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Abstract

:

Simple Summary


In this study, we delve into a challenging aspect of breast cancer known as triple-negative breast cancer (TNBC), which lacks effective treatment options due to its unique characteristics. Our focus is on investigating a novel approach by combining Sorafenib, a drug that targets cancer in several ways, with Benzyl isothiocyanate, a compound with potential cancer-fighting properties. Through our research, we aim to understand how these two treatments work together against TNBC, especially before standard treatment methods are applied. By experimenting with TNBC cell lines and observing the effects of the combined treatment, we seek to uncover a more effective strategy for managing this aggressive form of cancer. Our findings hold the promise of not only enhancing treatment efficacy but also offering new hope for patients battling TNBC, potentially leading to better outcomes and a new direction in the fight against this formidable disease.




Abstract


Triple-negative breast cancer (TNBC) presents a therapeutic challenge due to its complex pathology and limited treatment options. Addressing this challenge, our study focuses on the effectiveness of combination therapy, which has recently become a critical strategy in cancer treatment, improving therapeutic outcomes and combating drug resistance and metastasis. We explored a novel combination therapy employing Benzyl isothiocyanate (BITC) and Sorafenib (SOR) and their nanoformulation, aiming to enhance therapeutic outcomes against TNBC. Through a series of in vitro assays, we assessed the cytotoxic effects of BITC and SOR, both free and encapsulated. The BITC–SOR-loaded nanoparticles (NPs) were synthesized using an amphiphilic copolymer, which demonstrated a uniform spherical morphology and favorable size distribution. The encapsulation efficiencies, as well as the sustained release profiles at varied pH levels, were quantified, revealing distinct kinetics that were well-modeled by the Korsmeyer–Peppas equation. The NP delivery system showed a marked dose-dependent cytotoxicity towards TNBC cells, with an IC50 of 7.8 μM for MDA-MB-231 cells, indicating improved efficacy over free drugs, while exhibiting minimal toxicity toward normal breast cells. Furthermore, the NPs significantly inhibited cell migration and invasion in TNBC models, surpassing the effects of free drugs. These findings underscore the potential of BITC–SOR-NPs as a promising therapeutic approach for TNBC, offering targeted delivery while minimizing systemic toxicity.
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1. Introduction


Breast cancer remains a leading cause of morbidity and mortality among women worldwide, ranking as the second primary cause of cancer-related deaths following lung cancer [1]. Within the spectrum of breast cancer, triple-negative breast cancer (TNBC) is particularly challenging due to its lack of estrogen and progesterone receptors and HER2 expression, making it unresponsive to most targeted therapies and associated with poorer prognosis and survival rates [2]. In the realm of targeted therapies, Sorafenib (SOR), Nexavar, stands out for its preclinical efficacy against a diverse array of cancer cells, including those from breast [3], melanoma [4], and colorectal origins [5]. Currently, SOR is utilized clinically for treating hepatocellular carcinoma, advanced renal cell carcinoma, and advanced thyroid carcinoma resistant to radioactive iodine, showing promising antitumor activities across various malignancies [6,7,8,9]. Its therapeutic application extends to numerous phase I, II, and III clinical trials, combined with other therapeutics such as with cisplatin plus docetaxel [10,11], paclitaxel [12,13,14], paclitaxel plus carboplatin [15,16] doxorubicin [17], oxaliplatin [18,19], gemcitabine [20,21], capecitabine [8,22], erlotinib [23], vemurafenib [24,25], and Tislelizumab [26].



SOR operates by inhibiting essential intracellular and surface protein kinases such as Vascular Endothelial Growth Factor (VEGFR), Platelet-derived Growth Factor receptor (PDGFR), and Rapidly Accelerated Fibrosarcoma (RAF) kinases, highlighting its broad therapeutic potential [27,28]. Despite its efficacy, studies have raised concerns over SOR’s paradoxical effects in certain contexts, where its antiangiogenic properties might induce hypoxia, thereby enhancing tumor progression and selecting resistant cancer stem cells [29,30]. This highlights the necessity for combinational approaches, incorporating sensitizers to enhance SOR’s therapeutic effect and overcome resistance mechanisms.



Isothiocyanate (ITC), a dietary component found in cruciferous vegetables like broccoli and mustard, emerges as a viable candidate for such combination therapy [31]. Among them, Benzyl ITC (BITC) is one of the best-studied members of the ITC family of compounds. It has attracted a great deal of research interest because of its ability to inhibit chemically induced cancer in animal models [32,33]. BITC inhibits phase I detoxification enzymes but induces phase II enzymes, promotes apoptosis and cell cycle arrest, and inhibits metastasis and angiogenesis [31,34,35,36,37,38,39,40,41]. In addition, BITC was demonstrated to target multiple pathways relevant to cancer cells in combination with other anticancer compounds. Notably, BITC was shown to enhance the efficacy of traditional chemotherapy agents, like cisplatin, in leukemia, lung, oral, and head and neck cancer models [42,43,44,45]. However, the combinatory effects of BITC and SOR on breast cancer cells have yet to be fully elucidated.



The pharmacokinetics of BITC in humans remain underexplored [46]. Known to be metabolized through the mercapturic acid pathway, BITC undergoes conjugation with glutathione (GSH), followed by enzymatic degradation and N-acetylation [47]. Studies in rodents indicate that BITC is rapidly absorbed and excreted [48,49], posing challenges in maintaining therapeutic levels in humans without an effective delivery system. In contrast, the pharmacokinetics of SOR exhibit high variability among individuals [50]. After oral administration, SOR reaches peak plasma concentrations in approximately three hours. It is primarily metabolized in the liver through oxidative processes mediated by CYP3A4, as well as glucuronidation via UGT1A97 [51]. Similar to BITC, SOR is characterized by rapid metabolism leading to a relatively short half-life and variable bioavailability. Additionally, Sorafenib undergoes enterohepatic recycling, further complicating its pharmacokinetic profile. Given these characteristics, there is a critical need for optimized delivery strategies to enhance both BITC and SOR’s efficacy and stability in clinical applications.



Our study aims to explore the potential of BITC to augment the chemotherapeutic efficacy of SOR in breast cancer treatment. By investigating the synergistic effects of BITC and SOR on breast cancer cell lines, we seek to uncover the underlying mechanisms contributing to their enhanced antitumor activity. Furthermore, to optimize the delivery and therapeutic potential of this combination, we developed a nanoparticle (NP)-based co-delivery system, comparing its efficacy with free drugs and their combination in vitro. Our system offers several distinctive advantages over traditional nanoparticle formulations. Firstly, they enhance therapeutic effects by delivering multiple drugs simultaneously, which can produce synergistic outcomes where the combined efficacy surpasses the sum of individual drug effects [33,52]. This multifaceted approach is especially beneficial in managing drug resistance, a common challenge in diseases like cancer where cells may develop resistance to single-drug therapies [52,53]. Additionally, our NPs allow for enhanced drug bioavailability and controlled drug release that can significantly improve treatment effectiveness. These attributes position our nanoparticle delivery system as a promising strategy for the efficient treatment of TNBC.




2. Materials and Methods


2.1. Materials


Methoxy poly (ethylene glycol)-poly(lactide-co-glycolide) (mPEG-PLGA, monomer feed ratio lactide:glycolide 75:25) was obtained from Jinan Daigang Biotechnology Co. Ltd. (Jinan, China). Sorafenib (catalogue no A3009, CAS# 2884461-73-0, purity 99.89%) was bought from APExBIO (Houston, TX, USA). BITC (catalogue no 89983, CAS# 622-78-6, purity 98.5%), 3-(4,5-Dimethyilthiazol-2-yl)-2,5diphenyltetrayolium bromide (MTT), and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich (Dorset, UK). ThinCert™ 24 Well Cell Culture Inserts were bought from Greiner Bio One (Stonehouse, UK). Matrigel was purchased from Corning (Corning Incorporated, New York, NY, USA). Primary antibodies to Cell Division Cycle 2 (Cdc2), p-Cdc2, Checkpoint Kinase 1 (Chk1), cyclinB1, β-actin, fluorescent Alexa 800 goat anti-mice, and Alexa 680 donkey anti-goat Immunoglobulin G (IgG) were all purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Electrophoresis and Western blotting supplies were obtained from Bio-Rad (Hemel Hempstead, UK).




2.2. Synthesis and Characterization of BITC–SOR-NPs


BITC and SOR encapsulated NPs (BITC–SOR-NPs) were fabricated using amphiphilic copolymer mPEG-PLGA by an adapted emulsion method as previously described [54]. Briefly, 1 mL Tetrahydrofuran (THF) (with 150 µL ethanol) containing 10 mg of mPEG-PLGA was mixed with 1 mg SOR and/or 1 mg BITC by sonication for 5 min. The solution was then added to 4 mL Poly(vinyl alcohol) (PVA) solution (2%, w/w) using homogenization and further sonicated for 5 min. The resulting emulsion was then added to 20 mL of PVA solution (0.6%, w/w) drop-by-drop and further stirred for 30 min. After removing THF through reduced vacuum evaporation, the resulting nanoparticles were obtained by ultra-centrifugation (50,000× g, 45 min) and washed with deionized water twice.



The encapsulation efficiencies of SOR and BITC were assessed using high-performance liquid chromatography (HPLC), performed on a Gilson HPLC system (805 MANOMETRIC MODULE). The system configuration included a pump (Gilson 306), mixer (Gilson 811B), loading injector (Model 234 with 20 µL fixed loop), and detector (KNAUER UV detector 2600). Chromatographic analyses were conducted using Clarity 4 software. The separation was achieved on a C18 analytical column (ODS 250 × 4.6 mm internal diameter, 5 µm particle size), maintained at room temperature (25 °C). The mobile phase, composed of water and acetonitrile, flowed at a rate of 1 mL/min, with an injection volume set at 20 µL.



The physical properties of the BITC–SOR-NPs were characterized using two distinct techniques. Nanoparticles were stained with 1% Uranyless (TAAB, London, UK) for enhanced contrast and examined using a Zeiss Gemini 300 SEM (Zeiss, Oberkochen, Germany). Diameter, polydispersity index (PDI), and zeta potential were assessed using dynamic light scattering (DLS) on a Malvern Instruments Ltd. system (Malvern, UK).




2.3. In Vitro Drug Release


BITC–SOR-NPs were transferred into a Slide-A-Lyzer MINI Dialysis Device (MWCO 3500 Da, Thermo Fisher Scientific, Altrincham, UK). The dialysis device was then immersed in a Phosphate-buffered saline (PBS) buffer solution (pH 7.4 or pH 5.5) maintained at 37 °C to simulate physiological conditions. At predetermined time intervals, 0.5 mL aliquots were carefully extracted from the surrounding medium for the quantitative analysis of BITC and SOR via HPLC. To maintain sink conditions and consistent volume within the system, each withdrawal was followed by the immediate replacement with an equivalent volume of fresh PBS. The collected release data were analyzed by a non-linear Korsmeyer–Peppas regression model to elucidate the underlying drug release mechanisms from the nanoparticle matrix [55]. Drug transport constants (K) and transport exponents (n) of the different liposomal formulations were determined by fitting the in vitro diffusion data to the Korsmeyer–Peppas Equation (1) using the Excel (Microsoft 365) add-in Solver.


    M t   M ∞   =   k · t   n    



(1)







The goodness-of-fit was ascertained by calculating the coefficient of determination (R2).




2.4. Cell Culture


The human breast epithelial cell line MCF-10A, along with cancer cell lines MCF-7 and MDA-MB-231, were obtained from the American Type Culture Collection (ATCC) (LGC Standards, London, UK). The MCF-7 and MDA-MB-231 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (50 U/mL), and streptomycin (50 mg/mL) (Gibco, Thermo Fisher Scientific, UK) at 37 °C in a humidified atmosphere containing 5% CO2. Human normal breast cell line MCF-10A was cultured in DMEM/F12 (Gibco, Thermo Fisher Scientific, UK) supplemented with 5% horse serum (Gibco, Thermo Fisher Scientific, UK), Epidermal growth factor (EGF) (20 ng/mL) (Peprotech, London, UK), Hydrocortisone (0.5 mg/mL) and insulin (10 μg/mL) (Sigma Aldrich, UK) at 37 °C, 5% CO2.




2.5. In Vitro Cytotoxicity Studies


The cell viability assay was employed to determine the toxicity of SOR, BITC, SOR+BITC and BITC–SOR-NPs towards cultured cells. MCF-7, MDA-MB-231 and MCF-10A cells were seeded into 96-well plates (0.5–1.0 × 104 cells/well). When cells were at 70–80% confluence, different doses of the free drug or NP treatments were added with fresh medium, with DMSO (0.1%) used as control. After 24 or 48 h, the medium was removed, 100 μL (5 mg/mL) MTT solution was added, and the mixture was incubated at 37 °C for 1 h to allow the MTT to be metabolized. The formazan formed was then re-suspended in 100 μL DMSO per well. The final absorbance was recorded using a microplate reader (BMG Labtech Ltd., UK) at a wavelength of 560 nm with a reference wavelength of 650 nm.




2.6. Three-Dimensional Spheroid Formation


MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (50 U/mL), and streptomycin (50 mg/mL) (Gibco, Thermo Fisher Scientific, UK) at 37 °C in a humidified atmosphere containing 5% CO2. Three-dimensional (3D) spheroids were obtained using repellent surface multi-well plates. A 25 μL complete medium containing 2 × 103 cells was seeded in each well in an ultra-low attachment 96-well plate. Plates were centrifuged at 290× g for 3 min and then incubated at 37 °C. After 24 h, 25 μL of complete medium containing 6 μg/mL collagen I was added to each well, followed by centrifugation of plates at 100× g for 3 min. Formed spheroids were then treated with the indicated compounds 48 h later. Treatments were performed by adding 50 μL of fresh complete medium with BITC and/or SOR-free drugs or encapsulated NPs into each well. Images of spheroids were captured using an EVOS M5000 microscope under 4× or 10× magnification and analyzed by ImageJ. The cell viability of MDA-MB-231 spheroids was then measured by resazurin reduction assay. After adding the resazurin solution, the plate was incubated at 37 °C for 6 h and then centrifuged at 290× g for 3 min. The fluorescence was read using the microplate reader (BMG Labtech Ltd., Aylesbury, UK) using the following settings: Excitation: 560 nm and Emission: 590 nm.




2.7. Colony Formation Assay


MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at 2 × 102 cells/mL and incubated for 24 h. Then, cells were treated with various treatments of SOR, BITC, SOR+BITC, and BITC–SOR-NPs for another 24 h. Cells were maintained for at least 14 days to form colonies. The media was replaced every 3 days. Colonies were then fixed with ice-cold methanol and stained with 0.1% crystal violet for 30 min. Images were analyzed by ImageJ. Results were given as means and standard deviations of three independent experiments with triplicate samples for every treatment condition.




2.8. Wound-Healing Assay


MCF-7 and MDA-MB-231 cells were seeded in 12-well plates at 2 × 105 cells/well. After cells reached 100% confluence, scratches were made with a 200 µL pipette tip across the center of the wells without changing the medium. Detached cells were removed by gently washing the well twice with the medium. The wells were then filled with fresh medium containing different treatments. Cells were grown for a further 48 h, while images of the wound area were taken on a Zeiss inverted microscope at 5× magnification. The wound area was quantitatively evaluated using ImageJ. Percentage wound closure was calculated as follows:


  W o u n d   C l o s u r e   % =   ( A r e a   0 − A r e a   t )   A r e a   0   × 100 %  



(2)







Area 0 is the wound area from the initial scratch. Area t is the wound area at time t.




2.9. Invasion Assay


ThinCert™ Inserts (membrane with 8 µm pore size) were placed in a 24-well cell plate to form an upper chamber and a lower chamber. The upper chamber was then coated with 100 µL Matrigel solution (Matrigel to pre-chilled DMEM 1:10 dilution). MCF-7 or MDA-MB-231 cell suspensions (1 × 105 cells/well) in DMEM medium without FBS were mixed with single or combined BITC and SOR treatments and then added into the upper chambers. In total, 600 µL of 10% FBS-supplemented DMEM medium was placed in the lower chamber. After 24 h 37 °C incubation, non-invading cells were removed by wiping off Matrigel matrix-coating from the upper chamber. The invaded cells on the lower surface of the insert membrane were fixed and stained with 0.1% crystal violet. Images of the invaded cells were taken with an Olympus microscope and further quantified using ImageJ 1.54.




2.10. Tube Formation Assay


Human Umbilical Vein Endothelial Cells (HUVECs) (Corning) were used for tube formation, as these tubules were developed from clear elongated cell bodies that connect to form polygon networks. HUVECs were cultured in Endothelial Cell Growth Medium-2 (EGM-2) basal medium (Lonza, Basel, Switzerland) supplemented with EGM-2 supplements (Lonza) and 1% penicillin/streptomycin. Harvested HUVECs were then mixed with conditioned media obtained from MDA-MB-231 after 24 h of exposure to BITC and/or SOR treatments and plated on basement membrane matrix (Corning® Matrigel® Matrix). Next, 2.5 × 104 HUVECs were used for each well and incubated with the conditioned media for 12–16 h at 37 °C. Images of the tube networks were taken by Zeiss microscope and further quantified using ImageJ 1.54 with the Angiogenesis Analyzer plugin [56].




2.11. Cell Cycle Analysis


MCF-7 and MDA-MB-231 cells were plated into 12-well plates. After overnight incubation, cells were incubated with SOR, BITC, SOR+BITC, and SOR–BITC-NPs for 24 h. Cells were then harvested and fixed with 80% pre-chilled ethanol at −20 °C overnight. Fixed cells were then stained with BD Pharmingen™ Propidium Iodide/Ribonuclease (PI/RNase) staining buffer and analyzed using a Beckman flow cytometer. For each sample, 10,000 events were collected, and the data were analyzed using CytExpert 1.2 software.




2.12. Western Blot Assay


MCF-7 and MDA-MB-231 cells were collected after different treatments, and total cellular protein was extracted. The concentration of protein was measured by a bicinchoninic acid protein assay kit (cat# 23225, Thermo Scientific™). In total, 10–20 μg of proteins were used for Sodium Dodecyl Sulfate Polyacrylamide Gel (SDS-PAGE) electrophoresis and further transferred to 0.22 μm Polyvinylidene Fluoride (PVDF) membranes. After incubating with Anti-Cdc2 p34 antibody (cat# sc-54, Santa Cruz Biotechnology), Anti-p-Cdc2 p34 antibody (cat# sc-136014, Santa Cruz Biotechnology), Anti-Chk1 antibody (cat# sc-8408, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Anti-cyclin B1 antibody (cat# sc-245, Santa Cruz Biotechnology) at 4 °C overnight, these membranes were washed 4 times and incubated with fluorescent secondary antibodies at RT for 1 h. After washing 4 times, the immuno-reactivity was visualized using an LI-COR Odyssey image system. β-actin was chosen as a loading control.




2.13. Statistics


All experiments were conducted in triplicate, and results were expressed as the mean ± standard deviation (SD). To determine the half-maximal inhibitory concentration (IC50) values across three cell lines under various treatments, we employed non-linear regression analysis using GraphPad Prism 8 software. Specifically, the “Inhibitor vs. normalized response—Variable slope (four parameters)” model was utilized. This model incorporates the Hill slope, enhancing the precision of dose–response curve modeling and allowing for meticulous adjustments to the curve‘s steepness, thereby providing robust IC50 estimations. The Combination Index (CI) was calculated using CompuSyn 1.0 software, which employs the Chou–Talalay method. In this analysis, a CI value less than 1 indicates synergy between treatments, a CI equal to 1 suggests additive effects, and a CI greater than 1 indicates antagonism.



To assess differences across various treatment groups in our study, we first performed a one-way Analysis of Variance (ANOVA). This initial analysis helped determine if there were statistically significant differences in the dependent variable across the groups. Upon finding significant differences with the one-way ANOVA, we applied Dunnett‘s multiple comparisons test. This post hoc test was specifically used to compare each of the treatment groups against a single control group, thereby identifying which treatments differed significantly from the control. A p-value of less than 0.05 was considered statistically significant in all analyses.





3. Results


3.1. Synthesis of BITC and Sorafenib-Encapsulating Nanoparticles


Over the last two decades, nanoparticle-encapsulated drug delivery systems have demonstrated great advantages over traditional chemotherapy due to their high selectivity toward tumor sites. This delivery strategy is based on the enhanced permeability and retention (EPR) effect, where NPs with a size between 20 and 200 nm can prolong the blood circulation time of the loaded therapeutic agents and preferentially accumulate at tumor sites with reduced nonspecific distribution in healthy tissues. To further enhance the antitumor efficacy and minimize the potential side effects of BITC and SOR combination in clinical usage, we have developed an NP-encapsulated co-delivery system consisting of BITC and SOR for breast cancer treatment.



Both BITC and SOR in a pre-determined ratio were encapsulated within amphiphilic copolymer methoxy poly(ethylene glycol)-poly(lactide-co-glycolide) (mPEG-PLGA) NPs (termed as BITC–SOR-NPs) according to an adapted emulsion method [54]. The encapsulation efficiencies of BITC and SOR in the BITC–SOR-NPs were 24.0 ± 1.5% and 38.4 ± 6.3%, respectively (Table S1), which gave an approximate molar ratio of 1:1 for BITC/SOR. SEM imaging revealed a uniform spherical morphology of the NPs with a diameter of ~100 nm for the SOR–BITC-NPs (Figure 1a). The DLS results revealed that the hydrodynamic size of BITC–SOR-NPs was ~108 nm with ca. −12.1 mV of the zeta potential (Figure 1b,c), which is an ideal NP size to assist in longer blood circulation and passive tumor targeting. Furthermore, the BITC–SOR-NPs showed good colloidal stability and maintained structural integrity after incubation for 5 days (Figures S5 and S6). Next, the drug release profile of BITC–SOR-NPs was studied at pH 5.5 or 7.4 (Figure 1d). Both BITC and SOR showed sustained release profiles within 48 h and exhibited higher release rates at pH 5.5 than 7.4. To understand the mechanism involved in the release of matrix inside the cell, the release data (pH 5.5) were further analyzed using the Korsmeyer–Peppas model, as described in Equation (1), resulting in good model fits with R2 values of 0.99 for BITC and 0.90 for SOR. Calculations from the model fitting revealed that the transport constant (K) for BITC was 8.3, slightly surpassing that for SOR, which was 7.5. Moreover, the release exponent (n) was found to be 1.40 for BITIC, indicating a non-Fickian diffusion mechanism possibly dominated by polymer relaxation kinetics, whereas SOR had an n value of 0.38, consistent with a Fickian diffusion mechanism [55,57]. These findings delineate a distinct release behavior for each drug, underscoring the impact of combined drug loading on the release dynamics from the nanoparticulate matrix.




3.2. Inhibition of TNBC Cell Viability by BITC and SOR


The effects of BITC and SOR alone and in combination treatment on cell breast cancer cell survival were examined using a pair of well-characterized human breast cancer cell lines (MDA-MB-231 and MCF-7) as models. The MCF-7 cell line, which was isolated from a pleural effusion of stage IV invasive ductal carcinoma, is estrogen receptor (ER)-positive and estrogen-responsive. The MDA-MB-231 cell line is a triple-negative model, which does not express ER, progesterone receptor (PR), and does not have Human Epidermal Growth Factor Receptor 2 (HER-2)/Neu amplification. The MCF-7 cells are aneuploid with high chromosomal instability and partially defective for the G1 and mitotic spindle checkpoint but express normal p53, while MDA-MB-231 cells are partially proficient for all cell cycle checkpoints and express mutant p53 [58]. Selective growth inhibition toward cancer cells is a highly desirable feature of potential cancer preventive and therapeutic agents. In this study, the normal breast cell line MCF-10A was also selected for comparison to determine the antitumor specificity of BITC and SOR on tumor cells. The cell survival of all three cell lines was determined by the MTT cell viability assay, and the results are summarized in Figure 2. Breast cancer MCF-7, MDA-MB-231, and normal breast cells (MCF-10A) were treated with different doses of the drug alone or in combination for 24 h. As shown in Figure 2a, after 24 h treatment, the IC50 of BITC and SOR on MDA-MB 231 cells were 18.65 µM and 15.37 µM, respectively. The IC50 of MCF-7 cells after BITC and SOR treatment were 21.00 µM and 14.25 µM, respectively. These results showed that BITC and SOR alone or in combination inhibited the proliferation of breast cancer cells in a dose-dependent manner. The IC50 of MCF-10A was 43.24 µM and 41.02 µM for BITC and SOR treatment, respectively, after 24 h of incubation, both of which were higher than that of the tumor cell line. MCF-10A was more resistant to growth inhibition by BITC and SOR compared with MDA-MB-231 or MCF-7 cells. Collectively, these results indicated that the human breast cancer cells were significantly more sensitive to growth suppression by BITC and SOR compared with a normal mammary epithelial cell line. Furthermore, we found that the SOR and BITC combination significantly inhibited the viability of both MCF-7 and MDA-MB-231 cells (Figure 2a). BITC largely improved the chemosensitivity of SOR with an IC50 of 8.06 μM for the BITC+SOR group in MDA-MB-231 cells.



To determine whether the combination treatment BITC and SOR had synergistic, additive, or antagonistic effects, Chou–Talalay‘s combination index was used, and CompuSyn was used to calculate the CI. The BITC and SOR combination treated MDA-MB-231 cells showed a synergistic effect with CI values less than 1 at a 1:1 ratio for SOR and BITC at a total concentration of up to 40 µM (Figure S1). In the MCF-7 cell line, the CI values of SOR and BITC at a 1:1 ratio only showed synergistic effects at a total concentration of 5 µM and 80 µM (Figure S2). Also, synergy was observed at a 2:1 ratio of BITC and SOR in MDA-MB-231 cells and a 1:2 ratio of BITC and SOR in MCF-7 cells. As a result of these findings, SOR and BITC can be combined to achieve synergistic effects and inhibit the proliferation of specific types of breast cancer. These results may serve as a basis for the administration of drug combinations for further in vivo study.



In addition, colony formation assays were used to investigate the prolonged inhibitory effect of BITC and SOR combination on breast cancer cells. MDA-MB-231 and MCF-7 cells were treated with different concentrations of BITC and SOR combination to observe the colony formation ability of the cells. As shown in Figure 2b, in the BITC and SOR single-drug treatment groups, the cell colony formation rate of MDA-MB 231 and MCF-7 was decreased with increasing drug concentrations. However, both BITC and SOR inhibited the colony formation of MDA-MB-231 cells better than MCF-7 cells. In addition, when BITC was combined with SOR at low doses of 5 µM and 10 µM, the reduction was even more pronounced than SOR alone (Figure 2c). This indicates that the combination of BITC and SOR can potentially reduce the dose of SOR used, alleviate side effects in patients, or kill more breast tumor cells with the same dose of SOR.




3.3. Inhibition of TNBC Cell Migration and Invasion by BITC and SOR


The combination of BITC and SOR significantly decreased the migration and invasion of breast cancer cells. The invasion and migration ability of tumor cells plays an important role in the migration of tumor cells to peripheral tissues. To analyze the effect of BITC and SOR on breast cancer cell migration, a wound-healing assay was performed on the confluent monolayers of MDA-MB-231 cells. BITC and SOR alone and in combination were tested up to 10 µM. As shown in Figure 3a,c, BITC and SOR treatment inhibited MDA-MB-231 migration into the wound in a time- and dose-dependent manner, shown as the increased wound area compared to the control. Furthermore, compared to each drug alone, exposure of MDA-MB-231 cells to BITC and SOR combination for 24 h resulted in statistically significant inhibition of wound closure (*** < 0.001), which indicates the migration inhibition by the combination treatment is more effective than BITC and SOR alone.



A Matrigel-coated Transwell assay was used to investigate the ability of BITC and SOR to inhibit cancer cell invasion. Both MDA-MB-231 and MCF-7 cells were treated with different concentrations of BITC and SOR. Results showed that cell invasion was decreased in a dose-dependent manner (Figure 3b,d). The 10 µM BITC or SOR alone significantly reduced cancer cell invasion vs. the control group in both cell lines. Among all treatment groups, the 5 µM SOR and 10 µM BITC combination was the most effective group, which agreed with the migration assay. The result showed that the combination of low concentration of BITC and SOR can achieve the same inhibition efficacy as high concentration of SOR treatment, which indicates that the combination of BITC and SOR can reduce the dose of SOR administration. It is also interesting to see that cell invasion was reduced more in MDA-MB-231 by BITC treatment, while SOR inhibited more of the MCF-7 cell invasion. These results indicate that different subtypes of breast cancer might respond differently to BITC and SOR.




3.4. Inhibition of TNBC Tube Formation by BITC and SOR


In vitro endothelial tube formation assays provide a model for studying the differentiation and modulation of endothelial tube formation by potential anticancer agents. To investigate the pro-angiogenic effects of BITC and/or SOR, a tube formation assay was performed using HUVECs to observe vascular network formation. The results showed that at 16 hours, all four network characters, including cell cover area, total branching point, total tube length, and loop number (Figure 4) by conditioned media obtained from 10 µM BITC treatment, were significantly longer than those in the control group. Although the cell cover area and total tube length in the 10 µM SOR conditioned media group were lower than that in the control group, there was no statistical difference between them. The combined treatment of BITC and SOR is most effective in reducing the number of branching points and loops by 50% compared to the control.




3.5. Induction of Cell Cycle Arrest by BITC and SOR in TNBC Cells


To study the combinational effect of BITC and SOR on cancer cell growth inhibition, we examined their effects on cell cycle distribution by flow cytometry following staining with PI (Figure 5a). Representative histograms for cell cycle distribution in MDA-MB-231 cells following a 24 h exposure to BITC and/or SOR are shown in Figure 5b. Exposure of MDA-MB-231 cells with up to 10 µM BITC for 24 h resulted in significant enrichment of the G2-M fraction, which was accompanied by a decrease in mainly G0-G1 and S phase cells. In addition, the BITC and SOR combination caused a ∼2-fold increase in the G2-M fraction compared with the DMSO-treated control. Like MDA-MB-231, BITC and SOR treatment caused a statistically significant increase in the G2-M fraction of MCF-7 cells (Figure S3). However, the combination treatment mediated G2-M phase cell cycle arrest was relatively more pronounced in MCF-7 cells than in MDA-MB-231 cells, as the treatment caused a ∼3-fold increase in the percentage of G2-M fraction over control in MCF-7 cells (Figure S3). BITC (5 μM) or SOR (5 μM) alone did not produce a significant effect on G2-M phase arrest, while BITC (5 μM) + SOR (5 μM) could increase G2-M phase arrest to ~60%. This confirms the synergistic effect of BITC and SOR in cell cycle arrest. These results indicated that the BITC and SOR combination-mediated inhibition of MDA-MB-231 and MCF-7 cell survival was probably associated with a sustained G2-M phase cell cycle arrest.




3.6. Inhibition of TNBC 3D Spheroids Growth by BITC and SOR


The tumor 3D spheroid model in vitro is effective at detecting malignant cells and tumorigenesis, as well as assessing drug resistance. Spheroids provide a more accurate representation of the complex cellular environment in vivo compared to monolayer culture, which has been extensively studied in cancer research. In fact, 3D culture systems provide unique opportunities to culture cancer cells alone or in combination with other cell types in a spatially appropriate manner, and they encourage cell–cell and cell–matrix interactions that mirror the cancer environment [59]. This interaction leads to the 3D-cultured cells acquiring morphological and cellular properties similar to those of tumors in vivo. Among various 3D culture systems, spheroids are the most extensively characterized and widely used models [60]. Research has shown that spheroids of breast cancer, such as MCF-7 spheroids [61], reveal the role played by the microenvironment in tumor progression and are more resistant to drug treatments than those cultured as a 2D monolayer. In the current study, the MDA-MB-231 cells were assembled into spheroids in low attachment microwell plates. According to brightfield images of MDA-MB-231 spheroids, a round and compact structure with a well-defined outer perimeter was observed. As shown in Figure 6, the MDA-MB-231 cells in spheroids grew more slowly following treatment with BITC and/or SOR. In addition, combining both BITC and SOR treatments significantly reduced the size of the spheroids. Resazurin reduction assays were performed instead of MTT analysis in order to evaluate the viability of cells derived from MDA-MB-231 spheroids. Viable cells with active metabolism can reduce resazurin into the water-soluble resorufin product, which is pink and fluorescent. It minimizes the disturbance of spheroids during the assay. It was demonstrated in this study that exposure to either SOR or BITC reduced the viability of MDA-MB-231 spheroids in a concentration-dependent manner. Moreover, spheroids are more resistant to all treatments than monolayers of cells.




3.7. Induction of Cell Cycle Arrest via Inhibition of Cyclin B1, Chk1, and Cdc2 in TNBC Cells


The combination of BITC and Sorafenib induced cell cycle arrest by inhibiting cyclin B1, Chk1, and Cdc2. To investigate the mechanism of BITC and SOR-mediated cell cycle arrest, we examined their effects on levels of protein expression associated with G2 phase regulation, including cyclin B1, Cdc2, which is also known as Cyclin Dependent Kinase 1 (CDK1), and Chk1, using Western blotting, as shown in Figure 7 (MDA-MB-231) and Figure S4 (MCF-7). As shown in Figure 7, cyclin B1 expression was only significantly down-regulated in MDA-MB-231 by 10 µM BITC treatment. However, in MCF-7 cells, cyclin B1 expression was significantly down-regulated by both SOR treatment alone and BITC+SOR combination treatment. In MDA-MB-231 cells, both Cdc2 and Chk1 expression was significantly down-regulated by the combination treatment. BITC (5 μM) or SOR (5 μM) alone did not produce a significant effect on the expression of Cdc2, but BITC (5 μM) + SOR (5 μM) could suppress Cdc2 expression to 30%. A similar trend was seen in the combination treatment inhibition of Chk1 expression in both MDA-MB-231 and MCF-7 cells. Phosphorylated Cdc2 was significantly down-regulated by 10 μM BITC alone or BITC and SOR combinations in MDA-MB-231 cells, while MCF-7 seems more sensitive towards BITC and SOR treatment as BITC (5 μM) + SOR (5 μM) could suppress the level of phosphorylated Cdc2 to 30%.




3.8. Enhanced Anticancer Efficacy of BITC–SOR-NPs in TNBC Cells and 3D Spheroids


The therapeutic efficacy of BITC–SOR-NPs was investigated and compared with free drugs in vitro. MDA-MB-231, MCF-7 and MCF-10A cells were seeded into 96-well plates. Twenty-four hours later, the cells were incubated with BITC–SOR-NPs at different concentrations for another 24 h. The cell viability was analyzed using an MTT assay. As shown in Figure 8a, BITC–SOR-NPs exhibited clear dose-dependent toxicity towards MDA-MB-231 cells. Encouragingly, in MDA-MB-231 cells, BITC–SOR-NPs achieved the most significant cytotoxicity with an IC50 as low as 7.8 μM, which is attributed to its enhanced cellular uptake compared with the free drug. There was no significant cytotoxicity from the BITC–SOR-NPs in the normal breast cell line MCF-10A (up to 40 μM). The results suggested in comparison with MCF-7 and MCF-10A cells, BITC–SOR-NPs significantly inhibit the growth of triple-negative breast cancer MDA-MB-231 cells even at low doses (10 μM), and such selectivity was enhanced by nano-encapsulation. These findings were further confirmed by the colony formation assay, where BITC–SOR-NPs showed stronger inhibition of colony formation in MDA-MB-231 cells than in MCF-7 cells (Figure 8b). BITC–SOR-NPs were also evaluated for their effects on breast cancer cell migration and invasion quantitatively using wound closure assays and Transwell invasion assays (Figure 8c,d). The results demonstrated that a combination of BITC and SOR free drugs reduced cell migration and invasion by 20%. In contrast, BITC–SOR-NPs showed a maximal inhibition of cell migration and invasion of over 90%. The BITC–SOR-NPs achieved a greater inhibition of cell migration and invasion than free BITC and SOR, probably due to the more efficient uptake of the NPs into the cell. The effects of BITC–SOR-NPs on MDA-MB-231 spheroids were also examined, and the results are shown in Figure S7. Unlike the free drug combination, BITC–SOR-NPs significantly inhibit cell viability of spheroid cells at a much lower concentration of 10 μM.





4. Discussion


The therapeutic landscape of breast cancer, particularly TNBC, presents significant challenges due to its heterogeneity and lack of targeted therapies. This study explored the combined effects of BITC and SOR on the viability, invasion, migration, and cell cycle arrest of breast cancer cell lines MDA-MB-231 and MCF-7, contributing to the identification of potential synergistic approaches for cancer therapy.



Our findings demonstrated a significant inhibitory effect of BITC and SOR, both individually and in combination, on the proliferation of breast cancer cells. This is in line with previous research that identified BITC‘s potential to induce apoptosis and inhibit cell growth across various cancer types through mechanisms such as oxidative stress induction and the modulation of apoptosis-related proteins [44,62,63]. Similarly, Sorafenib‘s effectiveness in targeting multiple kinases involved in tumor cell proliferation and angiogenesis is well-documented, with its role in inhibiting the RAF/MEK/ERK pathway contributing to its therapeutic efficacy in cancers such as renal cell carcinoma and hepatocellular carcinoma [64,65,66].



Interestingly, our study found that the combination of BITC and SOR at specific doses significantly reduced the viability of breast cancer cells more effectively than either agent alone. This suggests a synergistic interaction, potentially offering a strategic advantage by lowering the effective dose required for each drug, thereby reducing associated toxicities. The use of combination therapies in cancer treatment is supported by their ability to target multiple pathways simultaneously, a strategy that is particularly relevant for complex diseases like cancer, where redundancy and compensatory mechanisms can quickly lead to drug resistance [67]. The observed synergistic growth inhibition effect of BITC and SOR at a 1:1 molar ratio towards MDA-MB-231 cells highlights the strategic benefit of combining these compounds. This synergy likely arises from the concurrent targeting of multiple pathways involved in cell proliferation, apoptosis, and metastasis, thereby thwarting the cancer cell’s ability to adapt and develop resistance. The enhanced sensitivity of MDA-MB-231 cells compared to the normal breast cell line MCF-10A underscores the therapeutic window offered by this combination, allowing for effective cancer targeting with minimal impact on healthy tissues.



Moreover, our investigation into the mechanism of action revealed that the combination treatment notably induced G2/M phase arrest, an effect that could be attributed to the disruption of the cell cycle, which is a critical control mechanism for cellular proliferation and a common target in cancer therapy [68]. It is well known that cell cycle progression involves sequential activation of Cyclin-dependent kinases whose activation is dependent on their association with regulatory cyclins [69]. A complex formed by the association of Cdc2 with cyclin B1 plays a major role in the regulation of G2-M transition. Our results have demonstrated that the BITC-mediated inhibition of G2-M progression in MDA-MB-231 cells is associated with a decrease in the protein levels of Cdc2, cyclin B1, and Chk1, while SOR alone does not significantly affect those protein levels. However, BITC and SOR, in combination, synergistically inhibit cell cycle progression from S to G2 phase through down-modulation of Cdc2, cyclin B1, and Chk1. This result is in agreement with previous studies showing that dietary ITCs combined with other anticancer agents synergistically inhibit cell cycle progression from S to G2 phase [70,71]. It is reasonable to postulate that the BITC and SOR combination-mediated cell cycle arrest in MDA-MB-231 cells is likely due to the inhibition of complex formation between Cdc2 and cyclin B1.



Nanoparticle encapsulation offers a multifaceted advantage in drug delivery, primarily through improved solubility, stability, and bioavailability of the encapsulated agents. Furthermore, NPs can be engineered to exhibit passive targeting capabilities by exploiting the enhanced permeability and retention (EPR) effect seen in tumor vasculature, thereby increasing drug accumulation at the tumor site while minimizing systemic exposure and associated toxicities [33,72]. In the context of BITC and SOR, encapsulation within nanoparticles could potentially address any solubility issues, ensuring a more controlled and sustained release of the drugs, thus maintaining therapeutic concentrations within the tumor microenvironment for an extended period.



The destruction of breast cancer cells by our NP system could involve both enhanced drug delivery mechanics and potentiated pharmacological actions. The nanoparticles are engineered to optimize the cellular uptake of BITC and SOR, facilitating more direct and efficient drug delivery into the cancer cells. Once inside, the controlled release properties of the NPs ensure sustained drug availability, maintaining therapeutic concentrations that continuously engage the targeted pathways over extended periods. This sustained interaction significantly enhances the drugs’ abilities to induce apoptosis and disrupt cell signaling pathways critical for cancer cell survival and proliferation. For instance, the NP system enhances the delivery of BITC into the cells, where it effectively modulates key apoptosis-regulating proteins and stress response pathways, while SOR‘s ability to inhibit kinase pathways is potentiated by its increased intracellular concentration. This leads to a more pronounced and sustained induction of cell cycle arrest and apoptosis than either drug could achieve alone.



The enhanced treatment efficiency observed in 3D cell model analysis with NP encapsulation of BITC and SOR over free drug administration is particularly noteworthy. Three-dimensional cell culture models more accurately replicate the complex structure, function, and microenvironment of tumors in vivo, offering a more predictive platform for evaluating the efficacy of nanoparticle-delivered therapies [73]. NPs can penetrate the extracellular matrix and reach cancer cells more effectively in 3D models, providing a uniform distribution of therapeutic agents throughout the tumor spheroids. This improved penetration and distribution can lead to enhanced anticancer effects, as demonstrated by the superior performance of NP-encapsulated BITC and SOR in our study.




5. Conclusions


In conclusion, our investigation into the combinatory effects of BITC and SOR on human breast cancer cell viability has revealed significant findings. Notably, a 1:1 molar ratio of BITC and SOR presents a synergistic inhibition of growth in MDA-MB-231 cells, whereas a 1:2 ratio is optimal for MCF-7 cells. This combination treatment exhibits preferential toxicity toward cancerous cells over normal breast cells, a distinction that is notably amplified when these compounds are encapsulated within nanoparticles, particularly evident in 3D spheroid models. The observed synergistic inhibition is mechanistically linked to the arrest of the cell cycle in the G2-M phase, mediated by the down-regulation of cyclin B1 and Cdc2. Collectively, these findings underscore the potential of the BITC and SOR combination as a foundation for crafting innovative, highly effective therapies for managing triple-negative breast cancer. The use of nanoparticle (NP) encapsulation to co-deliver BITC and SOR not only enhances the drug combination sensitivity but also significantly boosts therapeutic efficacy, marking a promising advance in cancer treatment strategies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers16091695/s1, Figure S1: Chou-Talalay’s Combinational Index (CI) was calculated using cell viability assay value in MDA-MB-231 cells treated with BITC and SOR combinations. (a) Combination Index Plot of BITC and SOR combination treatment. (Total Dose: dose of BITC plus dose of SOR; Fa: average effect values; CI value: combinational index value. CI values for synergism is 0–1, and for antagonism is 1–∞) (b) Cell viability of MDA-MB-231 cells was measured using MTT assays 24 h after BITC and SOR treatment; Figure S2: Chou-Talalay’s Combinational Index (CI) was calculated using cell viability assay value in MCF-7 cells treated with BITC and SOR combinations. (a) Combination Index Plot of BITC and SOR combination treatment. (Total Dose: dose of BITC plus dose of SOR; Fa: average effect values; CI value: combinational index value. CI values for synergism is 0-1, and for antagonism is 1–∞) (b) Cell viability of MCF-7 cells was measured using MTT assays 24 h after BITC and SOR treatment; Figure S3: Effects of BITC and SOR combined treatment on MCF-7 cell cycle. (a) Flow cytometry analysis of the cell cycle distribution after 24 h of treatment with BITC and/or SOR. (b) Quantitative evaluation of cells arrested at G2. Data are presented as means ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001. Figure S4: Effects of BITC and SOR treatment on G2 phase protein expression in MCF-7 cells. 24 h after treatment, the expression of cyclin B1, Chk1, Cdc2, and p-Cdc2 proteins was analyzed by Western blot. Expression of β-Actin served as a loading control. Band densities were normalized against β-actin, and results were expressed as fold changes relative to controls. Data are presented as means ± SD (n = 3). * p < 0.05, ** p < 0.01. Figure S5: BITC and SOR encapsulated nanoparticle size stability in various solutions. (a) dH2O, (b) PBS, (c) DMEM+10%FBS. The size of nanoparticles was measured by dynamic light scattering; Figure S6: BITC and SOR encapsulated nanoparticle Polydispersity index (PDI) stability in various solutions. (a) dH2O, (b) PBS, (c) DMEM+10%FBS. The PDI of nanoparticles was measured by dynamic light scattering; Figure S7: Effects of BITC-SOR-NPs treatment on 3D spheroid of MDA-MB-231 spheroids. (a) Cytotoxicity of MDA-MB-231 spheroids after BITC and/or SOR free drugs or encapsulated NP treatments for 4 days. Representative images of MDA-MB-231 spheroids were captured using EVOS M5000 microscope under 10× magnification brightfield image, nuclear (blue Hoechst dye staining) and dead (red EthD-1 dye staining) cell population. (b) Fluorescence intensity of EthD-1 dye staining on MDA-MB-231 spheroids after BITC and/or SOR treatments. (c) and (d) Cell viability study of MDA-MB-231 spheroids after 48 h treatments of BITC-SOR-NPs and free drug combination. Data are presented as means ± SD (n = 3). * p < 0.05; Table S1: Table of PLGA BITC/Sorafenib NP characteristics. File S1: Original western blots.





Author Contributions


Conceptualization, Q.W. and Y.B.; methodology, Q.W, N.C. and W.W.; formal analysis, Q.W and N.C.; investigation, Q.W and N.C.; writing—original draft preparation, Q.W and N.C.; writing—review and editing, Q.W and Y.B.; funding acquisition, Y.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Cancer Prevention Research Trust UK.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be made available on request.




Acknowledgments


We thank the Cancer Prevention Research Trust UK for funding and supporting this work.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Jerusalem, G.; Collignon, J.; Schroeder, H.; Lousberg, L. Triple-negative breast cancer: Treatment challenges and solutions. Breast Cancer Targets Ther. 2016, 8, 93–107. [Google Scholar] [CrossRef] [PubMed]

	



Zafrakas, M.; Papasozomenou, P.; Emmanouilides, C. Sorafenib in breast cancer treatment: A systematic review and overview of clinical trials. World J. Clin. Oncol. 2016, 7, 331. [Google Scholar] [CrossRef] [PubMed]

	



Mangana, J.; Levesque, M.P.; Karpova, M.B.; Dummer, R. Sorafenib in melanoma. Expert. Opin. Pharmacother. 2012, 21, 557–568. [Google Scholar] [CrossRef] [PubMed]

	



Kacan, T.; Nayir, E.; Altun, A.; Kilickap, S.; Babacan, N.A.; Ataseven, H.; Kaya, T. Antitumor activity of sorafenib on colorectal cancer. J. Oncol. Sci. 2016, 2, 53–57. [Google Scholar] [CrossRef]

	



Kane, R.C.; Farrell, A.T.; Madabushi, R.; Booth, B.; Chattopadhyay, S.; Sridhara, R.; Justice, R.; Pazdur, R. Sorafenib for the Treatment of Unresectable Hepatocellular Carcinoma. Oncologist 2009, 14, 95–100. [Google Scholar] [CrossRef]

	



Guevremont, C.; Jeldres, C.; Perrotte, P.; Karakiewicz, P.I. Sorafenib in the Management of Metastatic Renal Cell Carcinoma. Curr. Oncol. 2009, 16, 27–32. [Google Scholar] [CrossRef]

	



Baselga, J.; Zamagni, C.; Gómez, P.; Bermejo, B.; Nagai, S.E.; Melichar, B.; Chan, A.; Mángel, L.; Bergh, J.; Costa, F.; et al. RESILIENCE: Phase III Randomized, Double-Blind Trial Comparing Sorafenib with Capecitabine Versus Placebo With Capecitabine in Locally Advanced or Metastatic HER2-Negative Breast Cancer. Clin. Breast Cancer 2017, 17, 585–594.e584. [Google Scholar] [CrossRef] [PubMed]

	



Bronte, G.; Andreis, D.; Bravaccini, S.; Maltoni, R.; Cecconetto, L.; Schirone, A.; Farolfi, A.; Fedeli, A.; Serra, P.; Donati, C.; et al. Sorafenib for the treatment of breast cancer. Expert Opin. Pharmacother. 2017, 18, 621–630. [Google Scholar] [CrossRef]

	



Sun, W.; Powell, M.; O’Dwyer, P.J.; Catalano, P.; Ansari, R.H.; Benson, A.B. Phase II Study of Sorafenib in Combination With Docetaxel and Cisplatin in the Treatment of Metastatic or Advanced Gastric and Gastroesophageal Junction Adenocarcinoma: ECOG 5203. J. Clin. Oncol. 2010, 28, 2947–2951. [Google Scholar] [CrossRef]

	



Ohio State University Comprehensive Cancer. Sorafenib Tosylate, Cisplatin, and Docetaxel in Treating Patients with Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck. Available online: https://ClinicalTrials.gov/show/NCT02035527 (accessed on 3 November 2023).

	



Gradishar, W.J.; Kaklamani, V.; Sahoo, T.P.; Lokanatha, D.; Raina, V.; Bondarde, S.; Jain, M.; Ro, S.K.; Lokker, N.A.; Schwartzberg, L. A double-blind, randomised, placebo-controlled, phase 2b study evaluating sorafenib in combination with paclitaxel as a first-line therapy in patients with HER2-negative advanced breast cancer. Eur. J. Cancer 2013, 49, 312–322. [Google Scholar] [CrossRef] [PubMed]

	



Gradishar, W.; Kaklamani, V.; Prasad Sahoo, T.; Lokanatha, D.; Raina, V.; Bondarde, S.; Jain, M. A Double-Blind, Randomized, Placebo-Controlled, Phase 2b Study Evaluating the Efficacy and Safety of Sorafenib (SOR) in Combination with Paclitaxel (PAC) as a First-Line Therapy in Patients (pts) with Locally Recurrent or Metastatic Breast Cancer (BC). Cancer Res. 2009, 69, 44. [Google Scholar] [CrossRef]

	



Decker, T.; Overkamp, F.; Rösel, S.; Nusch, A.; Göhler, T.; Indorf, M.; Sahlmann, J.; Trarbach, T. A randomized phase II study of paclitaxel alone versus paclitaxel plus sorafenib in second- and third-line treatment of patients with HER2-negative metastatic breast cancer (PASO). BMC Cancer 2017, 17, 499. [Google Scholar] [CrossRef] [PubMed]

	



Hainsworth, J.D.; Thompson, D.S.; Bismayer, J.A.; Gian, V.G.; Merritt, W.M.; Whorf, R.C.; Finney, L.H.; Dudley, B.S. Paclitaxel/carboplatin with or without sorafenib in the first-line treatment of patients with stage III/IV epithelial ovarian cancer: A randomized phase II study of the Sarah Cannon Research Institute. Cancer Med. 2015, 4, 673–681. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, D.S.; Dudley, B.S.; Bismayer, J.A.; Gian, V.G.; Merritt, W.M.; Whorf, R.C.; Burris, H.A.; Hainsworth, J.D. Paclitaxel/carboplatin with or without sorafenib in the first-line treatment of patients with stage III/IV epithelial ovarian cancer: A randomized phase II study of the Sarah Cannon Research Institute. J. Clin. Oncol. 2013, 31, 5513. [Google Scholar] [CrossRef]

	



Richly, H.; Henning, B.; Kupsch, P.; Passarge, K.; Grubert, M.; Hilger, R.; Christensen, O.; Brendel, E.; Schwartz, B.; Ludwig, M. Results of a Phase I trial of sorafenib (BAY 43-9006) in combination with doxorubicin in patients with refractory solid tumors. Ann. Oncol. 2006, 17, 866–873. [Google Scholar] [CrossRef] [PubMed]

	



Kupsch, P.; Henning, B.F.; Passarge, K.; Richly, H.; Wiesemann, K.; Hilger, R.A.; Scheulen, M.E.; Christensen, O.; Brendel, E.; Schwartz, B.; et al. Results of a phase I trial of sorafenib (BAY 43-9006) in combination with oxaliplatin in patients with refractory solid tumors, including colorectal cancer. Clin. Color. Cancer 2005, 5, 188–196. [Google Scholar] [CrossRef] [PubMed]

	



Sun Yat-sen University. Sorafenib or Lenvatinib Plus HAIC of 130 mg/m² Oxaliplatin, and 5-fu vs Sorafenib or Lenvatinib Plus HAIC of 85 mg/m² Oxaliplatin, and 5-fu for Unresectable Advanced HCC: A Randomised Phase 3 Trial. Available online: https://ClinicalTrials.gov/show/NCT04687163 (accessed on 1 December 2023).

	



Siu, L.; Takimoto, C.; Awada, A.; Moore, M.; Piccart, M.; Poulin-Costello, M.; Lathia, C.; Petrenciuc, O. A phase I/II trial of BAY 43–9006 and gemcitabine in advanced solid tumors and in advanced pancreatic cancer. J. Clin. Oncol. 2004, 22, 3059. [Google Scholar] [CrossRef]

	



Kindler, H.L.; Wroblewski, K.; Wallace, J.A.; Hall, M.J.; Locker, G.; Nattam, S.; Agamah, E.; Stadler, W.M.; Vokes, E.E. Gemcitabine plus sorafenib in patients with advanced pancreatic cancer: A phase II trial of the University of Chicago Phase II Consortium. Investig. New Drugs 2012, 30, 382–386. [Google Scholar] [CrossRef]

	



George, T.J.; Ivey, A.M.; Ali, A.; Lee, J.-H.; Wang, Y.; Daily, K.C.; Ramnaraign, B.H.; Tan, S.A.; Terracina, K.P.; Read, T.E.; et al. Activity of Sorafenib Plus Capecitabine in Previously Treated Metastatic Colorectal Cancer. Oncologist 2021, 26, 362.e724. [Google Scholar] [CrossRef]

	



Cardin, D.B.; Goff, L.; Li, C.I.; Shyr, Y.; Winkler, C.; Devore, R.; Schlabach, L.; Holloway, M.; McClanahan, P.; Meyer, K.; et al. Phase II trial of sorafenib and erlotinib in advanced pancreatic cancer. Cancer Med. 2014, 3, 572–579. [Google Scholar] [CrossRef]

	



M.D. Anderson Cancer Center. Vemurafenib with Sorafenib Tosylate or Crizotinib in Treating Patients With Advanced Malignancies with BRAF Mutations. Available online: https://ClinicalTrials.gov/show/NCT01531361 (accessed on 13 January 2024).

	



HonorHealth Research Institute Phase II Trial of Vemurafenib and Sorafenib in Pancreatic Cancer. Available online: https://ClinicalTrials.gov/show/NCT05068752 (accessed on 1 December 2023).

	



BeiGene. Phase 3 Study of Tislelizumab Versus Sorafenib in Participants With Unresectable HCC. Available online: https://ClinicalTrials.gov/show/NCT03412773 (accessed on 1 December 2023).

	



Wilhelm, S.M.; Adnane, L.; Newell, P.; Villanueva, A.; Llovet, J.M.; Lynch, M. Preclinical overview of sorafenib, a multikinase inhibitor that targets both Raf and VEGF and PDGF receptor tyrosine kinase signaling. Mol. Cancer Ther. 2008, 7, 3129–3140. [Google Scholar] [CrossRef]

	



Keating, G.M.; Santoro, A. Sorafenib. Drugs 2009, 69, 223–240. [Google Scholar] [CrossRef]

	



Ebos, J.M.; Lee, C.R.; Cruz-Munoz, W.; Bjarnason, G.A.; Christensen, J.G.; Kerbel, R.S. Accelerated metastasis after short-term treatment with a potent inhibitor of tumor angiogenesis. Cancer Cell 2009, 15, 232–239. [Google Scholar] [CrossRef]

	



Pàez-Ribes, M.; Allen, E.; Hudock, J.; Takeda, T.; Okuyama, H.; Viñals, F.; Inoue, M.; Bergers, G.; Hanahan, D.; Casanovas, O. Antiangiogenic therapy elicits malignant progression of tumors to increased local invasion and distant metastasis. Cancer Cell 2009, 15, 220–231. [Google Scholar] [CrossRef]

	



Conaway, C.; Yang, Y.; Chung, F. Isothiocyanates as cancer chemopreventive agents: Their biological activities and metabolism in rodents and humans. Curr. Drug Metab. 2002, 3, 233–255. [Google Scholar] [CrossRef]

	



Hecht, S.S. Inhibition of Carcinogenesis by Isothiocyanates. Drug Metab. Rev. 2000, 32, 395–411. [Google Scholar] [CrossRef]

	



Wang, Q.; Bao, Y. Nanodelivery of natural isothiocyanates as a cancer therapeutic. Free Radic. Biol. Med. 2021, 167, 125–140. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, Y.; Miyoshi, N.; Osawa, T.; Uchida, K.; Kawakami, M.; Yoshihiro, A.; Ohigashi, H.; Kawai, K. Involvement of the mitochondrial death pathway in chemopreventive benzyl isothiocyanate-induced apoptosis. J. Biol. Chem. 2002, 277, 8492–8499. [Google Scholar] [CrossRef]

	



Lui, V.W.; Wentzel, A.L.; Xiao, D.; Lew, K.L.; Singh, S.V.; Grandis, J.R. Requirement of a carbon spacer in benzyl isothiocyanate-mediated cytotoxicity and MAPK activation in head and neck squamous cell carcinoma. Carcinogenesis 2003, 24, 1705–1712. [Google Scholar] [CrossRef]

	



Srivastava, S.K.; Singh, S.V. Cell cycle arrest, apoptosis induction and inhibition of nuclear factor kappa B activation in anti-proliferative activity of benzyl isothiocyanate against human pancreatic cancer cells. Carcinogenesis 2004, 25, 1701–1709. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, N.; Uchida, K.; Osawa, T.; Nakamura, Y. A link between benzyl isothiocyanate-induced cell cycle arrest and apoptosis: Involvement of mitogen-activated protein kinases in the Bcl-2 phosphorylation. Cancer Res. 2004, 64, 2134–2142. [Google Scholar] [CrossRef] [PubMed]

	



Visanji, J.M.; Duthie, S.J.; Pirie, L.; Thompson, D.G.; Padfield, P.J. Dietary isothiocyanates inhibit Caco-2 cell proliferation and induce G2/M phase cell cycle arrest, DNA damage, and G2/M checkpoint activation. J. Nutr. 2004, 134, 3121–3126. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, E.; Ramsay, E.A.S.; Morris, M.E. Dietary organic isothiocyanates are cytotoxic in human breast cancer MCF-7 and mammary epithelial MCF-12A cell lines. Exp. Biol. Med. 2004, 229, 835–842. [Google Scholar] [CrossRef] [PubMed]

	



Jakubíková, J.; Sedlák, J.; Bacon, J.; Goldson, A.; Bao, Y. Effects of MEK1 and PI3K inhibitors on allyl-, benzyl-and phenylethyl-isothiocyanate-induced G2/M arrest and cell death in Caco-2 cells. Int. J. Oncol. 2005, 27, 1449–1458. [Google Scholar] [CrossRef]

	



Cheng, N.; Diao, H.; Lin, Z.; Gao, J.; Zhao, Y.; Zhang, W.; Wang, Q.; Lin, J.; Zhang, D.; Jin, Y.; et al. Benzyl Isothiocyanate Induces Apoptosis and Inhibits Tumor Growth in Canine Mammary Carcinoma via Downregulation of the Cyclin B1/Cdk1 Pathway. Front. Vet. Sci. 2020, 7, 580530. [Google Scholar] [CrossRef] [PubMed]

	



Di Pasqua, A.J.; Hong, C.; Wu, M.Y.; McCracken, E.; Wang, X.T.; Mi, L.X.; Chung, F.L. Sensitization of Non-small Cell Lung Cancer Cells to Cisplatin by Naturally Occurring Isothiocyanates. Chem. Res. Toxicol. 2010, 23, 1307–1309. [Google Scholar] [CrossRef]

	



Wolf, M.A.; Claudio, P.P. Benzyl Isothiocyanate Inhibits HNSCC Cell Migration and Invasion, and Sensitizes HNSCC Cells to Cisplatin. Nutr. Cancer 2014, 66, 285–294. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.F.; Chiang, N.N.; Lu, Y.H.; Huang, Y.S.; Yang, J.S.; Tsai, S.C.; Lu, C.C.; Chen, F.A. Benzyl isothiocyanate (BITC) triggers mitochondria-mediated apoptotic machinery in human cisplatin-resistant oral cancer CAR cells. Biomedicine 2018, 8, 13–22. [Google Scholar] [CrossRef]

	



Lee, Y.; Kim, Y.J.; Choi, Y.J.; Lee, J.W.; Lee, S.; Chung, H.W. Enhancement of cisplatin cytotoxicity by benzyl isothiocyanate in HL-60 cells. Food Chem. Toxicol. 2012, 50, 2397–2406. [Google Scholar] [CrossRef]

	



Zhang, R.; Loganathan, S.; Humphreys, I.; Srivastava, S.K. Benzyl Isothiocyanate-Induced DNA Damage Causes G2/M Cell Cycle Arrest and Apoptosis in Human Pancreatic Cancer Cells1. J. Nutr. 2006, 136, 2728–2734. [Google Scholar] [CrossRef]

	



Na, G.; He, C.; Zhang, S.; Tian, S.; Bao, Y.; Shan, Y. Dietary Isothiocyanates: Novel Insights into the Potential for Cancer Prevention and Therapy. Int. J. Mol. Sci. 2023, 24, 1962. [Google Scholar] [CrossRef]

	



Ji, Y.; Kuo, Y.; Morris, M.E. Pharmacokinetics of Dietary Phenethyl Isothiocyanate in Rats. Pharm. Res. 2005, 22, 1658–1666. [Google Scholar] [CrossRef]

	



Chuang, W.-T.; Liu, Y.-T.; Huang, C.-S.; Lo, C.-W.; Yao, H.-T.; Chen, H.-W.; Lii, C.-K. Benzyl Isothiocyanate and Phenethyl Isothiocyanate Inhibit Adipogenesis and Hepatosteatosis in Mice with Obesity Induced by a High-Fat Diet. J. Agric. Food Chem. 2019, 67, 7136–7146. [Google Scholar] [CrossRef]

	



Jain, L.; Woo, S.; Gardner, E.R.; Dahut, W.L.; Kohn, E.C.; Kummar, S.; Mould, D.R.; Giaccone, G.; Yarchoan, R.; Venitz, J.; et al. Population pharmacokinetic analysis of sorafenib in patients with solid tumours. Br. J. Clin. Pharmacol. 2011, 72, 294–305. [Google Scholar] [CrossRef]

	



Boudou-Rouquette, P.; Ropert, S.; Mir, O.; Coriat, R.; Billemont, B.; Tod, M.; Cabanes, L.; Franck, N.; Blanchet, B.; Goldwasser, F. Variability of Sorafenib Toxicity and Exposure over Time: A Pharmacokinetic/Pharmacodynamic Analysis. Oncologist 2012, 17, 1204–1212. [Google Scholar] [CrossRef]

	



Yoon, M.S.; Lee, Y.J.; Shin, H.J.; Park, C.-W.; Han, S.-B.; Jung, J.-K.; Kim, J.-S.; Shin, D.H. Recent Advances and Challenges in Controlling the Spatiotemporal Release of Combinatorial Anticancer Drugs from Nanoparticles. Pharmaceutics 2020, 12, 1156. [Google Scholar] [CrossRef]

	



Alshaker, H.; Wang, Q.; Böhler, T.; Mills, R.; Winkler, M.; Arafat, T.; Kawano, Y.; Pchejetski, D. Combination of RAD001 (everolimus) and docetaxel reduces prostate and breast cancer cell VEGF production and tumour vascularisation independently of sphingosine-kinase-1. Sci. Rep. 2017, 7, 3493. [Google Scholar] [CrossRef]

	



Alshaker, H.; Wang, Q.; Srivats, S.; Chao, Y.; Cooper, C.; Pchejetski, D. New FTY720-docetaxel nanoparticle therapy overcomes FTY720-induced lymphopenia and inhibits metastatic breast tumour growth. Breast Cancer Res. Treat. 2017, 165, 531–543. [Google Scholar] [CrossRef]

	



Wu, I.Y.; Bala, S.; Škalko-Basnet, N.; Di Cagno, M.P. Interpreting non-linear drug diffusion data: Utilizing Korsmeyer-Peppas model to study drug release from liposomes. Eur. J. Pharm. Sci. 2019, 138, 105026. [Google Scholar] [CrossRef]

	



Carpentier, G.; Berndt, S.; Ferratge, S.; Rasband, W.; Cuendet, M.; Uzan, G.; Albanese, P. Angiogenesis Analyzer for ImageJ—A comparative morphometric analysis of “Endothelial Tube Formation Assay” and “Fibrin Bead Assay”. Sci. Rep. 2020, 10, 11568. [Google Scholar] [CrossRef]

	



Juhász, Á.; Ungor, D.; Berta, K.; Seres, L.; Csapó, E. Spreadsheet-based nonlinear analysis of in vitro release properties of a model drug from colloidal carriers. J. Mol. Liq. 2021, 328, 115405. [Google Scholar] [CrossRef]

	



Xiao, D.; Johnson, C.S.; Trump, D.L.; Singh, S.V. Proteasome-mediated degradation of cell division cycle 25C and cyclin-dependent kinase 1 in phenethyl isothiocyanate-induced G2-M-phase cell cycle arrest in PC-3 human prostate cancer cells. Mol. Cancer Ther. 2004, 3, 567–576. [Google Scholar] [CrossRef] [PubMed]

	



Lazzari, G.; Nicolas, V.; Matsusaki, M.; Akashi, M.; Couvreur, P.; Mura, S. Multicellular spheroid based on a triple co-culture: A novel 3D model to mimic pancreatic tumor complexity. Acta Biomater. 2018, 78, 296–307. [Google Scholar] [CrossRef]

	



Nath, S.; Devi, G.R. Three-dimensional culture systems in cancer research: Focus on tumor spheroid model. Pharmacol. Ther. 2016, 163, 94–108. [Google Scholar] [CrossRef]

	



Brancato, V.; Gioiella, F.; Imparato, G.; Guarnieri, D.; Urciuolo, F.; Netti, P.A. 3D breast cancer microtissue reveals the role of tumor microenvironment on the transport and efficacy of free-doxorubicin in vitro. Acta Biomater. 2018, 75, 200–212. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.H.; Wu, L.W.; Huang, A.C.; Yu, C.C.; Lien, J.C.; Huang, Y.P.; Yang, J.S.; Yang, J.H.; Hsiao, Y.P.; Wood, W.G.; et al. Benzyl Isothiocyanate (BITC) Induces G2/M Phase Arrest and Apoptosis in Human Melanoma A375.S2 Cells through Reactive Oxygen Species (ROS) and both Mitochondria-Dependent and Death Receptor-Mediated Multiple Signaling Pathways. J. Agric. Food Chem. 2012, 60, 665–675. [Google Scholar] [CrossRef]

	



Shang, H.S.; Shih, Y.L.; Lu, T.J.; Lee, C.H.; Hsueh, S.C.; Chou, Y.C.; Lu, H.F.; Liao, N.C.; Chung, J.G. Benzyl Isothiocyanate (BITC) Induces Apoptosis of GBM 8401 Human Brain Glioblastoma Multiforms Cells via Activation of Caspase-8/Bid and the Reactive Oxygen Species-Dependent Mitochondrial Pathway. Environ. Toxicol 2016, 31, 1751–1760. [Google Scholar] [CrossRef]

	



Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.; Forner, A.; et al. Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 378–390. [Google Scholar] [CrossRef]

	



Mao, W.F.; Shao, M.H.; Gao, P.T.; Ma, J.; Li, H.J.; Li, G.L.; Han, B.H.; Yuan, C.G. The important roles of RET, VEGFR2 and the RAF/MEK/ERK pathway in cancer treatment with sorafenib. Acta Pharmacol. Sin. 2012, 33, 1311–1318. [Google Scholar] [CrossRef]

	



Huynh, H.; Ong, R.; Goh, K.Y.; Lee, L.Y.; Puehler, F.; Scholz, A.; Politz, O.; Mumberg, D.; Ziegelbauer, K. Sorafenib/MEK inhibitor combination inhibits tumor growth and the Wnt/-catenin pathway in xenograft models of hepatocellular carcinoma. Int. J. Oncol. 2019, 54, 1123–1133. [Google Scholar] [CrossRef]

	



Al-Lazikani, B.; Banerji, U.; Workman, P. Combinatorial drug therapy for cancer in the post-genomic era. Nat. Biotech. 2012, 30, 679–691. [Google Scholar] [CrossRef]

	



Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer 2009, 9, 153–166. [Google Scholar] [CrossRef]

	



Hartwell, L.H.; Kastan, M.B. Cell cycle control and cancer. Science 1994, 266, 1821–1828. [Google Scholar] [CrossRef]

	



Royston, K.J.; Paul, B.; Nozell, S.; Rajbhandari, R.; Tollefsbol, T.O. Withaferin A and sulforaphane regulate breast cancer cell cycle progression through epigenetic mechanisms. Exp. Cell Res. 2018, 368, 67–74. [Google Scholar] [CrossRef]

	



Paul, B.; Li, Y.; Tollefsbol, T.O. The effects of combinatorial genistein and sulforaphane in breast tumor inhibition: Role in epigenetic regulation. Int. J. Mol. Sci. 2018, 19, 1754. [Google Scholar] [CrossRef]

	



Ghosh, S.; Javia, A.; Shetty, S.; Bardoliwala, D.; Maiti, K.; Banerjee, S.; Khopade, A.; Misra, A.; Sawant, K.; Bhowmick, S. Triple negative breast cancer and non-small cell lung cancer: Clinical challenges and nano-formulation approaches. J. Control Release 2021, 337, 27–58. [Google Scholar] [CrossRef]

	



Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L.J. Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based Biosensors. Assay. Drug Dev. Technol. 2014, 12, 207–218. [Google Scholar] [CrossRef]








[image: Cancers 16 01695 g001] 





Figure 1. Characterization of BITC−SOR−NPs. (a) SEM image of BITC−SOR−NPs. Scale bar, 200 nm. (b) Size distribution and Polydispersity index (PDI) of BITC−SOR−NPs measured by dynamic light scattering. (c) Zeta potential of BITC−SOR−NPs. (d) Release profiles of BITC and SOR at pH 5.5 or 7.4. 
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Figure 2. An analysis of the therapeutic efficacy of BITC, SOR, and their combinations. (a) Cell viability in MDA-MB-231, MCF-7 and MCF-10A cells was measured using MTT assays 24 h after BITC and SOR treatment. (b) A colony formation assay was performed on MDA-MB-231 and MCF-7 cells following treatment with BITC and SOR for 24 h. (c) Quantitative analysis of colony formation assay. Data are presented as means ± SD (n ≥ 3). Statistical significance is denoted as ** p < 0.01, *** p < 0.001, compared to the control group, which was treated with 0.1% DMSO. 
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Figure 3. BITC and SOR combinational treatment effects on cell invasion and migration in breast cancer cells MDA-MB-231 and MCF-7: (a) Migration was measured by wound-healing assay for MDA-MB-231 and MCF-7 cells after different treatments for up to 48 h, scale bar 1000 µm; (b) Invasion assay for MDA-MB-231 cells after BITC and/or SOR treatments for 24 h, scale bar 100 µm; (c) Quantitative analysis of wound closure; (d) Quantitative analysis of cell invasion. Data are presented as means ± SD (n = 3). Statistical significance is denoted as ** p < 0.01, *** p < 0.001, compared to the control group. 
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Figure 4. Effects of BITC and SOR combinational treatment on inhibition of angiogenesis in breast cancer cells MDA-MB-231: (a) Angiogenesis was measured by tube formation assay for MDA-MB-231 cells after different treatments up to 24 h (scale bar 200 µm); (b–e) Quantitative analysis of tube formation characteristics. Data are presented as means ± SD (n = 3). Statistical significance is denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the control group. 
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Figure 5. Effects of BITC and SOR combined treatment on MDA-MB-231 cell cycle: (a) Flow cytometry analysis of the cell cycle distribution after 24 h of treatment with BITC and/or SOR; (b) Quantitative evaluation of cells arrested at G2. Data are presented as means ± SD (n = 3). 
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Figure 6. Effects of BITC and SOR combined treatment on MDA-MB-231 spheroids: (a) MDA-MB-231 cells were seeded for spheroid generation, and brightfield images of spheroids after 48 h BITC and/or SOR treatments were captured using an EVOS M5000 microscope under 4× magnification (Scale bar denotes 500 μm); (b) Size comparison of MDA-MB-231 spheroids measured by ImageJ and expressed as the diameter of the Spheroid; (c) The cell viability of MDA-MB-231 spheroids was measured by resazurin reduction assay. Data are presented as means ± SD (n = 3). Statistical significance is denoted as * p < 0.05, ** p < 0.01, compared to the control group, which was treated with 0.1% DMSO. 
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Figure 7. Western Blot analysis of the effects of BITC and SOR treatment on G2 phase protein expression in MDA-MD-231 cells. (a) Expression of cyclin B1, Chk1, Cdc2, and p-Cdc2 proteins after BITC and SOR treatment for 24 h. Band densitometric analysis of cyclin B1 (b), Chk1 (c), Cdc2 (d), and p-Cdc2 (e) protein expression. β-actin served as a loading control. Band densities were normalized against β-actin, and results were expressed as fold changes relative to controls. Data are presented as means ± SD (n = 3). Statistical significance is denoted as * p < 0.05, ** p < 0.01, compared to the control group. Original western blots are presented in File S1. 
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Figure 8. Effects of BITC–SOR-NPs treatment on breast cancer cell lines: (a) Cytotoxicity of MDA-MB-231, MCF-7, and MCF-10A cells after different treatments for 24 h; (b) Colony formation of MDA-MB-231, MCF-7, and MCF-10A cells after different treatments for 24 h; (c) The quantitative results of invasion assay for MDA-MB-231 cells after different treatments for 24 h; (d) Migration study of MDA-MB-231 cells after different treatments for 24 h (quantitative results from wound-healing assay). Data are presented as means ± SD (n = 3). Statistical significance is denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the control group. 
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