N- [Indocyanine Green (polyethylene glycol)-2000] (DSPE-PEG;00-ICG)
were purchased from Haoran Biotechnology Co. Ltd. (Xi’an, China). 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N- [biotinyl (polyethylene glycol)-2000)] (DSPE-PEG;ggo-biotin) was obtained from Ruixi Biological
Technology Co., Ltd. (Xi’an, China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyethylene
glycol)-2000] (DSPE-PEG;() and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from Avanti
Polar Lipids (Alabaster, USA). The streptavidinylated S100B-antibody was purchased from the Cloud-Clone Corporation
(Wuhan, China). Dialysis bags (MW:8-14kDa), Calcein-AM/ Propidium lodide (PI) Cell Cytotoxicity assay kits, Cell
Counting Kit-8 (CCK-8), and Hoechst 33342 were obtained from Solarbio Science & Technology Co., Ltd. (Beijing,
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Scheme | Synthesis route of ICG-Lips, MMBs, and the mechanism of their synergistic action against melanoma.

China). Ferrostatin-1 (Fer-1, 99.89%), 9,10-anthracenediylbis (methylene) dimalonic acid (ABDA, > 90%), and
BODIPY>*"**1.C11 probes were purchased from MedChemExpress (NJ, USA). CM-H2DCFDA and apoptosis
Annexin V-FITC/PI kits were obtained from KeyGEN Biotech (Nanjing, China). All the chemicals and materials were
used as received without further purification.

Preparation of ICG-Lips and MMBs

ICG-Lips and MMBs were prepared via thin-film hydration. Briefly, DSPC, DSPE-PEG,(g9, DSPE-PEG;go-biotin, and
DSPE-PEG;0o-ICG were dissolved in a solvent mixture of 18 mL chloroform and 2 mL methanol at a molar ratio of
73:9:9:9. After stirring for 30 min, the solvent was evaporated by rotary evaporation for 2 h to generate a thin lipid layer.
Subsequently, the film was dried in a vacuum chamber overnight, hydrated in PBS solution at 60 °C for 15 min, the
liposomal suspension was sonicated for 2 min, and extruded by passing through 220 nm polycarbonate filters.
Streptavidin-coated S100B antibody was added to the synthesized ICG-Lip solution for 15 min to obtain the targeted
ICG-Lips. Finally, dialysis (molecular weight cutoff = 8§—12 kDa) at 4 °C was conducted for 24 h to remove non-
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encapsulated ICG and free streptavidin-encapsulated superparamagnetic S100B antibody. Blank liposomes and non-
targeted ICG-Lips were prepared under similar conditions following the same procedure.

MMBs were prepared using a procedure similar to that used to prepare the ICG-Lips. Biotinylated microbubbles
(BMBs) were synthesized as previously described.***! Subsequently, MMBs were fabricated by introducing streptavidin-
coated Fe;O4 NPs into BMBs solution for 15 min.

Characterization

The morphology of the nanoparticles was observed via transmission electron microscopy (TEM, Tecnai G20, FEI Corp.,
USA) using the negative staining method. The morphology of MMBs was captured using an inverted fluorescence
microscope (Leica DMi8, Germany). Particle size, polydispersity index (PDI), and zeta potential were determined using
a ZetaSizer Nano series Nano-ZS (Malvern Instruments Ltd. Malvern, UK). FTIR analysis (in the wavelength range of
400-4000 cm —1) was performed using FTIR (Perkin-Elmer Spectrum 100 FTIR) (VERTEK 80 v, Bruker, Billerica, MA,
USA) to demonstrate the presence of ICG and S100B antibody in ICG-Lips.The concentrations of the prepared MMBs
were measured using an accusizer (Particle Sizing Systems, PSS A7000AD, USA). UV-Vis and fluorescence spectra
were recorded using a Tecan Spark multifunctional microplate reader (Switzerland).

Stability Analysis of ICG-Lips and MMBs

ICG-Lips and free ICG dispersed in PBS solution were placed at a relatively low temperature (4 °C), room temperature
(25 °C), and simulated normal human body temperature (37 °C). The absorption spectra of ICG-Lips and free ICG under
different storage conditions were measured every other day using a Tecan Spark multifunctional microplate reader for
a total of 14 days. The absorption spectra of ICG-Lips and free ICG under different storage temperature conditions and
times were analyzed to assess their stability. Similarly, the stability of the BMBs and MMBs was assessed by dispersing
them in PBS and measuring their residual percentage, particle size, and potential upon preparation and after 20, 40, and
60 min of storage under ambient conditions.

mPTT Performance, Photostability and PDT Performance Analysis

Equal amounts of free ICG and ICG (80 pg/mL) were placed in a cuvette and irradiated with 808 nm laser irradiation (2
W/em?), and the temperatures of the solutions were recorded using an infrared camera after 3 min of laser irradiation to
demonstrate the performance of mPTT.

To compare the photostability of the targeted ICG-Lips and ICG, the samples were exposed to an 808 nm laser for
3 min, followed by natural cooling to room temperature without further NIR laser irradiation, and the irradiation and
cooling were repeated for five cycles.

For PDT evaluation, ABDA was used as an indicator (ICG-Lips: 80 pg/mL, ABDA: 2 mm) to analyze ROS
generation. Briefly, ICG-Lips and ICG were suspended in a solution containing ABDA and irradiated with an 808 nm
laser at a power of 2 W/cm?, and the UV-Vis spectra of ABDA were recorded before and after NIR irradiation using
a Tecan Spark multifunctional microplate reader.

Cell Culture

A375 were obtained from the American Type Culture Collection (Manassas, VA, USA) and were cultured in DMEM
medium supplemented with FBS (10%), penicillin (1%, 50 U/mL), and streptomycin (1%, 50 U/mL) in a sterile
incubator in a 5% CO, atmosphere (37 °C).

Cellular Uptake

A375 cells were inoculated in 6-well plates for 24 h and treated with six different treatments: free ICG, ICG-Lips, ICG-
Lips + US, ICG-Lips + laser, ICG-Lips + MMBs, and ICG-Lips + MMBs + US. Following incubation at 37 °C for
5 min, 1 h, and 4 h, nuclei were stained with Hoechst33342 (A 350 nm, A, 440-460 nm) for 30 min. Subsequently,
the cells were washed three times with PBS and imaged using a fluorescence microscope. Finally, the fluorescence of
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ICG at different time points was quantified using ImageJ software. The uptake of ICG-Lips by PIG1 cells was measured
and quantified using the same approach.

ROS and (Lipid Peroxide) LPO Generation Detection in Cancer Cells

A375 cells were seeded in 12-well plates and incubated overnight. The medium was replaced with PBS or serum-free
medium containing ICG, ICG-Lip, MMB, or ICG-Lip + MMB. Following US irradiation (1.5 W/cm?, 20%, 1 min) and/
or NIR laser irradiation (808 nm, 1 W/cm?, 10 min), the cells were further incubated at 37 °C for 24 h. Subsequently,
CM-H2DACDA solution (10 uM) was introduced into the cell culture medium for 20 min. The cell nuclei were stained
with Hoechst 33342 (Ax: 350 nm, Ay, 440-460 nm). Finally, fluorescence images were obtained using CLSM and
quantified using the ImagelJ software. LPO was assessed using the BODIPY>**?'_C11 probe in a manner similar to that
used for ROS detection. LPO quantification was performed in the same manner as ROS quantification.

Cytotoxicity Assay

Cytotoxic effects on A375 cells were assessed using the CCK-8 cell counting kit, Calcein AM/PI staining, and Annexin
V-FITC/PI combined with flow cytometry. For the CCK-8 assay, A375 cells were seeded in 96-well plates at a density of
5000 cells/well overnight, and the medium was replaced with PBS or serum-free medium containing ICG, ICG-Lips,
MMB, or ICG-Lips + MMB. A375 cells were then treated with or without US irradiation and with or without NIR laser
irradiation. After the treatment, the incubation was continued for 24 h, and then the cell culture medium was removed
and 100 pL mixture of 5 pL CCK-8 and 95 pL serum-free DMEM culture medium for 1 h, the absorbance at 450 nm
were measured using Tecan Spark multifunctional microplate reader Cell viability was calculated using the following
formula:

Cell viability (%) = (OD450sampies- OD450pjank)/ (OD450¢0ntro1- OD4501ani) X 100%.

For the live/dead cell staining assay, A375 cells were inoculated into 24-well plates and cultured overnight, then the
same medium substitutes and the same treatments as in the CCKS8 assay were performed. After treatment, the cells were
stained with calcein-AM for 30 min to visualize live cells and with propidium iodide (PI) for 30 min to visualize dead or
late apoptotic cells. After staining, the cells were washed thrice with PBS and imaged using an inverted fluorescence
microscope.

An apoptosis assay was performed using flow cytometry. Briefly, A375 cells were inoculated into 24-well plates and
cultured overnight, and the same medium substitutes and treatments as in the CCK8 assay were performed. Following
treatment, the cells were stained with an Annexin V-FITC/PI kit according to the manufacturer’s instructions and
analyzed using a flow cytometer and FlowJo V10 software.

GSH Level Measurement

A375 cells (2x10° cells/well) were seeded into 24-well plates. After exposure to the different treatments for 24 h, the
cells were collected and lysed with liquid nitrogen, and the supernatant was collected by centrifugation at 8000 x g for
10 min. The supernatants were tested using a GSH kit and the absorbance was measured at 412 nm using a Tecan
Spark multifunctional microplate reader. Finally, the relative GSH levels were calculated according to the manufac-
turer’s instructions. Ferrostatin-1 (Fer-1, 1 pM) was added to the cells to investigate the role of the ferroptosis
inhibitors.

Western Blotting Analysis of Glutathione Peroxidase 4 (GPX4) Expression

A375 cells (5x10° cells/well) were seeded in 6-well plates. After exposure to different treatments for 24 h, whole protein
was extracted from cells using RIPA lysis and extraction buffer (Thermo Fisher Scientific, USA) and 1% PMSF (Thermo
Fisher Scientific, USA). The protein concentrations were determined using a BCA protein assay kit (Beyotime, China).
Proteins from each sample were separated using 12.5% SDS-PAGE and transferred to PVDF) membrane. After sealing
with 5% skim milk, the membranes were incubated overnight at 4 °C with specific primary anti-GPX4 antibody (1:1000,
NOVUS, nbp2-75511, USA), anti-S100B antibody = (1:1000, Affinity, DF6116, USA), and anti-GAPDH antibody
(1:3000, Affinity. AF7021, USA). After washing with PBS three times, the membrane was incubated with
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a horseradish peroxidase-coupled secondary antibody at room temperature for 1 h. Protein bands were visualized using
electrochemiluminescence (Invitrogen) and the signal intensity of the bands was analyzed using ImageJ.

Untargeted Metabolomics Analysis

A375 cells treated under different conditions (control, MMBs+ICG-Lips+US+Laser) were used for the metabolomic
analysis. The metabolites in the samples (three biological replicates per group) were extracted and dissolved in
acetonitrile: H20 (1:1 v/v). This solution was injected into the UPLC-MS/MS system for the analysis. Raw instrument
data were exported to Compound Discoverer 3.1 (CD3.1). Identification of compounds using mzCloud (ddMS2) and
ChemSpider (formula or accurate mass). Similarity searches were performed for all compounds with ddMS2 data using
the mzCloud. Apply the mzLogic algorithm to sort ChemSpider results. Metabolomics was used to map the compounds
to biological pathways. The QC samples were used for batch normalization. Differential analysis (z-test or ANOVA) was
performed to determine p-values, adjusted p-values, ratios, fold changes, and CVs. Metabolites with P values < 0.05, FC
< 0.67 or FC > 1.5 were considered as differential metabolites. Pathway analysis was performed using
MetaboAnalyst 5.0.

Animals and A375 Xenograft Tumor Model

Female 4-week-old nude mice were purchased from Zhuhai BesTest Bio-Tech Co., Ltd. (Zhuhai, Guangdong, China). All
animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Experimental
Animal Center of Shenzhen People’s Hospital (Approval No. AUP-220226-ZJL-0001-01) and were conducted in strict
accordance with the Guide for the Care and Use of Laboratory Animals and the relevant regulations of the Regulations
for the Administration of Laboratory Animals of the People’s Republic of China, to ensure the welfare of the
experimental animals. A375 cells were collected and inoculated subcutaneously into the hind legs of anesthetized
mice at a density of 5x10° cells/ mouse. The tumor volume was calculated as 1/2 x (length) x (width?).

Biodistribution Analysis

A375 hormonal mice were intravenously injected with ICG (5 mg/kg), ICG-Lips (5 mg/kg), or MMBs (10° /mL), and
their distribution at the tumor site at different time points was monitored using an IVIS imaging system (PerkinElmer,
Waltham, MA, USA). After 48 h of drug administration, the mice were euthanized, and the major organs (heart, liver,
spleen, lungs, and kidneys) and tumors were harvested and imaged ex vivo using an IVIS imaging system (PerkinElmer,
Waltham, MA, USA).

In vivo Anti-Tumor Evaluation and Biosafety Evaluation

BALB/c nude mice were subcutaneously injected with A375 cells (5 x 10° cells/mouse), and when the tumor volume
reached approximately 100 mm?, the mice were randomly divided into eight groups to receive different treatments, with
four mice in each group: PBS (control), free ICG + US + laser, MMBs + US + laser, ICG-Lips + US + laser, ICG-Lips +
MMBs + US, ICG-Lips + MMBs + laser, ICG-Lips + MMBs + US + laser (synergistic treatment group), and ICG-Lips +
MMBs + US + laser + Fer-1. Tumor size and weight were monitored every other day for 14 days. At the end of the
treatment period, the mice were euthanized, and the tumors were collected, photographed, and weighed. Tumor tissues
were fixed and sliced for hematoxylin-eosin (HE) staining and immunohistochemical analysis of Ki67 and GPX4.

To assess the biosafety of the nanoparticles in vivo, the major organs (heart, liver, spleen, lung, and kidney) were
extracted and analyzed by hematoxylin and eosin stain (H&E) staining. Routine blood and blood chemistry analyses
included alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), creatinine (CR),
and uric acid (UA).

Statistical Analysis

The experimental data are expressed as mean + SD of at least three independent experiments. Comparisons of the
experimental data between the two groups were performed using unpaired t-tests. Statistical analysis involved comparing
the means across multiple groups using either one-way or two-way ANOVA, followed by post hoc Tukey’s paired
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comparisons. GraphPad Prism 9.0.0 was utilized for all statistical analyses. A probability value of p<0.05 was considered
statistically significant and statistical significance is defined as *p<0.05, **p<0.01, and ***p<0.001.

Results and Discussion
Synthesis and Characterization of ICG-Lips and MMBs

Both the ICG-lips and MMBs in our study were synthesized using the thin-film hydration method. Transmission electron
microscopy (TEM) images of blank liposomes and ICG-Lips (Figure 1A left and right) both showed a distinct and typical
spherical lipid morphology, indicating their stability in aqueous solutions. As indicated by the red arrows in Figure 1A,
a black flocculent shadow is observed on the outer layer of ICG-Lips, while no such shadow is present in blank
liposomes. This observation may suggests that the S100B antibody has been successfully loaded onto the surface of ICG-
Lips. ICG-Lips were surrounded by matter on their surfaces compared to the blank liposomes. Furthermore, dynamic
light scattering (DLS) analysis (Figure 1B) demonstrated that the size of ICG-Lips was approximately 180 + 2.2 nm,
consistent with the TEM observation. The particle size distribution of ICG-Lips exhibits enhanced permeability and
retention (EPR) effects, making them suitable for passive targeted drug delivery.*? The average hydrodynamic diameters,
PDI values, and zeta potentials of the ICG lips obtained by DLS are summarized in Table S1. The UV-visible absorption
spectra (Figure 1C) revealed the characteristic absorption peak of free ICG at 779 nm, whereas the blank liposomes did
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not display this peak. ICG-Lips exhibited a characteristic curve similar to that of free ICG, indicating successful loading
of ICG within the liposomes. Notably, the encapsulation of ICG into lipids resulted in a 20 nm red-shifted absorbance
that was slightly stronger than that of free ICG. This shift could be attributed to the hydrophobic nature of amphiphilic
ICG molecules within the lipid bilayer of ICG-Lips.** The fluorescence spectrum of ICG-Lips is similar to that of free
ICG, while blank liposomes exhibit no fluorescence spectrum, further confirming the successful synthesis of ICG-Lips
without altering the inherent chemical properties of ICG*** (Figure S1A). Finally, Fourier-transform infrared spectro-
scopy (FTIR) was employed to confirm the successful loading of ICG and streptavidin-conjugated S100B antibody onto
ICG-Lips. As shown in Figure S1B, the FTIR spectrum of ICG-Lips exhibited several characteristic peaks. Peaks at
665 cm™!, 975 cm™!, and 1420 cm™! were attributed to the out-of-plane bending of C-H, vinyl stretching of C-H, and
aromatic C=C stretching in ICG, respectively, indicating the incorporation of ICG into ICG-Lips.***’ The C-H stretching
vibration in the range of 2800-3000 cm™! and the C-N stretching vibration at 1000—1100 cm™! were clearly observed in
both blank liposomes and ICG-Lips.*® Additionally, the characteristic C-N stretching vibration peak at 1000-1200 cm !
from the streptavidin-conjugated S100B antibody was also observed in ICG-Lips.*>° Overall, these results confirm the
successful preparation of ICG-Lips.

Although ICG has demonstrated efficacy as a fluorescent dye in bioimaging, its poor hydrolytic stability limits its
broader applications.”’ In this study, we aimed to assess whether the prepared ICG-Lips could enhance the hydrolytic
stability of ICG, we evaluated the stability of ICG-Lips over 2 weeks at different storage temperatures (4, 25, and 35 °C)
and time intervals (0, 1, 3, 5, 7, 9, 11 and 13 days) and the absorbance of both ICG-Lips and free ICG solutions, with
equivalent ICG concentrations, was monitored to test their stability. As shown in Figure 1D-F, the absorbance values of
free ICG at 4 °C, 25 °C, and 35 °C was decreased to 55%, 39%, and 36%, respectively, all of which showed significant
decreases. Free ICG showed a lower decrease in absorbance during storage at low temperature (4 °C) than at room
temperature (25 °C) and body temperature (37 °C), suggesting the high temperature benefits for ICG degradation.
Conversely, the ICG-Lips exhibited a smaller decrease in absorbance at all three storage temperatures. The final
absorbance levels were 88%, 83%, and 70% for storage temperatures of 4 °C, 25 °C, and 35 °C, respectively.
Furthermore, the characteristic absorption curve of free ICG disappeared after 2 weeks of storage at various temperatures.
In contrast, the synthesized ICG-Lips maintained characteristic curves similar to ICG even after 2 weeks of storage at 37
°C (Figure SIC-E). These results suggest that the hydrolytic stability of ICG was significantly improved in ICG-Lips.
This may be attributed to the fact that ICG molecules condense in liposomes, avoiding direct contact with surrounding
water.

Following our previous report,”> BMBs were fabricated via thin-film hydration, whereas MMBs were generated by
conjugating streptavidin-labeled Fe;O4 (magnetic beads). Optical microscopy revealed that the MMBs appeared as
uniform spherical structures with the magnetic beads effectively adhering to the microbubbles (Figure 1G). As shown in
Figure 1H and Table S1, the particle size distribution of MMBs was 1.86 + 0.9 pm and the zeta potential was —16.4 + 0.2
mV. As depicted in Figure S2A (left) displays top layer formation in a PBS solution of varying colors, similar to our
earlier findings.”® Magnets were utilized to check the magnetic responsiveness to verify whether MMBs were success-
fully synthesized, as shown in the optical image in Figure S2A (right), no movement of the BMBs was observed when
the magnet was placed near the microbubble cake layer. However, the MMBs accumulated on the side where the magnet
was placed, confirming the successful synthesis of the MMBs. The successful synthesis of MMBs was further confirmed
by the fact that MMBs were uniformly distributed in the absence of an external magnetic field (Figure 11, left), and
displayed a near-field-measured distribution in the presence of an external magnetic field (Figure 11, right) under an
optical microscope. The BMBs and MMBs can spontaneously decompose. To evaluate the stability of MMBs, the same
concentrations of BMBs and MMBs were measured after storage in PBS at room temperature for 20, 40, and 60 min and
compared with the initially prepared samples (Figure S2B). The percentage of retention of both BMBs and MMBs was
above 80% after 60 min, indicating that the MMBs were as well stabilized as the BMBs. Furthermore, the particle size
and zeta potential of MMBs were measured after various storage durations (Figure S2C and D). These results
demonstrate the excellent stability of MMBs.
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Figure 2 (A) The thermographic images of free Water, free ICG, and ICG-Lips in centrifuge tubes after laser irradiation. (808 nm, 2 W/cm?, 3 min). (B) Temperature
elevation of water, free ICG, and ICG-Lips at the same concentrations of ICG (80 pg/mL) with NIR laser irradiation (808 nm, 2.0 W/cm?, 10 min). (C) Heating-cooling cycle
curve of free ICG and ICG-Lips. (D) The spectrum of ABDA absorbance treated with pure laser irradiation for different times in the absence of ICG-Lips. (E) The spectrum
of ABDA absorbance treated with ICG-Lips under room light for different times. (F)The spectra of ABDA absorbance treated with ICG-Lips upon different times of laser
irradiation (808 nm, 2.0 W/cm?, 10 min).

mPTT Effect and PDT Effect of ICG-Lips in vitro

To investigate the photothermal effect of ICG-Lips, the temperature elevation characteristics of aqueous solutions of free
ICG and ICG-Lips, which contained the same concentration of ICG, upon NIR irradiation were examined (Figure 2A).
Thermographic images (Figure 2B) indicated that the maximum temperatures reached by the ICG-Lips and free ICG
were 37.8 °C and 42.2 °C, respectively. These results suggest that ICG-Lips have a promising potential for mPTT.
Notably, the maximum temperature attained by ICG-Lips was higher than that of free ICG, possibly because of the
stabilizing effect and altered absorption wavelength confined by liposomal encapsulation of ICG. Furthermore, the
photothermal stability of both ICG-Lips and free ICG was investigated, and the temperature of the ICG-Lips solution
increased to 41, 39.1, 38.8, 38.3, and 37.5 °C, while the temperature of the free ICG solution reached 39, 36.8, 34.3, 31.3,
and 26.7 °C, respectively (Figure 2C). These findings indicated that ICG-Lips possessed better photothermal stability
than free ICG. Figure S3A shows the dispersion coefficient of free ICG. Thereafter, different concentrations of ICG-Lips
were irradiated to determine the appropriate concentration for mild-temperature PTT. As shown in Figure S3B, as the
concentration of ICG-Lips increased, temperature-raising ability gradually increased. There was no statistically signifi-
cant difference in temperature-raising ability when the concentration of ICG-Lips reached 80 pg/mL and 160 pg/mL.
Therefore, we selected 80 pg/mL for subsequent studies.

To evaluate the PDT performance of ICG-Lips, we employed ABDA as a ROS indicator to evaluate the ability of
ICG-Lip-based PDT in vitro.”* As expected, there was no significant decrease in ABDA absorbance (350—425 nm) in
ICG-Lips or laser-treated samples (Figure 2D and E), whereas in ICG-Lips-treated samples (Figure 2F), ABDA
absorbance was significantly reduced after laser irradiation, suggesting that ICG-Lips have laser-dependent ROS
generation ability.
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Cellular Uptake and ROS Detection Study in vitro
To investigate the cellular uptake of free ICG and ICG-Lips under various conditions, the melanoma A375 cells were
subjected to different treatments. Subsequently, the red fluorescence emitted by ICG and blue fluorescence emitted by the
cell nuclei were captured at different time points using CLSM. Specifically, six groups were established: 1: free ICG; 2:
ICG-Lips; 3: ICG-Lips + US; 4: ICG-Lips + laser; 5: ICG-Lips + MMBs, and 6: ICG-Lips + MMBs + US.

As shown in Figure 3A and C, both the free ICG and ICG-Lips were predominantly distributed in the cytoplasm. At
5 min and 1 h after addition, the ICG fluorescence intensity in group 2 was not significantly different from that in group
1. However, at 4 h, the ICG fluorescence intensity in group 2 was notably stronger than that in group 1, which was
attributed to the lipid bilayer structure of ICG-Lips that promoted cellular internalization owing to its superior
stability.>*>> At 5 min, 1 h, and 4 h, there were no notable differences in ICG fluorescence intensity between Groups
3 and 5 when compared to Group 2, suggesting that ultrasound (US) irradiation alone and the presence of magnetic
microbubbles (MMBs) alone did not influence the cellular uptake of ICG-Lips. The ICG fluorescence intensity of group
4 was comparable to that of group 2 at 5 min but was notably stronger at 1 and 4 h. This phenomenon may be attributed
to noninvasive stimulation caused by photothermal energy and ROS generated through NIR irradiation, which alters
membrane permeability and promotes cellular internalization.’® Interestingly, the results showed a marked uptake of
ICG-Lips in Group 6 at 5 min, which continued to increase at 1 and 4 h. The uptake efficiency in this group was
significantly higher at each time point than that in the other groups, likely because of the cavitation effect of the MMB
function. Overall, these results demonstrate that ICG-Lips exhibited superior A375 cell intake compared to free ICG. In
addition, laser irradiation enhanced the uptake of ICG-Lips by A375 cells, whereas US irradiation in the presence of
MMBs shortened the uptake time and enhanced the rate of uptake of ICG-Lips by A375 melanoma cells.

Previous studies have shown that ICGs possess PDT and SDT properties, whereas MMBs have SDT properties.
Therefore, to examine whether different treatments could induce PDT and SDT in A375 cells, ROS generation in A375
cancer cells was detected in 15 groups; 1: US,; 2, laser; 3, US + laser; 4, MMBs + US; 5, MMBs + laser; 6, MMBs + US
+ laser; 7, free ICG +US; 8, free ICG + laser; 9, free ICG +US + laser; 10, ICG-Lips + US; 11, ICG-Lips + laser; 12,
ICG-Lips + US + laser; 13, ICG-Lips + MMBs + US; 14, ICG-Lips + MMBs + Laser; and 15, ICG-Lips + MMBs + US+
laser. As shown in Figure 3B and D, groups 1, 2, 3, 5, 7, and 10 exhibited no significant ROS generation. Groups 4, 6,

57,58

and 10 showed only minimal ROS production, suggesting that microbubbles combined with US exhibited a slight SDT
effect on A375 cells.”’®>® Obvious ROS generation was observed in groups 8, 9, 11, 12, 14, and 15, which was attributed
to the photodynamic properties of ICG.?**° Notably, the most pronounced ROS generation was observed in Group 15,
suggesting that the combination of MMBs and ICG-Lips could cause excessive ROS generation. Taken together, these
findings suggest that ultrasound-mediated ROS production by MMBs is not significant, indicating that the SDT effect is
less pronounced. However, under laser excitation, the ICG-Lips exhibited significant ROS generation, indicating good
PDT efficacy. When ICG-Lips were combined with MMB, ROS generation was the most remarkable and the PDT effect
was enhanced. Moreover, in a subsequent investigation (Figure 5), we observed significant alterations in ferroptosis-
related markers with the combination of ICG-Lips and MMBs. Consequently, we hypothesized that the most pronounced
ROS generation in this combined treatment group may be attributed to ferroptosis, which disrupts redox balance.
Ferroptosis results in an increase in oxidants, thereby promoting ROS production, indicating a ferroptosis-enhanced PDT.

Anticancer Effects in vitro

Studies have shown that S100B protein expression is increased in melanoma.®' Our study also found that compared with
normal melanocyte PIG1, S100B protein was highly expressed in melanoma A375 cells (Figure S4A and B). To enhance
the ability of ICG-Lips to accumulate within tumors and address the inherent targeting deficiency of ICGs, the principle of
antigen-antibody specific recognition was employed. This involved the conjugation of the S100B antibody to the prepared
ICG-Lips for active targeting. As depicted in Figure SSA-C, upon co-incubation of ICG-Lips with A375 melanoma cells for
4 h, laser confocal microscopy revealed that the fluorescence intensity was approximately three times greater than that
observed with ICG-Lips co-incubated with normal melanocyte PIG1 cells for the same duration. Moreover, this fluores-
cence intensity was approximately four times higher than that observed for the ICG liposomes lacking the linked S100B
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antibody. This demonstrates that ICG-Lips have a high target affinity for melanoma with an overexpression of S100B. To
determine the optimal concentration of MMBs and the appropriate US conditions for subsequent experiments, the CCK-8
assay was used to assess the viability of A375 cells co-incubated with varying concentrations of MMBs or subjected to US
irradiation at different intensities, times, and null ratios, depicted in Figure S6A, at a concentration of 10° cells/mL and a US
power of 1.5 W/cm?, the viability of A375 cells was above 85%, indicating suitable US conditions with minimal impact on
cell viability. Moreover, alterations in the irradiation time and US duty cycle had no significant effects on A375 cell
viability. Therefore, a standard US duration of 1 min and a duty cycle of 20% were selected (Figure S6A). Next, the CCK-8
assay was used to detect the viability of A375 cells co-incubated with MMBs and different concentrations of ICG-Lips and
treated with US combination laser irradiation. As shown in Figure S6B, cell viability decreased drastically with an increase
in the concentration of ICG-Lips. The viability of A375 cells decreased to 30% when the concentration of ICG-Lips was
80 pg/mL, which was selected for subsequent studies owing to the balance between bioavailability and efficacy. This
concentration was also aligned with that chosen for PTT (Figure S3B).

After confirming the favorable targeting and action conditions of ICG-Lips combined with MMBs, the in vitro
anticancer effects of ICG-Lips combined with MMBs were validated. The in vitro anti-melanoma performance of ICG-
Lips in combination with MMBs was analyzed using calcein-AM and propidium iodide (PI) (live/dead) staining,
Annexin V-FITC/PI apoptosis assay, and CCK-8 assay.”* The grouping settings were the same as those for ROS
ingestion detection, with a total of 15 groups. In CCK-8 assay (Figure 4A), A375 cell viability was above 90% in
Groups 1, 2, 3,4, 5, 6,7, 10, and 13 groups, whereas A375 cell viability decreased to a range of 70%-15% in Groups 8,
9, 11, 12, 14, and 15 groups. Group 15 showed the most pronounced cytotoxicity. Such differences in cell viability may
be due to the efficacy of PTT and differences in PDT induced by different ROS generated under different treatments
(Figure 3B and D), resulting in different degrees of cytotoxicity. In live/dead cell quantification (Figure 4B) and staining
(Figure 4C), minimal red signals were observed in groups 1, 2, 3, 4, 5, 6, 7, 10, and 13, while red fluorescence increased
significantly to varying degrees in groups 9, 11, 12, 14, and 15. Among them, group 15 showed the strongest red signal.
The results were consistent with those of the CCK-8 assay. Cell viability was further assessed using the Annexin
V-FITC / PI staining assay (Figure 4D and E), revealing that the synergistic treatment in group 15 resulted in the highest
level of cell death (85.4%) among all groups. Taken together, these findings indicated that ICG-Lips combined with
MMBs significantly inhibited the growth of melanoma cells.

The Mechanism of ICG-Lips Combination with MMBs Anticancer Effects

We also explored the potential mechanism of ICG-Lips combined with MMBs in inhibiting melanoma cell growth.
Ferroptosis, characterized by iron-dependent lipid peroxidation, has emerged as a focal point of investigation. Both
mPTT and PDT can induce ferroptosis onset. PTAs produce free radicals after absorbing light energy during PTT, which
can promote lipid peroxidation and thereby causing ferroptosis.®” In addition, owing to increased temperature, ferroptosis
can be promoted via catalysis of the Fenton reaction.®> mPTT can promote the release and accumulation of intracellular
iron ions through local hyperthermia, increasing the occurrence of lipid peroxidation and thereby inducing ferroptosis.
One study has shown that a synergistic strategy of mutually reinforcing mPTT and ferroptosis can be effective in the
treatment of breast cancer.* PDT promotes lipid peroxidation through reactive oxygen species (ROS), which, in turn, can
cause ferroptosis. For instance, under NIR excitation, ICG generates ROS, leading to ferroptosis in the fibrosarcoma cell
line HT-1080.* Based on these findings and the studies outlined above, it is reasonable to hypothesize that ferroptosis
plays a crucial role in the anti-melanoma function of ICG-Lips combined with MMBs. Based on the results of the ROS
assay, we set up eight groups to test the following hypotheses: 1- PBS (control); 2-free ICG + US + laser; 3-MMBs + US
+ laser; 4-ICG-Lips + US + laser; 5-ICG-Lips + MMBs + US; 6-ICG-Lips + MMBs + laser; 7-ICG-Lips + MMBs + US
+ laser (synergistic treatment group); and 8-ICG-Lips + MMBs + US + laser + Fer-1.

Subsequently, the intracellular GSH levels in the various treatments were examined, and it was found that free ICG
led to a decline in intracellular GSH levels under ultrasound and laser excitation. The synergistic treatment group had
significantly lower GSH levels than the other groups (Figure 5A). Western blotting was used to examine the expression
of GPX4, as this protein is affected by GSH levels and has been reported to be a biomarker of ferroptosis.®> When GPX4
is dysfunctional, lipids are converted to lipid ROS, along with oxygen (O,) and ferrous ions (Fe’"), leading to the
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Figure 4 (A) CCK-8 cell viability assay for detecting cytotoxicity of various treatments towards A375 cells. (B) Quantitative results of (C). (C) Calcein AM/PI double stain
(green: live cells; red: dead cells) of A375 cells after different treatments. Scale bar: 400 um. (D) Annexin V-FITC/PI apoptosis assay of A375 cells after various treatments.
(E) Percentage of apoptotic and necrotic cells in Annexin V-FITC/PI apoptosis assay. US (1.5 W/cm?, 20%, I min); laser (808 nm, 2.0 W/cm?, 10 min). The groups are set as:
1-US; 2-laser; 3-US + laser; 4-MMBs + US; 5-MMBs + laser; 6-MMBs + US + laser; 7-free ICG +US; 8-free ICG + laser; 9-free ICG +US + laser; 10-ICG-Lips + US; | 1-ICG-
Lips + laser; 12-ICG-Lips + US + laser; |3-ICG-Lips + MMBs + US; 14-ICG-Lips + MMBs + Laser, and 15-ICG-Lips + MMBs + US+ laser. n=3, ***p<0.001, **p<0.0001,
compared to the US group; *p<0.01, compared to the ICG-Lips + MMBs + US + Laser group.
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Figure 5 (A) GSH levels in A375 cells after different treatments. (B) Western blot analysis of GPX4 in A375 cells after different treatments. (C) The relative expression
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(E) The fluorescence intensity of lipid peroxides was calculated from (D). (F) The simplified mechanism of ferroptosis. (G) PCA score plot showing differences between the
control and synergistic treatment group of A375 cells. (H) Heat map of metabolites in each treatment group. (I) Volcano plot demonstrating altered metabolite levels
between the control and synergistic treatment groups. (J) Pathway analysis of significant differential metabolites between the control and synergistic treatment groups. lon
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accumulation of LPO, which attacks intracellular biomolecules and ultimately kills cells. As depicted in Figure 5B and C,
our findings revealed a significant downregulation of GPX4 expression in the synergistic treatment group compared with
the other groups. Additionally, LPO accumulation was the most pronounced in the synergistic treatment group
(Figure 5D and E). The introduction of Fer-1, an effective and selective inhibitor of ferroptosis,*® increased intracellular
GSH levels and upregulated GPX4 expression compared with the synergistic treatment group. There was a simultaneous
decrease in the production of LPO compared to that in the synergistic treatment group (Figure 5A-D), which further
illustrated that ferroptosis plays an essential role in the treatment employing ICG-Lips in combination with MMBs.
Based on these results, it is reasonable to assume that the mechanism of ferroptosis in A375 cells induced by the
synergistic treatment group may have consumed large amounts of intracellular GSH under 808 nm laser irradiation. This
depletion of GSH led to GPX4 downregulation and lipid peroxidation (LPO) accumulation, resulting in heightened
ferroptosis (Figure 5F). To further investigate this mechanism, we conducted untargeted metabolomic profiling of cells
from the control and synergistic treatment groups, using ultra-performance liquid chromatography-tandem mass spectro-
metry (UPLC-MS/MS). As illustrated by the principal component analysis (PCA) scores (Figure 5G and Figure S7A),
both groups exhibited clear separation trends in both positive and negative ion modes. Heatmaps of differential
metabolites in the control and synergistic treatment groups are shown in Figure 5H and Figure S7B. Through metabolite
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screening (fold change < 0.67 or > 1.5, p < 0.05), 327 metabolites were identified between the control and co-treatment
groups, with 139 significantly different metabolites in the positive ion mode (Figure 51 and Table S2) and 188 differential
metabolites in the negative ion mode (Figure S7C and Table S3).

Further KEGG enrichment analysis of the differential metabolites, visualized through a bubble chart, revealed that the
metabolites altered in both positive and negative ion modes between the control and synergistic treatment groups were primarily
associated with glutathione metabolism, glutamate, niacin, and nicotinamide metabolism (Figure 5J and Figure S7D). Notably,
compared to the control group, the levels of GSSG, L-glutamic acid, and adenosine triphosphate (ATP) were significantly
upregulated in the synergistic treatment group. L-Glutamic acid and ATP are key precursors of glutathione synthesis. GSSG
accumulation is typically reduced to GSH by nicotinamide adenine dinucleotide phosphate (NADPH), a process that may lead to
potential cellular toxicity. Additionally, previous reports have shown that glutamate, niacin, and nicotinamide metabolism is
closely linked to reactive oxygen species (ROS) generation. Overall, the metabolomic data suggest that the synergistic treatment
specifically disrupts glutathione metabolic processes, ultimately inducing ferroptosis in A375 cells.

In vivo Targeting Evaluation
Inspired by the results of the in vitro experiments, further in vivo experiments were conducted. To ascertain whether the
as-fabricated ICG-Lips exhibited improved stability and targeting compared to free ICG in vivo, a tumor-bearing mouse
model was initially established using melanoma cell A375. Subsequently, free ICG and ICG-Lips (5 mg/kg, ICG) were
intravenously injected into tumor-bearing mice, and near-infrared imaging of free ICG and ICG-Lips was performed
using a small animal in vivo imaging system.

As shown in Figure 6A and B, for the free ICG group, the fluorescence signals at the tumor site gradually decreased
with time, whereas those of the ICG-Lips group gradually increased with time, reaching a peak at 12h, indicating that the
ICG-Lips had excellent tumor accumulation ability. The favorable tumor accumulation ability of ICG-Lips is partly
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Figure 6 (A). In vivo fluorescence imaging of the mice at different time points after intravenous injection of free ICG and ICG-Lips. The red circles highlight the tumor
locations of the mice. (B) quantitative results of (A). (C) Ex vivo biodistribution imaging of free ICG and ICG-Lips 48 h post-injection into tumor-bearing mice, (D)
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attributed to well-known passive targeting, that is, enhanced penetration and retention effect (EPR), and partly to active
targeting originating from the interaction of the S100B protein overexpressed in melanoma cells with the S100B-specific
antibody of ICG-Lips. Moreover, the enhanced stability of ICG within liposomes in the surrounding environment, which
prevents its binding to plasma proteins and thereby improves circulation time, could also account for the robust tumor
accumulation capacity of ICG-Lips.®” After NIR imaging, tumors and major organs were extracted from the mice
injected with free ICG and ICG-Lips for ex vivo fluorescence imaging analysis (Figure 6C and D). The fluorescence
intensity of ICG was weak at both tumor sites and major organs in mice injected with free ICG. The prominent ICG
(ICG-Lips) fluorescence signals observed in the liver and kidney may be attributed to the liposome coating, which
reduces the interception of ICG-Lips by the liver and kidney and to the liver as the main metabolic organ for ICG
nanoparticles.®”*® Additionally, the prominent signals observed at the tumor site reaffirmed the promising tumor
accumulation capacity of the ICG-Lips.

To confirm the in vivo targeting of MMBs, DIR-labeled MMBs were injected intravenously into mice bearing A375
tumors, and it was found that MMBs immediately aggregated at the tumor site after injection in the presence of an
external magnet. After the removal of the external magnet, the fluorescence gradually diminished (Figure S8A). This
phenomenon was attributed to the excellent magnetic responsiveness of MMBs, thus confirming that the synthesized
MMBs exhibited robust targeting properties in vivo. At the end of 48 h of observation, major organs and tumors, such as
the heart, liver, spleen, lungs, and kidneys, were extracted for the fluorescence assay, and no significant aggregation was
observed in each organ or tumor site (Figure S8B), which might be the result of their metabolism in the liver, spleen, and
lungs and was also consistent with our previous report.®’

Anticancer Effects in vivo

Inspired by the aforementioned results, the in vivo anti-tumor effects of synergistic treatment involving ICG-Lips
combined with MMBs were investigated. Following grouping established in the mechanistic study section, mice bearing
subcutaneous A375 tumors were randomly divided into eight groups with the same grouping settings as in the
mechanism section. A schematic illustration of the synergistic treatment group is shown in Figure 7A. The treatment
program for the other groups was accordingly adjusted. Over the following 14 days, the tumor volume and body weight
of each group of mice were dynamically monitored and recorded to generate a tumor growth curve (Figure 7B). After the
treatment period, all mice were euthanized and their tumors were excised, photographed, and weighed (Figure 7C and D)
to evaluate their therapeutic efficacy. Compared to the control (1) group, there was no significant tumor inhibitory effect
in groups 3 and 5, whereas groups 2, 4, 6, 7, and 8 demonstrated various levels of tumor inhibition. Among the various
treatments, the synergistic treatment group demonstrated the most remarkable tumor inhibition, which can primarily be
attributed to the multidimensional therapeutic effects of PTT and ferroptosis-enhanced PDT, as discussed above.

To further confirm the synergistic anti-tumor mechanism of the synergistic treatment group, hematoxylin and eosin
(H&E) staining, Ki67 assay, TUNEL assay, and GPX4 immunohistochemical analyses were conducted at the end of the
treatment to assess histological changes in the tumors (Figures 7E and S9). Consistent with the results of the aforemen-
tioned tumor growth assessment, the ability of the different treatment approaches to inhibit tumor growth varied. The
H&E staining results of the synergistic treatment group showed the most pronounced tumor cell death, the lowest Ki67
positivity, the highest TUNEL positivity, and the most downregulated GPX4 expression, further confirming the superior
therapeutic efficacy of the synergistic treatment of melanoma with ICG-Lips in combination with MMBs.

Finally, the potential systemic toxicity and biosafety of the different therapeutic approaches were examined, which are
important for clinical applications. First, we monitored the body weights of the mice in each group throughout the
treatment period and did not observe statistically significant differences in body weight. (Figure S10). Variation in the
morphology and weight of the liver and kidney in all groups of mice was negligible (Figure S11A and B). Serum
biochemical analyses revealed no remarkable differences in these biochemical indices between the groups (Figure S12),
suggesting that no significant hepatic or renal toxicity was associated with the treatment strategy. Hematological
analyses, including leukocyte, erythrocyte, hemoglobin, platelet, erythrocyte pressure volume, mean erythrocyte volume,
mean erythrocyte hemoglobin, and mean erythrocyte hemoglobin, showed no significant differences between the groups
(Figure S13), indicating that there was no obvious systemic toxicity associated with the treatment strategy. These data
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Figure 7 (A) In vivo treatment schedule of ICG-Lips in combination with MMBs. (B) Photographs of tumors in different treatment groups at the end of treatment. (C)The
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illustrate that the synergistic treatments are biocompatible and acceptable Furthermore, the major organs were harvested
and histopathological changes in the major organs were assessed using H&E staining. No significant physiological
abnormalities were observed in any of the groups, confirming the safety profile of the combined treatment involving
ICG-lips and MMBs (Figure S14).

Conclusion

In conclusion, ICG-Lips and MMBs were synthesized using a convenient thin-film hydration method for synergistic
treatment of melanoma through mPTT and ferroptosis-enhanced PDT. The synthesized MMBs demonstrated excellent
responsiveness to magnetic fields and promoted rapid and efficient uptake of ICG-Lips by melanoma cells under US
mediation. In addition, they augment ROS generation, thereby enhancing the efficacy of PDT. The synthesized ICG-Lips
exhibited favorable stability and tumor-targeting ability. Under 808 nm laser irradiation, ICG-Lips entering melanoma
cells increased the temperature, leading to superior mPTT, abundant ROS generation for enhanced PDT efficacy,
disruption of the redox balance, and consumption of considerable amounts of GSH to initiate ferroptosis. Disruption
of the redox balance caused by ferroptosis leads to an increase in the concentration of oxidants, further enhancing the
efficacy of PDT. At both the cellular and tumor-bearing animal levels, a therapeutic approach involving ICG-Lips
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combined with MMBs achieved notable inhibition of melanoma cells and tumor growth. Furthermore, this therapeutic

strategy resulted in minimal effects on major healthy organs, blood counts, blood biochemistry, liver function, and kidney

function. Therefore, the combination of ICG-Lips with MMBs achieved the integration of mPTT and ferroptosis-

enhanced PDT, thereby enhancing anticancer efficacy. This approach offers a novel, biocompatible, safe, and effective

therapeutic option for the treatment of melanoma.
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