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Purpose: Mastoparan-M (Mast-M) has cytotoxic effects on various tumor cells in vitro, including liver cancer and colorectal cancer.
However, the anti-tumor mechanism of Mast-M remains unclear and its potential for anti-tumor therapy has not been investigated.
Herein, we aimed to develop a novel phytosome formulation loaded with Mast-M and evaluate its efficacy against breast cancer both
in vitro and in vivo. Furthermore, we investigated the underlying anti-tumor mechanisms of Mast-M.

Methods: The synthesis of Phy-Mast-M involved a co-solvent technique, followed by solvent evaporation. Its anti-tumor mechanism
was investigated using CCK-8, clone formation, and apoptosis assays. Subsequently, the biodistribution and anti-tumor efficacy of
Phy-Mast-M were assessed in vivo using the 4T1 tumor-bearing mouse model. Finally, the safety of Phy-Mast-M was evaluated
in vivo.

Results: The prepared Phy-Mast-M demonstrated an exceptional monodisperse size distribution (125.67 £+ 45.79 nm), and exhibited
excellent stability under different physiological conditions. Phy-Mast-M could inhibit 4T1 cells growth through multiple channels,
including arresting cell growth cycle and disturbing mitochondrial membrane integrity. Phy-Mast-M proved significantly higher
accumulation at tumor sites in a tumor-bearing mouse model as compared to free Mast-M. Moreover, in vivo anti-tumor studies
demonstrated that Phy-Mast-M exhibited superior curative inhibitory effects on tumor growth and favorable biocompatibility.
Conclusion: Phy-Mast-M demonstrates significant anti-tumor activity both in vitro and in vivo. Moreover, its potential for clinical
translation suggests promising prospects for cancer therapy, offering more drug options for breast cancer patients.

Keywords: breast cancer, Mast-M, phytosomes, cancer therapy, small molecule peptide

Introduction
Breast cancer is the most commonly diagnosed cancer and the leading cause of cancer-related deaths in women.'
Currently, systemic chemotherapy remains a primary treatment option for breast cancer, especially for triple-negative
breast cancer, due to a lack of precise therapeutic targets.”® However, nearly half of all cancer patients experience
treatment failure because of drug resistance or non-responsiveness to therapeutic drugs.*> Therefore, there is an urgent
need to develop new anti-tumor drugs with high efficiency and low toxicity for systemic breast cancer treatment.®
Venom therapy, regarded as a complementary and alternative medicine approach, has been used for centuries in folk
medicine to treat pain, inflammation, and arthritis. Vespa magnifica (Smith) is a species of social wasp indigenous to
Yunnan, China. Compounds extracted from wasp venom have been used clinically as anti-inflammatory medicines to
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relieve pain and manage chronic inflammatory diseases, such as rheumatoid arthritis and multiple sclerosis.””
Furthermore, Mast-M is an active component of tetradecapeptide, which our team isolated and identified from Yunnan
Dehong Vespa magnifica. It constitutes 70-80% of the crude toxin extract.'®!" Our previous studies have confirmed that
Mast-M has neuroprotective, anti-inflammatory, and paw swelling-alleviating effects in rats with rheumatoid
arthritis.'>'* Interestingly, we have found that Mast-M has cytotoxic effects in vitro, including on various tumor cell
types (liver cancer and melanoma cells).'® Consequently, we posit that Mast-M peptide holds promise as a novel anti-
tumor active ingredient, offering fresh insights for the development of new anti-cancer therapeutics. Nevertheless, the
precise mechanism by which Mast-M peptide exerts its tumoricidal effects remains unclear, and further investigation into
its in vivo anti-tumor efficacy is warranted.

As an ideal anti-tumor agent exhibit characteristic including safety, high efficacy, and multi-target selectivity.
However, due to its inherent nature as a small molecule peptide, Mast-M is subject to rapid metabolism and exhibits
a brief circulation time in the bloodstream. This poses challenges for achieving effective accumulation at tumor sites.'* ">
These characteristics constrain the application of Mast-M in cancer therapy. Modifying the delivery method to change the
biodistribution of therapeutics has become a primary strategy. Research on nanomedicines is rapidly expanding,
particularly regarding liposomes, which are favored for their biomimetic properties as nanoparticles composed of
concentric self-assembled lipid bilayers. These structures exhibit prolonged circulation times in the bloodstream and
can accumulate at tumor sites due to the enhanced permeability and retention (EPR) effect.'®'® Furthermore, nanofor-
mulations incorporating chemotherapeutic agents such as paclitaxel within liposomes are widely utilized for treating
solid tumors and malignant hematologic conditions like breast cancer.'® Moreover, in contrast to conventional liposomes,
phytosomes—formed from complexes of phospholipids and active substances—demonstrate superior drug-loading
capacity and sustained release profiles.”® We hypothesize that Mast-M may interact with phospholipids through multiple
weak interactions to form a Mast-M-phospholipid complex, thereby facilitating the development of Mast-M via self-
assembly. This approach is intended to enhance both bioavailability and therapeutic efficacy of Mast-M.

In the current investigation, we have developed Phy-Mast-M, an innovative drug formulation that employs Mast-M as
the active agent against tumors and utilizes phytosomes as drug delivery vehicles. Our strategy is designed to preserve

110 https: International Journal of Nanomedicine 2025:20



Zhao et al

the pharmacological efficacy of Mast-M while optimizing its biodistribution and circulation time to enhance its antitumor
effectiveness. Furthermore, it is imperative to investigate the mechanisms underlying its tumor growth inhibition. This
research will provide substantial value and serve as a reference for the development of novel anticancer therapeutics.

Methods

Animal Preparation

Female BALB/c mice aged 6—8 weeks were purchased from Guangdong Yaokang Biological Technology Co. Ltd. All
animal work was approved by the Institutional Ethical Committee of Animal Experimentation at Xiamen University
(Ethics Approval: No. XMUWO0002LAC20180037) and was conducted in accordance with the principles of the
Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC).

Cell Culture

All cancer cells were procured from the American Type Culture Collection in Rockville, USA. MCF-10A, the normal
breast epithelial cell line were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China), and were
cultured in specific epithelial culture medium (CL-0525, Procell Co., Ltd). 4T1 and BT-549 cell lines were maintained in
RPMI-1640 medium (Thermo Fisher) supplemented with 10% fetal bovine serum (FBS; Cellmax, China) and 1%
penicillin-streptomycin. MDA-MB-231, Hela, CT-26, HepG2 and HT-29 cell lines were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Thermo Fisher) supplemented with 10% FBS and 1% penicillin-streptomycin. All
cells were cultured in a standard humidified cell culture incubator (37°C, 5% CO,).

Phy-Mast-M Synthesis

Mast-M (10 mg) and soya phosphatidylcholines (SPC) (30 mg) were dissolved in anhydrous ethanol (10 mL) and stirred
continuously at 45°C for 4 h. The resulting mixture was subjected to spin steaming at 50°C to remove the reaction
solvent. This was followed by the addition of 10 mL of ultra-pure water for ultrasonic hydration. Subsequently, any
remaining free Mast-M and SPC were removed by dialysis in ultra-pure water containing 5% Tween 80. The mixture was
sequentially extruded through 100 nm and 200 nm polycarbonate membranes for at least 15 cycles using an Avanti mini
extruder to synthesize Phy-Mast-M. It was then stored in a refrigerator at 4°C for subsequent use. Next, Mast-M was
labeled with fluorescein isothiocyanate (FITC) at a mass ratio of 1:1 (FITC 10 mg, Mast-M 10 mg), dissolved in 1mL
DMSO, stirred overnight, and then mixed with 10 mL ultra-pure water to form FITC-Mast-M. To prepare FITC-Phy-
Mast-M, Phy-Mast-M could be synthesized by incorporating FITC-labeled Mast-M during the synthesis process.
Furthermore, Mast-M-ICG was synthesized by Shanghai Apeptide Company, Ltd. (Shanghai, China).

The capacity of Mast-M in Phy-Mast-M was determined utilizing high-performance liquid chromatography (HPLC)
with an Agilent C18 analytical column, and detection was performed at a wavelength of 220 nm. The mobile phase
consisted of acetonitrile and 0.1% trifluoroacetic acid (TFA). The flow rate was maintained at 1 mL/min, and the analytic
volume was 10 pL. To confirm the successful binding of Mast-M with SPC, Fourier-transform infrared spectroscopy
(FTIR) was employed to analyze SPC, Mast-M, and Phy-Mast-M. Given the insolubility of Mast-M in dichloromethane,
the interaction between Mast-M and SPC was investigated by observing the dissolution behavior of Mast-M in
dichloromethane. Mast-M, SPC, SPC+Mast-M, and Phy-Mast-M were dissolved in dichloromethane separately to
observe dissolution behavior.

Characterization of Phy-Mast-M

General Properties of Drug Particles

Phy-Mast-M were prepared and subsequently diluted tenfold with phosphate-buffered saline (PBS). Following dilution,
rigorous assessments were conducted to evaluate the color, clarity, and transparency of the solution.
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TEM, Size, and Zeta Potential Analysis of Phy-Mast-M

The morphology and diameter distribution of Phy-Mast-M were assessed while it was dispersed on a carbon-coated
copper grid using TEM (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The particle size and zeta potential of
Phy-Mast-M were measured with a Malvern Laser Particle Size Analyzer (Zetasizer Nano ZS 90, Malvern, UK) at 25°C.

Stability of Phy-Mast-M

In order to test the stability of Phy-Mast-M, a series of experiments were conducted. First, Phy-Mast-M was diluted
tenfold and allowed to stand for 0, 6, 12, 24, and 48 h to observe the presence of any precipitate or flocculent formations.
Subsequently, the dispersion quality was evaluated after 48 h placement using laser irradiation. Furthermore, the stability
of Phy-Mast-M was investigated in various media such as PBS, 10% FBS, water, and DMEM cell culture medium.
Hydrodynamic diameters of the solutions were measured at 0, 6, 12, 24, and 48 h. Finally, the stability of Phy-Mast-M
was analyzed using HPLC to quantify the Mast-M content in Phy-Mast-M samples stored for 0, 7, 14, and 28 days.

Cytotoxicity Assay

MDA-MB-231, 4T1, BT-549, Hela, CT-26, HepG2, HT-29 and MCF-10A cells (1x10"4 cells/well) were seeded in 96-
well plates for an initial 12 h incubation. The medium was then replaced with fresh culture medium containing different
concentrations of Mast-M and Phy-Mast-M. Following another 24 h incubation, the cell viability was determined using
the CCK-8 assay kit provided by Beyotime Biotechnology.

Cellular Uptake and Colocalization

The internalization of Phy-Mast-M was evaluated by a confocal microscopic examination following the co-culturing of
FITC-Phy-Mast-M and FITC-Mast-M with 4T1 cells. Specifically, 4T1 cells (1x10"5 cells/well) were seeded in 12-well
plates and incubated for 12 h. Subsequently, the cell culture medium was replaced with fresh media containing FITC-Phy
-Mast-M and FITC-Mast-M (equivalent in Mast-M content) for an additional 1, 3, and 6 h of incubation. Following
incubation, 4T1 cells were rinsed twice with PBS and fixed with 4% formaldehyde for 15 min at room temperature. To
visualize the cellular uptake of Phy-Mast-M, the cell nuclei were first counterstained with DAPI, and the cell membranes
with Dil, both procured from Beyotime Biotechnology, in accordance with the supplier’s standard operating procedures.
Following this, coverslips were mounted onto glass slides using an anti-fade reagent from Beyotime Biotechnology to
preserve fluorescence integrity. The samples were then examined using the Leica DM2700 Portho fluorescence micro-
scope (Leica Microsystems, Wetzlar, Germany).

Annexin V-FITC/PI Apoptosis Detection

4TI cells (2x1075 cells/well) were plated in a 6-well plate for an initial 12 h incubation. They were then treated with
Mast-M or Phy-Mast-M and further incubated for 24 h. Subsequently, cells were washed twice and treated with 50 uL of
1x binding buffer, suspended, and transferred into a 2 mL centrifuge tube. Then, 2.5 pL FITC Annexin V and 2.5 pL PI
(Beyotime Biotechnology) was added, vortex cells were incubated at room temperature for 15 min away from light.
Finally, 450 pL of 1x binding buffer was added into each tube and the tubes were analyzed via flow cytometry
(CytoFlexS) within 1 h.

Western Blot

The total protein was separated by RIPA lysis buffer with 1 mm PMSF (HY-L0O81 Med Chem Express, USA) and
protease inhibitor cocktail (HY-K0010 Med Chem Express, USA) for 15 min, followed by 15 min centrifugation at
12000 rpm at 4°C. Protein concentration was measured using BCA protein assay kit (PO011, Beyotime, China). Protein
was separated with SDS-polyacrylamide gel electrophoresis, and then transferred from the gel onto a polyvinylidene
difluoride (ISEQ00010, Millipore, USA) membrane. After being blocked with 5% nonfat dry milk in Tris-buffered saline
plus Tween-20 (TBST) for 1.5 h at room temperature, the PVDF membranes were incubated with primary antibodies
overnight at 4°C, and then with secondary antibodies for 1 h at room temperature. The membranes were washed with
TBST buffer, the blots were visualized by Azure C300. The information of antibodies is as follows: Caspase-3 (1:1000,
14220, Cell Signaling Technology, USA). Bax (1:1000, 5023, Cell Signaling Technology, USA).
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Mitochondrial Membrane Detection

Mitochondrial membranes of 4T1 cells were evaluated by confocal microscopic observation after culturing the Phy-Mast
-M and vector with 4T1 cells. First, 4T1 cells (1x10"5 cells/well) were plated in a 12-well plate slide and maintained for
12 h. Then, fresh media containing the Phy-Mast-M and vector were exchanged for another 1 h, 3 h, and 6 h of culture.
Next, 4T1 cells were washed twice with PBS and fixed with 4% formaldehyde for 15 min at room temperature. The cells
were counterstained with JC-1 (C2006, Beyotime, China) to assess the mitochondrial membrane. Coverslips were
mounted on glass microscope slides with a drop of anti-fade mounting media to reduce fluorescence photobleaching.
The condition of the mitochondrial membrane was visualized using the Leica DM2700 Portho fluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

Cell Clone

Cells were inoculated at a concentration of 500 cells per well into a 6-well plate for incubation. Then, fresh media
containing Phy-Mast-M were exchanged for another 7 days of culture. Subsequently, cells were fixed with a fixative and
stained with crystal violet.

Cell Cycle Analysis

4T1 cells (2x1075 cells/well) were seeded into a 6-well plate and initially for 12 h. They were then treated with Mast-M,
Phy-Mast-M and doxorubicin further incubated for 24 h. Cells were harvested and fixed overnight in 70% ethanol at
—20°C. Then, the solution containing cultured cells was centrifuged at 800 rpm for 5 min, the supernatant was discarded,
and 1 mL PBS was added. The solution was resuspended and allowed to rest at room temperature for 15 min. The
solution was centrifuged again and the supernatant was discarded. Then, samples were incubated in a solution containing
10 mg/mL RNase and 1 mg/mL PI (Yeasen Biotech) at 37°C for 30 min in the dark. The DNA content was determined
using flow cytometry (Becton, Dickinson &Co).

Subcutaneous Mouse Model

BALB/c mice (aged 6 to 8 weeks) were subcutaneously injected with 1x1077 4T1 cells on the right side of the lower limb.
Tumor-bearing mouse were assigned randomly into the following three experimental groups: 1. PBS group (injected with
PBS); 2. Mast-M group (injected with 2.7 mg/kg Mast-M); 3. Phy-Mast-M group (injected with 2.7 mg/kg Phy-Mast-M).
The treatment begins when the tumor volume reaches approximately 50—75 mm”3. The drug is injected intravenously every
four days, for a total of four doses and the first dose is given on day 0 and recorded. From this point onwards, the weight and
tumor volume of the mice are carefully measured every two days. Tumor volume is calculated using an established formula:
length x (width)*2 x 0.52. The mice were euthanized on day 20, and the heart, liver, spleen, lung, and kidney tissues of
tumor-bearing mice were harvested for histological examination through hematoxylin and eosin (H&E) staining.
Additionally, the tumor tissue underwent staining procedures for H&E, Ki-67, Bel-2, and TUNEL markers to evaluate
specific cellular characteristics and molecular markers associated with tumorigenesis.

Fluorescence Imaging

The 4T1 tumor-bearing mice (volume 50-75 mm”3) were randomly divided into two groups (n= 6) and injected
intravenously with Phy-Mast-M-ICG / Mast-M-ICG (Contains the same amount of ICG, 1.0 mg/kg). Animals were
given isoflurane (RWD Life Science) for anesthesia, and fluorescence signals were assessed with the small animal
imaging systems (Series III 900/1700) at 1, 3, 6, 12, 24, 36, 48, and 72 h. To further observe nanoprobe biodistribution
in vivo, mouse organs were dissected for fluorescence imaging at 48 h post-injection.

Safety Study

The biosafety of Phy-Mast-M was assessed in healthy BALB/c mice. After injection with Phy-Mast-M, Mast-M (2.7 mg/
kg) and PBS was continuously injected once a day for 4 days. After 48 h, blood samples were collected for testing blood
routine and biochemical indexes, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine
(Cre), and blood urea nitrogen (Urea).
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Statistical Analysis

The data are presented as the mean values + standard deviations. Statistical significance was determined using two-way
analysis of variance. Graphs and figures were generated using GraphPad Prism software. Fluorescence images and
immunohistochemical images were processed and statistically analysed using ImageJ software. For the reported data, the
symbol “*” denotes P < 0.05, “**” denotes P < 0.01, “***” denotes P < 0.001, “****” denotes P < 0.0001, and “ns”

indicates no statistically significant difference. All statistically analysed data included a minimum of 3 samples.

Results
Synthesis and Characterization of Phy-Mast-M

Mast-M is an active substance and natural polypeptide. It is composed of amino acids as its basic unit (Figure S1).
Phy-Mast-M was prepared by simply mixing Mast-M with SPC (Figure 1A). General characterization results
showed that Phy-Mast-M is a milky, transparent, clarified liquid (Figure S2). TEM images showed that Phy-Mast
-M was monodispersed and spherical, and DLS analysis indicated an average hydrated particle size of 125.67 +
45.79 nm (Figure 1B and C). A zeta potential value of +32.05 + 17.27 mV was observed for Phy-Mast-M
(Figure 1D), indicating its potential to easily attach to the surface of cancer cells and exhibit pharmacological
effects. Figure 1E showed that the mixture of SPC and Mast-M was insoluble in dichloromethane, but Phy-Mast
-M did not solidify or form flocculent precipitates in dichloromethane. These results indicate that Phy-Mast-M is
not a simple physical mixture of SPC and Mast-M, but a complex formed by weak interactions (electrostatic,
hydrophobic, hydrogen bonding, van der Waals forces, etc). (Figure S3). The results of HPLC and FTIR analysis
further demonstrate the successful combination of Mast-M with SPC (Figure 1F and G).

No precipitation or flocculation occurred in our Phy-Mast-M complex during 48 h of general monitoring. Moreover, even
after 48 hours of standing followed by laser irradiation, the dispersion remained visually favorable, as depicted in Figure 1H,
highlighting the complex’s remarkable stability. HPLC content monitoring over 28 days further confirmed the stability of the
compound (Figure S4). Besides, to further verify its stability in vitro, the probe was dissolved in different media (PBS, water,
10% FBS, and DMEM cell culture medium) and the particle size was measured at different times. We found that the particle
size of Phy-Mast-M did not change significantly at 0, 6, 12, 24, and 48 h (Figure 1I). Overall, the small particle size,
monodisperse size distribution, and high zeta potential indicated the excellent stability of Phy-Mast-M.

In vitro Cytotoxicity of Phy-Mast-M

As shown in Figure 2A, significantly decreased cell viability was observed upon treatment with Phy-Mast-M after
a 24-h incubation period, when compared with untreated cells and the Mast-M group, suggesting its excellent
cytotoxic effects on 4T1 cells. The results of the CCK-8 assay conducted using MDA-MB-231 cells also
corroborated the experimental conclusions (Figure 2B). Furthermore, the IC50 curves of Mast-M and Phy-Mast
-M can also intuitively convey this experimental result (Figure 2C). Notably, Phy-Mast-M has been observed to
exert a broad cytotoxic effect on various cancer cell lines, including BT-549, HeLa, CT-26, HepG2, and HT-29, as
demonstrated in Figure S5. Furthermore, Phy-Mast-M has been demonstrated to exhibit low toxicity to normal
breast epithelial cells MCF-10A, with a slightly stronger effect compared to the Mast-M group. This increased
cytotoxicity may be attributed to the enhanced cellular uptake observed for Phy-Mast-M.

Cellular Uptake and Colocalization of Phy-Mast-M

As shown in (Figure 2D), the uptake of drugs by 4Tl cells gradually increased with the prolongation of drug
incubation time. Notably, the uptake of FITC-Phy-Mast-M by 4T1 cells was more substantial than that of FITC-
Mast-M. The mean fluorescence quantization map of FITC also shows the same experimental results. This is
attributable to lecithin being a basic component of the cell membrane and having a strong affinity with it. When
Mast-M forms a phospholipid complex with lecithin, the latter, acting as a drug carrier, can promote the entry of the
substance from the cell membrane into the cell. In order to further explore the anti-tumor mechanism of Phy-Mast-M,
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the cell colocalization of the complex was detected. As shown in Figure 2F, most of the drug enters the cytoplasm, and
a small part enters the nucleus.

Phy-Mast-M Induces Apoptosis by Destroying the Mitochondrial Membrane in vitro
Due to the large amounts of drugs entering the cytoplasm, we hypothesized that the complex would promote cancer cell
apoptosis by destroying mitochondrial membranes. Therefore, we performed flow cytometry-based detection of the
complex to assess whether apoptosis was promoted and performed confocal imaging to assess mitochondrial membrane
staining. Apoptosis of 4T1 cells was then evaluated after transfection with different formulations, and cells were analyzed
to detect cell apoptosis after staining them with Annexin-V-FITC and PI (Figure 3A). It was demonstrated that the carrier
drug group did not induce apoptosis, while Mast-M and Phy-Mast-M both induced 4T1 cell apoptosis. However, it is
noteworthy that the pro-apoptotic ability of the Phy-Mast-M drug group was notably stronger than that of the Mast-M
drug group. The quantization graph (Figure 3B) confirms these findings.

To further validate the ability of Phy-Mast-M to promote apoptosis in tumor cells, we conducted Western Blot (WB)
analysis to detect the expression of relevant apoptotic factors. As shown in Figure S6, Phy-Mast-M upregulated the
expression of Bax and caspase-3, and this upregulation is positively correlated with concentration. These results suggest
that Phy-Mast-M can promote apoptosis in tumor cells, which was consistent with the flow cytometry data.

As shown in (Figure 3C and D), the mitochondrial membrane potential of the drug carrier group was similar to that of
the control group, with both groups yielding robust red fluorescence signals. This observation suggests that the drug
carrier does not induce significant damage to the cellular mitochondrial membrane. In contrast, the fluorescence
characteristics of the Phy-Mast-M drug group evolved gradually over time, showing a progressive attenuation of red
fluorescence and a concomitant increase in green fluorescence intensity. This demonstrated that Phy-Mast-M can disturb
the mitochondrial membrane of tumor cells.

Phy-Mast-M Affects Cell Cloning and Proliferation

Experimental findings pertaining to cell proliferation indicate that Phy-Mast-M had a notable impact on 4T1 (Figure 3E
and F) and MDA-MB-231 cells (Figure S7A and B). Subsequent flow cytometry analysis revealed that Phy-Mast-M
influenced the cell cycle of 4T1 cells, resulting in the inhibition of clonal proliferation among cancer cells (Figure 3G).
These results underscore the potential of Phy-Mast-M as a candidate for impeding cancer cell growth and warrant further
investigation into its therapeutic applications.

Phy-Mast-M Fluorescence Imaging and Biodistribution

To further confirm the tumor targeting specificity of Phy-Mast-M in vivo, 4T1-tumor-bearing mice were intravenously
injected with Phy-Mast-M-ICG and free Mast-M-ICG. Fluorescence imaging analysis consistently detected a robust
signal in the tumors of mice treated with Phy-Mast-M-ICG, whereas only a faint signal was evident in the tumor region
in the free Mast-M-treated group over the same period. In contrast, the Phy-Mast-M-ICG group showed a strong
fluorescence signal in the tumor, and the signal intensity was retained for up to 72 h post-injection (Figure 4A and B).
To investigate the biodistribution of Phy-Mast-M in vivo, mouse organs were dissected for fluorescence imaging at
48 h post-injection, as illustrated in Figure 4C. Clearly, the tumors of the Phy-Mast-M group showed more intense mean
fluorescence signals than the Mast-M group (Figure 4C and D). These results provide compelling evidence that Phy-Mast
-M enhances the bioavailability and tumor targeting of Mast-M.

In vivo Anti-Tumor Studies

Next, we assessed the in vivo anti-tumor efficacy of Phy-Mast-M on breast tumors. BALB/c mice, inoculated with 4T1
cells via hypodermic injection, were treated with four administrations once the tumor volume reached approximately
50-75 mm"3 (Figure 4E). As depicted in Figure 4F, no significant variations in body weight were observed across all
treatment groups, indicating that Phy-Mast-M exhibits a favorable safety profile. Analysis of tumor volumes revealed that
the Phy-Mast-M group demonstrated superior tumor suppression compared to the PBS and Mast-M groups (Figure 4G
and H). Additionally, mice images in Figure S8 clearly support this outcome. Furthermore, the statistical results of tumor
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Table | Statistical Results for the
Tumor Inhibition Rate. (N= 6)

Tumor growth inhibition rate

PBS 722.43+194.33
Mast-M 613511+13829 | 15.07%
Phy-Mast-M | 202.05%139.91 | 72.03%

inhibition rates show that Phy-Mast-M achieved a tumor inhibition rate of 72.03%, significantly exceeding that of the
Mast-M group (Table 1). These findings suggest that Phy-Mast-M possesses potent in vivo antitumor effects, out-
performing the free Mast-M group. In addition, to further substantiate the in vivo evidence that Phy-Mast-M exerts
antitumor effects by promoting apoptosis, immunohistochemical staining was conducted on tumor tissues. The staining
results confirmed an increase in the apoptotic markers Bcl-2 and TUNEL, along with a decrease in Ki-67, indicating
a substantial induction of tumor cell apoptosis in the Phy-Mast-M group (Figure 41 and J). These findings suggest that
Phy-Mast-M can elicit therapeutic effects on tumors by facilitating cellular apoptosis.

Safety of Use of Phy-Mast-M

We further collected the heart, liver, spleen, lung, and kidney of tumor model mice to perform H&E staining. No
significant histopathological changes, including necrosis, inflammation, or structural destruction were observed in organs
obtained from the Phy-Mast-M group (Figure 5A). Furthermore, the hematological analysis revealed that all blood
routine indices for the Phy-Mast-M group were within the normal parameters (Figure 5B). In addition, blood biochem-
istry indicators were largely unaltered, except for a slight decrease in urea levels, which showed a slight decrease
compared to the normal range. Nonetheless, when compared to the normal group, there was no significant difference in
urea levels, which were still comparable to the normal range and might be attributed to reduced sample capacity
(Figure 5C). Collectively, these findings indicate that Phy-Mast-M is safe for in vivo administration.

Discussion

Mast-M, a small molecule peptide with anti-tumor active substances, was extracted and isolated by our team from
Yunnan Dehong Vespa magnifica.'®'? It has great potential for the development of new anti-tumor drugs and is expected
to solve the problem of shortage of certain new anti-tumor drugs in clinical settings. In the present study, a novel anti-
tumor complex, Phy-Mast-M, was developed using a solvent evaporation method. This formulation exhibits enhanced
characteristics, including a smaller size, lower size distribution, higher zeta potential, and better stability. Moreover, it
could induce apoptosis in cancer cells by destroying the mitochondrial membrane and arresting the cell growth cycle,
thus achieving an anti-tumor effect for the first time. As expected, in the 4T1 tumor-bearing mouse model, this innovative
strategy resulted in excellent anti-tumor effects.

As an active substance and natural polypeptide, Mast-M has a mode of action that is similar to that of biological
agents such as antibodies and therapeutic proteins, but these peptides have lower immunogenicity and are cheaper to
produce because they can be synthesized chemically.?' ** We found that Mast-M exhibits cytotoxic effects against
tumors in vitro.'® However, the anti-tumor mechanism of Mast-M is still unclear and has not been investigated in anti-
tumor therapy research. Previous studies have confirmed that other bee toxins such as melittin and apamin can disrupting

cell membrane stability,>** 26,27

28,29

affecting cell metabolism, inhibit the growth of tumor cells via apoptosis promotion, cell

cycle inhibition, signaling cascade regulation,® and other mechanisms.’'*?> We speculate that its mechanism of
action may be similar to that of bee venom, but there are certain differences. The anti-tumor mechanism has remained
unexplored for Mast-M. Heren, the anti-tumor mechanism of wasp toxin Mast-M was initial investigated in this study.
The results showed that Phy-Mast-M could inhibit tumor cells via various avenues, promote apoptosis in tumor cells by
destroying mitochondrial membranes of cells, or hinder the growth cycle of tumor cells. Therefore, a deeper under-
standing of the anti-tumor molecular mechanisms of Mast-M still requires further exploration, and our research group

continues to delve into this area. Overall, multi-pathway anti-tumor mechanisms can reduce drug resistance occurrence
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Figure 5 Safety of Phy-Mast-M. (A). HE staining of tumor-bearing mice after drug treatment. (B). Blood routine tests in mice. (C). Blood biochemical detection in mice. (n= 3).

and development. This provides guidance for the discovery of novel strategies and the development of new drugs for
cancer treatment.

We found that Mast-M exhibits cytotoxicity in vitro. However, its application in cancer treatment is limited because
of its rapid metabolism and short blood circulation time, which makes it challenging for Mast-M to accumulate
effectively in tumor sites.'®'® Therefore, improving the biological distribution characteristics of Mast-M in vivo is
necessary to achieve a lower toxicity and substantial anti-tumor effect. Modifying the delivery method is the most
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prevalent and effective strategy to address this issue. Currently, the phytosome serves as a molecular drug delivery
vehicle, characterized as a hybrid nanoparticle that entraps the drug within SPC.**** It mimics the lipid-soluble and
water-soluble properties of SPC and is largely amphipathic. This characteristic facilitates its transport from the
surrounding water-soluble environment to the lipid-soluble environment of the cancer cell membrane, enhancing its
effectiveness. Thus, phytosome technology substantially improves bioavailability, enhances efficacy, and reduces drug
toxicity, providing a fundamental advantage and breakthrough for the clinical application of some drugs.”® A safe and
effective phytosome phospholipid complex design has increasingly attracted more and more attention in recent years as it
is essential for phytosome formation. The daidzein-phospholipid complex, salvianolic acid B-phospholipid complex,
clarithromycin-phospholipid complex, and other liposome delivery systems reportedly have unique advantages due to
their excellent biocompatibility and membrane fusion properties.”’>>*® In this study, we selected Mast-M as the active
anti-tumor substance and adopted biocompatible liposome nanomaterials as the main delivery system to synthesize a new
liposome nanomedicine using the solvent evaporation method. The results showed that Phy-Mast-M exhibited better
biological distribution, blood cycle duration, and anti-tumor efficacy than Mast-M, both in vivo and in vitro. Phy-Mast-M
shows excellent safety and clinical translational potential, providing more drug choices for the treatment of breast cancer.
Several limitations are associated with the present study. Primarily, the anti-tumor molecular mechanism of Mast-M
has not been thoroughly understood. Though our study demonstrated the ability of Mast-M to promote apoptosis and
induce cell cycle arrest within cancer cells, Mast-M may potentially have tumoricidal effects as it modulates the tumor
microenvironment, enhances immune regulation, and engages with other unidentified mechanisms. Therefore, it is
necessary to explore the anti-tumor mechanism of Mast-M further in the future. Moreover, in the present study, Phy-
Mast-M was only targeted to the tumor site because of the EPR effect; it lacks specific targeting capabilities. To enhance
the efficacy of targeted breast cancer treatment, additional modifications to enhance liposome targeting are necessary.

Conclusion

In conclusion, our results suggest that Phy-Mast-M has the potential to deliver efficient and safe treatment for breast
cancer. This has significant implications for the development of novel anti-tumor therapeutics and could facilitate the
development of safe and efficient new anticancer nanomedicines to effectively control local tumors. Such advancements
not only have promising clinical utility for enhancing the survival rates and quality of life of cancer patients but also have
practical implications for the mitigation of societal costs associated with cancer treatment.
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