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Background and Purpose: Luteolin (LUT), a flavonoid found in various plants, has been reported to have potential therapeutic
effects in melanoma. However, poor water solubility and low bioactivity have severely restricted the clinical application of LUT.
Based on the high reactive oxygen species (ROS) levels in melanoma cells, we developed nanoparticles encapsulating LUT with the
ROS-responsive material poly(propylene sulfide)-poly(ethylene glycol) (PPS-PEG) to enhance the water solubility of LUT, accelerate
the release of LUT in melanoma cells, and further enhance its anti-melanoma effect, providing a viable solution for the application of
LUT nano-delivery systems in melanoma therapy.

Methods: In this study, LUT-loaded nanoparticles were prepared with PPS-PEG and named as LUT-PPS-NPs. Dynamic light
scattering (DLS) and transmission electron microscopy (TEM) were applied to determine the size and morphology of LUT-PPS-
NPs. In vitro studies were carried out to determine the uptake and mechanism of LUT-PPS-NPs by SK-MEL-28 melanoma cells.
According to the CCK-8 assay, the cytotoxic effects of LUT-PPS-NPs on human skin fibroblasts (HSF) and SK-MEL-28 cells were
assessed. Apoptosis assays, cell migration and invasion assays, and proliferation inhibition assays with low and normal density plating
were also applied to test the in vitro anti-melanoma effect. Additionally, melanoma models were established utilizing BALB/c nude
mice and initially evaluated the growth inhibitory impact following intratumoral injection of LUT-PPS-NPs.

Results: The size of LUT-PPS-NPs was 169.77 + 7.33 nm with high drug loading (15.05 £+ 0.07%). In vitro, cellular assays confirmed
that LUT-PPS-NPs were efficiently internalized by SK-MEL-28 cells and showed low cytotoxicity against HSF. Moreover, LUT
released from LUT-PPS-NPs significantly inhibited tumor cell proliferation, migration and invasion. Animal experiments showed that
LUT-PPS-NPs inhibited tumor growth more than 2-fold compared with the LUT group.

Conclusion: In conclusion, the LUT-PPS-NPs developed in our study enhanced the anti-melanoma effect of LUT.
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Introduction

Melanoma is a highly malignant tumor originating from melanocytes which is characterized by high multidrug
resistance, a tendency to metastasize and relapse, and has the highest mortality rate of all skin cancers.! Treatment of
melanoma includes local and systemic treatment, such as surgery, radiotherapy, chemotherapy, immunotherapy, mole-
cular targeted therapy, and combination therapy.”* The available treatment modalities for advanced melanoma have
considerable side effects and are prone to recurrence along with high treatment costs.” Hence, more alternative treatment
options are required. In recent years, an increasing number of natural plant-derived ingredients have been demonstrated

to have therapeutic effects on various cancers.’®
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Luteolin (LUT, 3',4",5,7-tetrahydroxyflavone) is a natural flavonoid commonly found in a variety of fruits, vegetables,
and herbs, and has a variety of biological activities such as anti-inflammatory, anti-allergic, antioxidant, and anti-cancer
properties.” ' Current studies have shown that LUT appears to be a promising plant extract with the potential for the
prevention and treatment of melanoma.®!'"'? LUT can stimulate autophagy while inducing apoptosis in C32 human
melanoma cells.” It has been reported that LUT can inhibit the migration of A375 human malignant melanoma cells,
induce apoptosis and reduce invasive potential.'* In other malignant melanoma cell lines (SK-MEL-2, SK-MEL-28 and
WM3211 cells), LUT affected the proliferation and invasion of these cells by interfering with the extracellular matrix
(ECM) pathway."® In addition, its anti-tumor effect in vivo has been confirmed.'""'*'® Despite the promising potential of
LUT in the prevention and treatment of melanoma, its clinical application is limited by poor water solubility and low oral
bioavailability.'”"'® Nano-drug delivery systems (NDDS) loaded with LUT may be an effective strategy to overcome
these limitations."”

NDDS have unique advantages for improving the water solubility and bioavailability of insoluble drugs as well as
enhancing therapeutic efficacy. Furthermore, NDDS have been widely studied in the past decades for targeted treatment
of solid cancers.”>** Nanoparticles (NPs) offer several benefits in the anti-tumor field, such as better drug storage
stability, reduced dosing frequency and circumvention of multidrug resistance in tumor cells.** Drug-carrying NPs have
been shown to prolong the circulation time of small molecule drugs and to passively target tumor sites due to their
enhanced permeability and retention effect (EPR).%

Reactive oxygen species (ROS) are closely related to the occurrence and development of cancer. ROS levels in tumor
tissues have been reported to be thousands of times greater than in normal tissues, while cancer cells, especially
melanoma cells, exhibit high amounts of ROS.?*?” Based on the abnormal microenvironment of tumor tissues, ROS-
responsive materials have been extensively developed for cancer therapy. These efficient responsive drug delivery
systems can intelligently release therapeutic drugs in the ROS microenvironment, improving therapeutic efficiency and
reducing side effects.”®*>° Poly(propylene sulfide)-poly(ethylene glycol) (PPS-PEG) is a common ROS-responsive
material. The hydrophilic poly(ethylene glycol) (PEG) is resistant to protein adsorption and has low toxicity, while the
hydrophobic poly(propylene sulfide) (PPS), a thioether-containing polymer, is key to the ROS-responsive of PPS-PEG,
which can transition from the hydrophobic sulfide phase to the hydrophilic poly(propylene sulfoxide) and the ultimate
poly(propylene sulfone) in an oxidizing environment.**>* This property can be used to increase the water solubility of
hydrophobic drugs. In applications, PPS-PEG is a widely used and easily synthesized material with properties such as
oxidation-induced switch-like solubility changes and excellent biocompatibility. And it is reactive to ROS, including
H,0,, leading to solubility changes that dissociate the nanocarrier and release the drug it encapsulates.***

Accordingly, to improve the anti-melanoma effect of LUT, we constructed nano-delivery systems loaded with LUT
using PPS-PEG as the nanocarrier. The anti-tumor activity of LUT-PPS-NPs was evaluated in vitro and in vivo. LUT-PPS
-NPs with enhanced characteristics were synthesized utilizing an optimized titration and single emulsion solvent
volatilization process, which increased LUT’s aqueous solubility. The results demonstrated the effective production of
ROS-responsive NPs loaded with LUT, from which LUT could be quickly released in a high ROS level environment. In
vitro cell assays showed that the LUT-PPS-NPs could be significantly internalized by SK-MEL-28 cells. Moreover, LUT-
PPS-NPs showed stronger anti-tumor effects in terms of anti-cell proliferation (low or normal density plating), migration
and invasion, as well as promotion of apoptosis. The results of animal experiments revealed that intratumoral admin-
istration of LUT-PPS-NPs exhibited enhanced anti-melanoma activity compared to free LUT.

Materials and Methods

Materials

Luteolin (purity > 98%) was purchased from the Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Poly
(propylene sulfide)-poly(ethylene glycol) (PPS-PEG) polymers and poly(propylene sulfide)-poly(ethylene glycol)-FITC
(PPS-PEG-FITC) were purchased from Xi’an Ruixi Biological Technology Co., Ltd. (Xi’an, China). Penicillin, strepto-
mycin, trypsin-EDTA and fetal bovine serum (FBS) were obtained from Gibco (Waltham, MA, USA). Phosphate-
buffered saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM), and Roswell Park Memorial Institute (RPMI)-
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1640 for cell culture were purchased from HyClone Inc. (Waltham, MA, USA). The cell counting kit-8 (CCK-8) and
apoptosis kit were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Matrigel basement membrane

matrix was purchased from Corning (New York, USA). All antibodies were from Cell Signaling Technology (Danvers,
MA, USA).

Cell Lines and Cell Culture

The human malignant melanoma cell line (SK-MEL-28) was obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). Human skin fibroblasts (HSF) were obtained from the Kunming Institute of Zoology,
CAS (Kunming, China). Throughout the study, SK-MEL-28 cells were cultured in RPMI-1640 supplemented with 10%
FBS and 1% penicillin/streptomycin, while HSF were cultured in DMEM medium supplemented with 10% FBS and 1%
penicillin/streptomycin, both in 5% CO, incubator at 37 °C.

Animals

Twenty-four female BALB/c nude mice (weighing approximately 20 g; age, 4-6 weeks) were purchased from Huachuang
Sino Medical Technology Co., Ltd. (Jiangsu, China) and maintained under standard conditions. Animal experiments were
approved by the Ethics Committee of Shanghai Skin Diseases Hospital. All animals were treated following the guidelines
of the National Standard of the People’s Republic of China (GB/T35892-2018) “Laboratory Animals - Guidelines for
Ethical Review of Animal Welfare”.

Preparation and Characterization of LUT-PPS-NPs

The LUT-loaded NPs (LUT-PPS-NPs) were prepared successively by two methods. The first preparation method used the
double emulsion solvent volatilization method, in which 1 mg of LUT was dissolved in PBS (10 mL) at high temperature
as aqueous phase 1, and then titrated into an oil phase consisting of 30 mg of PPS-PEG and 1 mL of dichloromethane.
The aqueous phase 1 was mixed with the oil phase and then treated with intermittent sonication at 260 W for 1 min. Then
the sonicated mixture was poured into 3 mL of 3% sodium cholate solution as aqueous phase 2, and after sonication
again using the above procedure, the resulting oil-water emulsion was further diluted in 10 mL of 0.5% sodium cholate
solution, and dichloromethane was removed by evaporation, during which NPs were generated by self-assembly. Finally,
the LUT-PPS-NPs were centrifuged at 11,000 g for 30 min at 4°C, resuspended in sterile water and filtered through a 0.45
um membrane and stored at 4°C away from light for subsequent use.

The second preparation was performed by the titration and single emulsion solvent volatilization method. 5 mg LUT
and 30 mg PPS-PEG were dissolved in 2.5 mL acetone as the oil phase and 5 mL 3% sodium cholate solution as the
aqueous phase, and the former was titrated into the latter, followed by the same sonication treatment as the first method
for the mixture. The emulsion after sonication was further diluted with 10 mL 0.5% sodium cholate solution, and the
organic matter was removed by rotary evaporation, followed by centrifugation at 11,000 g for 30 min at 4°C, and the
product was resuspended and filtered through a 0.45 pum filter membrane, and the LUT-PPS-NPs were stored under the
same conditions as described above for further study.

Thereafter, titration and single emulsion solvent volatilization method was used to prepare drug-free nanoparticles
(PPS-NPs) and FITC fluorescein-labeled LUT-PPS-NPs (LUT-PPS-NPs-FITC). Notably, PPS-NPs were prepared with-
out the addition of LUT, while LUT-PPS-NPs-FITC were produced with the application of PPS-PEG-FITC materials.

The particle size, zeta potential and polydispersity index (PDI) of LUT-PPS-NPs were measured by a Zetasizer Nano
ZS (Malvern Instruments, United Kingdom) with three replicates in each test, while the morphology of LUT-PPS-NPs
was determined by transmission electron microscopy (TEM, Hitachi, Tokyo, Japan).

Encapsulation Efficiency and Drug Loading

The amount of encapsulation was determined by the extraction method, 100 uL of NPs were dissolved in 2 mL of
anhydrous ethanol, the NPs were decomposed by ultrasonication, centrifuged at 17,000 g for 10 min, and the absorbance
of the supernatant was measured using an enzyme marker and the concentration of encapsulated LUT in NPs was
calculated against the standard curve of free (unencapsulated) LUT in anhydrous ethanol, expressed as pg/mL.
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Drug loading was determined as follows: first, a clean EP tube was obtained, baked at 80°C overnight and weighed,
then 100 pL of NPs were added to the EP tube, baked at 80°C for 24 h and weighed, and the difference between the two
masses was the dry weight of the NPs.

Encapsulation efficiency (EE) and Drug loading (DL) of LUT-PPS-NPs were calculated according to the following

equations:
LUT amount encapsulated
EE% = 1009
& LUT amount initially added x100%
DL% — LUT amount encapsulated < 100%

Total weight of nanoparticles

In vitro Drug Release

100 pL of LUT-PPS-NPs were incubated in 500 puL of 10% FBS, PBS, and double-distilled water (with or without 500
uM H,0,) at 37°C. 200 uL of supernatant were centrifuged at a predetermined time point and supplemented with an
equal amount of fresh solution. The absorbance of the supernatant at 350 nm was measured using an enzyme marker, and
the amount of LUT released was calculated based on a pre-prepared standard curve. The release behavior of LUT from
LUT-PPS-NPs was finally observed by plotting the cumulative release curve of LUT.

Cell Experiments

In vitro Cellular Uptake

Cellular uptake and intracellular drug distribution of LUT-PPS-NPs-FITC in SK-MEL-28 melanoma cells were detected by flow
cytometry (FCM, BD Biosciences, Fortessa, CA, USA) and confocal laser scanning microscopy (CLSM, LSM-510, Carl Zeiss,
Germany). The cells were seeded in 24-well plates at a density of 1x10° in complete medium. After overnight incubation, the
medium was replaced with LUT-PPS-NPs-FITC and treated at different time points (1, 3, 6, 24 h), washed three times with PBS
to remove residual LUT-PPS-NPs-FITC, followed by fixing the cells with 4% paraformaldehyde (PFA) for 20 min, washing
three times and then treated with DAPI-containing anti-quencher. The results of cell internalization of NPs were then obtained
using a confocal microscope and a flow cytometer.

Cellular Uptake Mechanism Assay

To investigate the internalization mechanism, the uptake experiments were performed with different inhibitors. SK-MEL
-28 cells were seeded at a density of 5x10° in 6-well plates and incubated with chlorpromazine (CPZ, 15 pg/mL, clathrin-
mediated endocytosis inhibitor), ethylisopropylamiloride (EIPA, 100 uM, inhibitor of macropinocytosis), nystatin (50 pg/
mL, inhibitor of caveolac-mediated endocytosis) and nocodazole (2 pg/mL, microtubule inhibitors) for 45 min. Then,
SK-MEL-28 cells were incubated with LUT-PPS-NPs-FITC for 3 h. After washing 3 times with PBS, the cells were
collected and the FITC fluorescence intensity was analyzed by flow cytometer.

Cytotoxicity Assays

HSF and SK-MEL-28 cells were seeded in 96-well plates at a density of 1x10* and 8x10° cells/well, respectively. After
cells were incubated overnight, they were treated with different concentrations of PPS-NPs, LUT and LUT-PPS-NPs
solutions for 48 h. Control cells were treated with basal medium supplemented with 0.1% DMSO. Then the medium was
removed from each well, and 100 pL of fresh medium containing 10 uL. CCK-8 reagent was added. Cell viability was
measured with the CCK-8 assay according to the manufacturer’s instructions. Data were processed using GraphPad
Prism software.

Cell Proliferation Inhibition Assays
SK-MEL-28 cells were also uniformly dispersed in 96-well plates at low density (8x107 cells/well) and normal density
(8x10° cells/well) and treated with PPS-NPs, LUT and LUT-PPS-NPs for 10 days after adherence. The control group was
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treated with basal medium RPMI-1640 containing 0.1% DMSO. Cell proliferation was detected after 10 days of co-
incubation using the CCK-8 assay.

Apoptosis Assays

The SK-MEL-28 cells were seeded in 6-well plates (3 x 10° cells/well), and on the following day, they were treated with
the indicated concentrations of drugs for 48 h. Supernatant and adherent cells were collected, rinsed with PBS and
resuspended in binding buffer. Annexin V-FITC and PI were added and incubated at room temperature for 15-20 min.
The samples were then analyzed within 1 h by flow cytometer.

Cell Migration-Wound-Healing Assays

In vitro wound-healing assay was used to observe the migration of SK-MEL-28 cells after LUT/LUT-PPS-NPs treatment.
The cells were seeded at 9x10° cells/well into 6-well plates. The center of the cell monolayer was then scraped using
a sterile yellow pipette tip (Axygen, USA) to create a straight gap of constant width. The wells were washed with PBS
and then exposed to PPS-NPs, LUT and LUT-PPS-NPs at appointed concentrations for 48 h. Wound closure was imaged
at 0 and 48 h using an inverted light microscope (magnification x50) (Carl Zeiss, Germany). Photographs of 5
independent areas were taken, and the areas of migration were quantified using ImageJ software. The results are reported

as percent of migration rate, calculated using the formula:

A f Oh — A f48 h
Migration rate(%)= ea o Atea o fr?)i 0 x 100%

Cell Invasion-Transwell Assays

Cell invasion ability was tested using a commercial Transwell system (24-well plates, 8.0 pm pore size, Costar, IL,
USA). Transwell upper inserts were coated with 0.1 mL of diluted Matrigel and incubated for 3 h at 37°C, then 0.2 mL of
the PPS-NPs, LUT and LUT-PPS-NPs in warm (37°C) serum-free medium was added to melanoma cells (2 x 10°)
seeded in the upper wells of 24-well Transwell plates. The lower wells contained complete medium with 20% FBS. After
48 h incubation in a humidified 5% CO, atmosphere, the upper well content (non-invading cells) was removed, the
inserts were washed with PBS and cells were fixed with 4% paraformaldehyde at 37°C for 30 min. The cells were
washed three times with PBS and stained with 0.05% crystal violet for 15 min. Fields were selected at random, observed
using an inverted light microscope and quantified by manual counting.

Animal Experiments

In vivo Anticancer Therapy

A cell suspension of 100 uL PBS containing 2x10° SK-MEL-28 cells was injected subcutaneously into the right
abdomen of female BALB/c nude mice. When the tumor reached approximately 70 mm?>, 21 days after subcutaneous
injection of tumor cells, drug administration was started and recorded as “day 0”.

The tumor-bearing mice were divided into 4 groups (n = 6 per group): (I) PBS, (II) PPS-NPs, (III) LUT (4 mg/kg),
and (IV) LUT-PPS-NPs (4 mg/kg). Intratumoral administration was performed after measuring tumor size and weight
every other day until the end of the trial. Tumor volume (V) was calculated as V (mm®) = 1/2 x length x width®. The
mice were euthanized after 14 days. The tumors were then isolated, weighed, and photographed. The isolated tumors and
main organs (heart, liver, spleen, lung, and kidney) were fixed in 4% paraformaldehyde, paraffin-embedded, and slices
were stained with hematoxylin-eosin (H&E), TUNEL, Ki-67, and CD31.

Statistical Analysis

Values are presented as the mean + standard deviation (SD). Student’s #-tests and two-way ANOVA with Bonferroni
correction were used for statistical analysis. All statistical analyses were performed using GraphPad Prism software.
Statistical significance was set at P < 0.05.
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Table | Physicochemical Properties of LUT-PPS-NPs Prepared by Different Methods
Preparation Method EE (%) DL (wlw, %) Size (nm) PDI Zeta Potential (mV)
First method® 16.19 + 8.98 1.68 + 1.00 196 + 1.35 0.07 + 0.05 —24.7 £ 1.93
Second method® 40.15 £ 0.19 15.05 £ 0.07 | 169.77 +7.33 | 0.28 + 0.04 —15.63 + 0.98
Notes: *First method refers to the double emulsion solvent volatilization method. “Second method refers to the titration and single
emulsion solvent volatilization method.
Abbreviations: PDI, polydispersity index; EE, encapsulation efficiency; DL, drug loading.
Results

Preparation and Characterization of LUT-PPS-NPs

The LUT-PPS-NPs were prepared by the double emulsion solvent volatilization, and the titration and single emulsion solvent
volatilization methods, and the NP products were characterized in terms of drug loading (DL)%, encapsulation rate (EE)%
particle size, PDI and zeta potential (Table 1). A schematic diagram of the synthesis of LUT-PPS-NPs prepared by the titration
and single emulsion volatilization method is shown in Figure 1A. Higher encapsulation (40.15 + 0.19%) and loading rates
(15.05 = 0.07%) were obtained using the titration and single emulsion solvent volatilization method for the preparation of
LUT-PPS-NPs, which is consistent with the easier dissolution of LUT in acetone than in PBS. The PDI value (0.28 + 0.04)
indicated good dispersion of LUT-PPS-NPs along with small particle size (169.77 + 7.33 nm), and the zeta potential showed
that the NPs were negatively charged (Figure 1B and C). The particle size of PPS-NPs was 157.2 + 6.19 nm by DLS (results
not shown), indicating that the loading of LUT did not have much effect on the particle size of NPs. TEM was used to
characterize the physicochemical properties of the LUT-PPS-NPs (Figure 1D), and the images show that the nanoparticles are
spherical with a typical core-shell structure with a size of about 143.66 + 4.79 nm. This size is slightly smaller than the DLS
test results, which is because the LUT-PPS-NPs are in the dry collapsed state during the TEM test, while in the DLS test, the
LUT-PPS-NPs are in the dispersed hydrated state. In summary, we chose the titration and single emulsion solvent volatiliza-
tion method rather than the double emulsion solvent volatilization method for subsequent study.

In vitro Drug Release of LUT-PPS-NPs
Compared to PBS, LUT-PPS-NPs released only about 30% of LUT within 75 h in 10% FBS (Figure 1E) and entered a plateau
thereafter, indicating that LUT-PPS-NPs released only a small amount of LUT in the normal cellular environment.

On the contrary, after the addition of 500 uM H,O, (simulating a high-ROS environment in the tumor), cumulative release of
LUT was approximately 98% within 72 h (Figure 1F), indicating a triggering effect of H,O, on drug release. The morphological
changes in PPS-NPs under a high ROS environment were analyzed using TEM, as shown in Figure 1G. At the same concentration
of H,O,, the aggregation and disintegration of NPs appeared at 24 h, most of the NPs disintegrated at 48 h, and almost completely
disintegrated at 48 h under high H,O, level. Our results indicate that LUT-PPS-NPs are ROS-responsive, have good stability
under physiological settings, and may conduct regulated release of LUT at lesion locations with high H,O, levels.

In vitro Cellular Uptake and Mechanisms

To investigate the cellular uptake efficiency of LUT-PPS-NPs, the cellular uptake of LUT-PPS-NPs-FITC by SK-MEL
-28 melanoma cells was observed. Under confocal laser scanning microscopy, the cytoplasm showed green fluorescence
after co-incubation with LUT-PPS-NPs-FITC, confirming the accumulation of NPs in the cells over time (Figure 2A).
Quantitative flow cytometric analysis demonstrated that LUT-PPS-NPs-FITC were rapidly taken up by SK-MEL-28 cells
from 1 h and the uptake of fluorescent NPs was positively correlated with time (Figure 2B and C), with the highest
uptake of LUT-PPS-NPs-FITC at 24 h compared to 1 h, 3 h or 6 h after incubation.

In addition, the uptake mechanism of LUT-PPS-NPs by SK-MEL-28 melanoma cells was investigated by several
endocytosis inhibitors including CPZ (clathrin-mediated endocytosis inhibitor), EIPA (inhibitor of macropinocytosis),
nystatin (inhibitor of caveolae-mediated endocytosis) and nocodazole (microtubule inhibitors) using the inhibitor
methods. The result showed no obvious change in the fluorescence intensity of cells treated with CPZ, EIPA and
nystatin, while the fluorescence intensity of cells treated with nocodazole was significantly reduced. Microtubules are
involved in vesicular trafficking and nocodazole as a microtubule inhibitor can inhibit the endocytotic trafficking
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Figure | Preparation and characterization of LUT-PPS-NPs. (A) Schematic diagram showing the process of preparing LUT-PPS-NPs by titration and single emulsion solvent
volatilization method. (B and C) Size distribution and zeta potential of LUT-PPS-NPs. (D) Morphology of LUT-PPS-NPs observed by TEM. (E and F) In vitro drug release
behavior of LUT from LUT-PPS-NPs in 10% FBS, PBS or 500 uM H,O, (n = 3). (G) Electron micrographs of PPS-NPs degradation after hydrogen peroxide treatment.
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Figure 2 Cellular uptake of FITC-labeled LUT-PPS-NPs in SK-MEL-28 cells. (A) Confocal images of cell internalization at different times. (B) Flow cytometric analysis. (C)
Mean fluorescence intensity of SK-MEL-28 cellular uptake detected by flow cytometry (n = 3). Compared to | h, ¥*¥p < 0.0001. (D) Analysis of cellular uptake mechanisms
(n = 3). Compared to control, *p < 0.01.

pathway, so the result suggests that the uptake of LUT-PPS-NPs by SK-MEL-28 cells is closely related to microtubules
(Figure 2D).

In vitro Cytotoxicity Assays

To investigate the anti-tumor activity of LUT-PPS-NPs, the cytotoxicity of different drug treatments on HSF and SK-MEL-28
cells was examined firstly by the CCK-8 assay. At the same LUT concentration, the survival rate of HSF was more than 75%
after LUT-PPS-NPs treatment (Figure 3A). This implies that the cytotoxicity of LUT-PPS-NPs on normal skin cells was
negligible under low concentration administration compared to free LUT. Figure 3B shows that PPS-NPs had no in vitro
anticancer activity. However, the viability of SK-MEL-28 cells treated with LUT and LUT-PPS-NPs decreased with increased
drug concentration. The IC50 values for LUT and LUT-PPS-NPs were 12.37 pM and 13.92 uM, respectively. Furthermore,
LUT-PPS-NPs exerted more potent tumor cell killing effects following administration of the same low concentration. These
results suggest that LUT-PPS-NPs can effectively and selectively kill melanoma cells without harming normal skin cells.

Cell Apoptosis Assays

To further investigate the anti-tumor effects of LUT-PPS-NPs, the apoptosis of SK-MEL-28 cells was examined by flow
cytometry, with dead cells labeled with PI and apoptotic cells labeled with Annexin V (Figure 3D). With increased drug
concentration, the apoptosis rate caused by LUT-PPS-NPs also gradually increased. The results showed that the drug-
loaded NPs caused a higher apoptosis rate and exerted a stronger tumor-killing effect compared to the same concentration
of the LUT group, which is consistent with the cytotoxicity assays. At the concentration of 10 uM, the total apoptosis rate
caused by LUT-PPS-NPs was 2 times that of LUT (Figure 3C).

Cell Proliferation Inhibition Effect
Bioinformatics analysis in the study of John Schomberg et al'®> showed that LUT downregulated the ECM gene in
melanoma (including SK-MEL-28 cells) and that LUT-mediated ECM had an impact on density-dependent cell survival.
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Figure 3 Cytotoxicity and flow cytometry apoptosis analysis of LUT-PPS-NPs (A) Cytotoxicity of LUT/LUT-PPS-NPs on HSF (n = 5). (B) Viability of SK-MEL-28 cells treated
with PPS-NPs, LUT and LUT-PPS-NPs for 48 h (n = 5). (C) Flow cytometry detection of apoptosis rate after different treatments (n = 3). NS means no significance,
compared with control. *p < 0.05, *p < 0.01, **¥p < 0.001, ***p < 0.000] compared with the LUT at the same concentration. (D) Flow Cytometry Apoptosis Images.

Considering that low fibronectin accumulation is associated with low-density cells, it is closely related to ECM-mediated
proliferation and/or cell death. They used SK-MEL-28 and WM3211 melanoma cells for cell density-related proliferation
inhibition assays, which was shown that LUT inhibited the proliferation of low-density melanoma cells more strongly
than normal-density cells. Inspired by this, we used a lower plate density (8x10? cells/well) relative to the normal plate
density of CCK-8 assay (8x10° cells/well) for proliferation inhibition experiments based on pre-experiments.

Figure 4 shows that at the same dose, the proliferation inhibitory effect of LUT-PPS-NPs on tumor cells was stronger
than LUT at all concentrations for low density SK-MEL-28 cells (Figure 4A and C). After 10 days of co-incubation,
whether the cells were low-density or normal-density, the suppression of tumor proliferation by LUT-PPS-NPs was
greater as the drug concentration increased. SK-MEL-28 cell growth was completely inhibited under LUT-PPS-NPs
treatment compared with the LUT 20 uM group (including low-density Figure 4A and C and normal-density Figure 4B
and D). It has been shown that intracellular ROS levels were significantly higher in circulating melanoma cells and
visceral metastatic nodules compared to subcutaneous tumors,>® and the above results suggest that LUT-PPS-NPs may be
able to exert a stronger anti-melanoma metastatic effect. In conclusion, LUT-PPS-NPs had a higher anti-tumor cell
proliferation impact in vitro than free LUT in the event of long-term treatment, which was more obvious in the case of
low-density cancer cells.
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Figure 4 Proliferation inhibition of LUT/LUT-PPS-NPs on low density cells and normal density cells. (A and C) Proliferation of low density seeded SK-MEL-28 cells after 10
days of LUT/LUT-PPS-NPs treatment. (A) Quantitative results of C by CCK-8 assay (n = 5). (B and D) Proliferation of normal density seeded SK-MEL-28 cells after 10 days
of LUT/LUT-PPS-NPs treatment. (B) Quantitative results of D by CCK-8 assay (n = 5). Images were taken under an inverted microscope at 50x magnification. The scale bar
is 200 um. **P < 0.01, ****P < 0.0001 compared with the LUT at the same concentration.

Cell Migration and Invasion Assays

The migration and invasion of tumor cells are tightly related to tumor metastasis. Firstly, the wound-healing assay was
performed to simulate the effect of the drug on the horizontal migration ability of tumor cells (Figure SA and B). A low
concentration of LUT-PPS-NPs exerted stronger tumor migration resistance than the same concentration of LUT, and the
cell migration activity was significantly inhibited with increasing concentration. The migration rate of SK-MEL-28 cells
treated with 10 uM LUT-PPS-NPs for 48 h was only about 10%. Cell invasion assay results were consistent with the
migration assay results (Figure 5C and D). The number of cells crossing the stromal gel gradually decreased with
increasing drug concentration, while the transmigration cell number in the LUT-PPS-NPs group was significantly lower
than that in the free LUT group at the same concentration. The above results showed that LUT-PPS-NPs inhibited the
motility of melanoma cells more effectively.

In vivo Anticancer Therapy

Considering LUT-PPS-NPs had such good anti-tumor activity in vitro, we adopted the nude mouse xenograft model to
investigate the tumor suppression effect of NPs in vivo. Figure 6A depicts the in vivo animal experimental method in
brief. The tumor-bearing mice were randomly separated into four groups and treated with intratumoral injection every
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Figure 5 Migration and invasion of SK-MEL-28 cells. (A and B) Wound-healing of SK-MEL-28 cells treated with the same concentration of LUT or LUT-PPS-NPs for 48
hours (n = 5). Images were taken under an inverted microscope at 50x magnification and the area of the scratches was measured. The scale bar is 200 pm. (C and D) SK-
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inverted microscope and the number of transmembrane cells in five random regions was determined. The scale bar was 50 um. *P < 0.05, **P < 0.01, ***P < 0.001, ***P <
0.0001 compared with the LUT at the same concentration.

two days after the SK-MEL-28 nude mouse melanoma model was established. Throughout the trial, body weight and
tumor growth were monitored and documented. The mice were sacrificed and the tumor tissues were extracted for further
research after 7 administrations (Figure 6B and C). As shown in Figure 6D, tumor volume rose consistently in both the
PBS and PPS-NPs treatment groups, and there was no statistically significant difference in tumor size between the two
groups of mice, showing that blank PPS-NPs had no anticancer action. Compared with the control group (PBS group),
the LUT group was apparently able to inhibit melanoma growth, indicating that LUT has a strong anti-melanoma effect
in vivo. Following treatment, the tumor size in the group receiving LUT-PPS-NPs was substantially smaller than that in
the group receiving LUT, with the difference being statistically significant. Also, the tumor weight of the isolated LUT-
PPS-NPs group at the end of the experiment was approximately half of that of the free LUT group (Figure 6E). These
results suggest that LUT-PPS-NPs exhibit stronger in vivo antitumor effects. On the other hand, the weight changes
across the treatment groups were not significant (Figure 6F).

The improved anti-tumor effect of LUT-PPS-NPs was further verified by H&E, TUNEL, Ki67 and CD31 staining
assays (Figure 6G). Among all groups, the LUT-PPS-NPs group showed the most significant anti-tumor effect, with more
extensive necrosis in the tumor area in the H&E stained image, the most extensive apoptosis in the TUNEL fluorescence
image, the least number of positive cells in the Ki67 stained image and less CD31 positive staining. These results suggest
that LUT-PPS-NPs may effectively inhibit tumor growth in vivo by inducing apoptosis, inhibiting cell proliferation and

angiogenesis.
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The biological safety of LUT-PPS-NPs in vivo was preliminarily investigated by histological analysis. There was no
obvious morphological/histological damage in the main organs (Figure 7), which may be due to the use of intratumoral
administration to reduce systemic diffusion of the drugs.

Discussion
Nanotechnology allows the preparation of hydrophobic LUT into water-soluble nano-LUT and its entry into cells by
direct diffusion through the cytoplasmic membrane and receptor-mediated endocytosis.*”*® In terms of the nano-delivery
of LUT, materials used in current studies to improve the bioavailability and efficacy include nanoparticles,®”*
micelles,*! liposomes,42 and nanoemulsions.*> However, limitations of the current investigation include the fact that
the biological efficacy of LUT-loaded nano preparations has not been systematically evaluated and that there is a lack of
LUT nano-drug delivery methods in melanoma treatment studies.

Given the close relationship between ROS and melanoma, as well as the presence of high levels of ROS in melanoma
cells,***® we prepared NPs using the ROS-responsive material PPS-PEG to increase the water solubility of LUT and

promote its release in melanoma cells, thereby enhancing its anti-melanoma effect. Where PPS wrapped the hydrophobic
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drug LUT inside the NPs to form a hydrophobic inner core, which could exhibit a phase transition from hydrophobic to
the hydrophilic state under oxidizing conditions in melanoma tissues, the nanoparticles were easily degraded during the
phase transition, leading to the release of LUT. Moreover, PEG was used to generate a hydrophilic surface on the outer
surface of the nanoparticles, which increased their water solubility.*”** Notably, a more efficient titration and single
emulsion solution volatilization method was chosen to prepare LUT-PPS-NPs using the characteristics of LUT with high
solubility in acetone.

In the cytotoxicity study, LUT-PPS-NPs showed a lower cytocidal effect on HSF and higher cytotoxicity on SK-MEL
-28 tumor cells compared to the same concentration of free LUT, which may be due to the higher ROS level in SK-MEL
-28 cells compared to normal skin cells, making the NPs easier to enter SK-MEL-28 cells and successfully release LUT,
thus reducing the toxicity to normal cells while exerting anti-tumor effects. Remarkably this ROS-stimulating decom-
position property of LUT-PPS-NPs was confirmed in drug release experiments and TEM image observations.

In terms of the anti-tumor effect, apoptosis, proliferation, migration and invasion assays further demonstrated the in vitro
anti-tumor advantage of LUT-PPS-NPs. It is important to highlight that under prolonged administration, LUT-PPS-NPs
exerted more anti-tumor cell proliferation than free LUT, which was particularly evident in low-density cells. This result may
be due to greater stability of the NPs, whose slow-release properties enhance more efficient tumor suppression under
prolonged drug action and reduce the number of doses administered. It has been shown that LUT can inhibit the extracellular
matrix pathway of tumor cells, while low-density cells can be analogized to a lower extracellular matrix where aggregated
cells need to generate sufficient ECM density to support normal cell proliferation, and this property of LUT indicates its
potential role in killing cancer cells in a low aggregated state.'>**>! Moreover, combined with the results of migration and
invasion assays, LUT-PPS-NPs undoubtedly have more potential advantages in anti-tumor metastasis.

Finally, the melanoma transplantation tumor model further illustrated the anti-tumor effect of LUT-PPS-NPs in vivo.
Tumor growth was significantly inhibited in water-soluble nano-LUT-treated nude mice compared to the LUT group. The
immunofluorescence and immunohistochemistry results of isolated tumor tissues further confirmed the more effective
anti-tumor effects of LUT-PPS-NPs than free LUT. Pathological section analysis of key organs revealed no significant

drug toxicity, likely as a result of the intratumoral administration reducing systemic response.’*"

Conclusion

In summary, we developed LUT-loaded NPs using the ROS-responsive material PPS-PEG to overcome the low water
solubility and low bioavailability of LUT and to improve the anti-melanoma effect in vitro and in vivo. The prepared
LUT-PPS-NPs had a spherical structure, were ROS-responsive, and could be effectively internalized by SK-MEL-28
melanoma cells. Our study clearly demonstrated that LUT-PPS-NPs exerted more effective anti-melanoma effects in vitro
and in vivo compared to free LUT. Although the exact mechanism needs to be further investigated, this delivery system
provides a novel strategy to enhance the anti-melanoma activity of flavonoid phytopharmaceuticals such as LUT.
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