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Construction of Biocompatible Dual-Drug Loaded Complicated Nanoparticles for in vivo Improvement of Synergistic Chemotherapy in Esophageal Cancer
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Combination chemotherapy is a routine treatment for esophageal cancer, but some shortcomings, such as drug toxicity and side effects, greatly limit the clinical application of combination therapy. To overcome these shortcomings, we have developed a mesoporous silica nanoparticle system that was used to load doxorubicin and β-elemene. β-elemene was encapsulated in the pore of mesoporous silica nanoparticle and doxorubicin was electrostatically adsorbed on the surface of mesoporous silica nanoparticle by hyaluronic acid to construct dual drugs synergistic nanoparticles (bMED NPs, ~77.15 nm). In vitro studies demonstrated that bMED NPs had a good treatment effect in esophageal cancer cell lines. In vivo fluorescence imaging results demonstrated that bMED NPs could accumulate in tumor sites and achieve in vivo long-term circulation and continuous drug release. In addition, bMED NPs exhibited significant antitumor effects in the esophageal cancer mouse model, which may provide a great platform for esophageal cancer chemotherapy.
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INTRODUCTION

Esophageal cancer is the sixth leading cause of cancer deaths in the world (1). The incidence is higher in East Asia, southeastern Africa and northwestern Europe. In China, esophageal cancer is also one of the four major cancers (2). Most cases of esophageal cancer are diagnosed at an advanced stage and the 5-year survival rate is very poor (3). Surgery has a certain therapeutic effect in the clinic, however, surgery-caused damage is irreversible, and the patient quality of life is greatly reduced. Meanwhile, surgery may be followed by cancer recurrence and tumor metastasis (4, 5). Combination chemotherapy is a common method for the treatment of esophageal cancer and when compared with single drug treatment, this approach has an obvious superiority (6). By using several drugs, the possibility of a significant increase in single drug toxicity caused by drug overdosing can be avoided (7, 8). In addition, the long-term and repeated use of the same drug is one of the factors that lead to tumor resistance. Combination chemotherapy can prevent resistance factors, thereby reducing the possibility of cancer resistance (9).

The choice of drugs is critical for combination chemotherapy. In previous studies, many chemotherapeutic drugs were used in esophageal cancer therapy. Among them, cetuximab is one of the FDA-approved chemotherapeutic drugs that has a certain therapeutic effect on esophageal cancer (10). However, in previous reports, cetuximab has a marked increase of toxicity on 75 years of age or older patients and in 2011, DMC and NCI approved an amendment to limit cetuximab treatment to the under 75 years of age (11). Doxorubicin (DOX) is a commonly used chemotherapy drug for cancer (12, 13) and DOX is also widely used in the treatment of esophageal cancer (14, 15). However, DOX has an inevitable cardiotoxicity and severe side effects, resulting in a poor prognosis (16). There are many studies on the combination of DOX and other anticancer drugs for esophageal cancer that aim at improving the antitumor effect (17, 18). However, due to the differences in the metabolic timing, pathways and patterns of the two drugs, it was difficult to determine the optimal dose and ratio of the drug to exert optimal therapeutic effects at the tumor sites. Therefore, the drugs optimal ratio is critical for combination chemotherapy, and a more effective combination is essential. β-elemene is a natural drug that was shown to exert antitumor effects in a variety of tumors (19–23). It is mainly used as an adjuvant in cancer treatment to improve the efficacy of chemotherapy, reduce its toxicity and prevent drug resistance (24). In previous studies, it has been shown that DOX and β-elemene can be used in combination therapy for tumors (25). In addition, previous studies showed that the insertion of DOX into duplex DNA is the main reason for its anti-cancer activity through the inhibition of DNA replication (26), while, β-elemene may exert its antitumor effect by mediating via a mitochondrial cytochrome c release-dependent apoptotic pathway and downregulating the expression of Bcl-2 (27). Therefore, DOX and β-elemene may be able to cause apoptosis through different signaling pathways, which is of great significance for tumor combination chemotherapy.

Our previous studies demonstrated that DOX and β-elemene had synergistic effects. However, the physical and chemical properties of DOX and β-elemene are different, with in vivo differences in pharmacokinetics, which lead to decreased in accumulation, in an optimal ratio and with a certain concentration in vivo. Nanocarriers can load two or more chemotherapeutic drugs in an optimal ratio and achieve better therapeutic effects. In previous studies, a variety of nanocarriers have been reported as an option for combination therapy, such as micelle (28), nanoparticle (29, 30) and vesicular nanocarriers (31). Among these, the mesoporous silica nanoparticle has a large specific surface area and pore size, low toxicity and a surface which can be easily modified for common use as a nanocarrier (32).

To study the combination therapeutic effects of β-elemene and DOX on tumors, we synthesized biodegradable mesoporous silica nanoparticles (bMSN NPs) as nanocarrier for the dual-drug combination therapy and according to the previously described method (33). β-elemene is adsorbed in bMSN pores and the DOX surface is covered with hyaluronic acid (HA) using electrostatic adsorption. Both β-elemene and DOX are loaded on the bMSN NPs in an optimal ratio (bMED NPs) to improve the efficacy of the dual-drug nanoparticles. The bMED NPs based on the combination chemotherapy effects of β-elemene and DOX, can enhance their pharmacokinetic characteristics and promote their passive targeting via enhanced permeability and retention (EPR) effects, thereby, reducing their toxicity. The bMED NPs have been proven to have low toxicity, good biocompatibility and good targeting capabilities through a series of in vitro experiments. Furthermore, to verify the antitumor effect of bMED NPs in vivo, a subcutaneous tumor model of esophageal cancer was established, and the mice body weight and tumors size were monitored for 22 days. The results indicated that the synthesized bMED NPs exert excellent antitumor effects in vitro and in vivo and provide a novel drug choice for the treatment of esophageal cancer.



MATERIALS AND METHODS


Materials

β-elemene were purchased from Sigma. DOX (98%), HA, hyaluronidase (HAase), coumarin 6, crystal violet, Giemsa stain, 4′,6-diamidino-2-phenylindole (DAPI), propidium iodide (PI), annexin V-100 and triton X-100 were purchased from Aladdin (Shanghai, China). IR780 iodide (95%) were purchased from Sigma-Aldrich. Fetal Bovine Serum (FBS) was purchased from Biological Industries (Israel). Dulbecco's modified eagle medium (DMEM) was purchased from Hyclone. Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Shanghai, China). Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) Apoptosis Detection Kit were purchased from Beyotime (Shanghai, China). The primary anti-Bcl-2, anti β-actin and anti-Bax antibody were purchased from Abcam (Shanghai, China). Goat anti-rabbit IgG (H+L), HRP-conjugated was purchased from Beijing TDY Biotech (Beijing, China).



Cell Lines and Esophageal Cancer Animal Model

Three esophageal cancer cells lines (K510, K30, K150) were provided by Procell Life Science & Technology Co., Ltd. (Wuhan, China). All cells lines were cultured in 10% (w/w) FBS medium and incubated in incubator under 5% CO2 at 37°C. Male nude mice (4 weeks, approximately 16 g) were purchased from the Experimental Center of Xi'an Jiaotong University. Mice were acclimatized for 1 week under SPF conditions. Approximately 100 μL DMEM medium, containing 5 × 105 K30 cells, was subcutaneously injected. The tumor-bearing mouse model was used in further experiments when the tumor grew to the appropriate volume. All animal experiments were carried out in compliance with the Guidelines for Use and Care of Animals at Xi'an Jiaotong University (Number XJTULAC 2016-412).



Determination of Drugs Combination Optimal Synergy

Three esophageal cancer cells (K510, K30, and K150) were cultured in DMEM with 10% (w/w) FBS and incubated at 37°C with 5% CO2. The cells were treated with DOX and β-elemene at different dilution ratios (1:5; 1:10 and 1:15) for 72 h. Cell growth inhibition was measured by the CCK-8 method. During the plating, all samples had 3 duplicated wells. A 100 μL of leuco medium was added to each well, containing 10% (v/v) CCK-8. After incubation for 2 h, the absorbance for each well (at 450 mm) was obtained using a microplate reader. The drug concentration was determined by IC50, calculated using the GraphPad Prism 5 software. The combination index (CI) value reflects the combinable effect of the drugs. CalcuSyn program was used to calculate the CI according to the previous research (34). When the CI value was <0.9, the two drugs were considered to have a synergistic effect. When the CI value was >0.9 and <1.1, it was considered as a superposition effect, and when >1.1, it was considered as an antagonistic effect.



Preparation and Characterizations of bMED NPs

β-elemene is adsorbed in the positively charged bMSN NPs to form bMSN@β-elemene and DOX forms a hybrid DOX@HA with the HA negatively charged surface. bMSN@β-elemene and DOX@HA are combined to form bMED NPs by electrostatic adsorption, which is negatively charged. The method for synthesizing bMED NPs was as follows: 9 mg of amino-modified bMSN NPs were dispersed in 5 mL of water, 1 mg β-elemene was slowly added and continuously stirred to prevent flocculent precipitation. React overnight. 0.1 mg of DOX was slowly added to the HA aqueous solution, and stirred for 10 min. Slowly added the synthesized bMSN@β-elemene to DOX@HA, and reacted for 2 h to obtain bMED NPs. All reactions were performed at room temperature. The size and potential of the bMED NPs were measured using a Malvern instrument and their morphology was measured by a transmission electron microscope (TEM). The encapsulation efficiency (EE) of β-elemene in bMED NPs was determined by high performance liquid chromatography and the drug loading (DL) of DOX was determined by fluorescence spectrophotometry. These values were calculated using the following formulas:
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In vitro Drug Release of bMED NPs

DOX drug release by bMED NPs was studied using dialysis. β-elemene is insoluble in water and therefore cannot be detected in the experiment to determine whether bMED NPs released it. Thus, DOX is mainly used for this test as it is water-soluble and fluorescent. The same concentration of bMED NPs, with 10 U mL−1 HAase and free DOX, was dialyzed as a control and with same conditions.



In vitro Stability of bMED NPs

bMED NPs were dissolved in PBS (4 and 37°C), medium (37°C) and serum (37°C), to determine whether they were stable. This property was achieved by detecting the size of bMED NPs using a Malvern particle size analyzer.



In vitro Cytotoxicity of bMED NPs

K510, K30, and K150 cells (1 × 104) were seeded into 96-well sterile flat-bottomed culture plates (100 μL per well) and incubated for 24 h under a 5% CO2 atmosphere at 37°C. Then, bMSN NPs, bMED NPs and dual drugs solution was added to each well (DOX: 15 μg mL−1; β-elemene: 150 μg mL−1). The plates were incubated in an incubator for 48 h at 37°C with 5% CO2. Ten microliters of CCK-8 reagent was added to each well, and the plates were incubated for further 3 h. The optical density (OD) was measured at 450 nm using an ELISA plate reader (Infinite® 200 Pro, Tecan, Switzerland). The cell viability was calculated by the following formula:
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Colony Formation and Transwell Migration Assays

Colony formation assay: the ability of K30 cells to proliferate, under different drug treatments, was examined by the cell colony formation assay. The cells were uniformly dispersed, equal numbered and cultured into 5 culture dishes. After incubation at 37°C with 5% CO2 for 24 h, the medium was replaced and a new one was added with DOX, β-elemene, dual drug and bMED NPs (CDOX: 30 μg mL−1 and Cβ−elemene: 300 μg mL−1). DMSO was used as a control. The cell cultures were terminated when visible clones appeared in the culture dishes. The supernatants were discarded, and the cells carefully washed twice with PBS and fixed in 4% paraformaldehyde for 15 min. After fixative removal, the cells were stained with an appropriate amount of crystal violet for 10–30 min. Finally, the staining solution was washed away with PBS and photographed to calculate the number of clones using Image J.

Transwell migration assay: the amount of K30 migrating cells was used to evaluate the anti-migration ability of the drugs. The cells were treated with DOX, β-elemene, dual drugs, and bMED NPs (CDOX: 6 μg mL−1 and Cβ−elemene: 60 μg mL−1) with DMSO treated cells used as a control. The cells were suspended in serum-free medium and their number was adjusted to 4 × 104 cells. The medium with 10% serum was added in the lower chamber and at the bottom of the 24-well plate, and the cell suspension was added to the upper chamber. After 24 h incubation, the chamber was removed with forceps, the upper chamber fluid blotted, and transferred to a well containing 800 μL of Giemsa stain and incubated for 10–30 min at room temperature. Five visually selected fields were randomly determined, under the microscope, for statistical analysis.



Cell Uptake of bMED NPs

In order to detect the cell uptake behavior of bMED NPs, coumarin 6 replaced β-elemene in the pore of bMSN NPs (bMCD NPs) and HA was used as blocker. The samples were added and incubated with the cells for 48 h. The cells were fixed for 10 min with paraformaldehyde (4%) and the nuclei labeled with DAPI. The cell internalization of bMCD NPs was observed by confocal microscopy (TCS SP5 II, Leica, Germany).



Western Blot

After treating K30 cells with saline, DOX, β-elemene, dual drugs, bMED NPs for 48 h, the cells were collected by centrifugation and lysed with radio immunoprecipitation assay (RIPA, Beyotime) lysis buffer supplemented with 1% phenylmethylsulfonyl fluoride (PMSF). The proteins were separated by SDS-PAGE gel and semi-dry transferred to a nitrocellulose membrane. After washing the membrane with TBS-Tween-20 (TBST), to block proteins non-specific, the membrane was soaked in a 5% skimmed milk blocking solution at 4°C overnight. The membrane was washed and incubated with the primary antibody (in blocking solution) for 1 h with shaking. This step was followed by membrane washing and incubation with the secondary antibody was incubated (on a shaker) for 1 h. Finally, the reaction band was observed with an enhanced chemiluminescence reagent (Pierce).



Flow Cytometry Analysis

Apoptosis was detected using flow cytometry. The quantitative detection of phosphatidylserine on the surface of apoptotic cells was performed using Annexin-V-FITC and PI staining. The cells were incubated with DOX, β-elemene, dual drugs and bMED NPs for 48 h and the cells were treated with saline as control (CDOX: 3 μg mL−1 and Cβ−elemene: 30 μg mL−1), and the cells were harvested by centrifugation at 800 rpm for 5 min, washed with PBS, centrifuged again and resuspended in PBS. The cells were stained with Annexin-V-FITC for 1 h, stained with PI for 30 min and analyzed by a FACScan system.



Hemolysis Test

Mice whole blood were taken and the blood samples were divided into triton X-100 (1% v/v), bMSN NPs, bMED NPs, dual drug and DMSO (0.5% v/v) groups. After incubating for 2 h at 37°C, the blood samples were centrifuged at 13,000 rpm for 15 min and the supernatants were dissolved and measured by a UV-Vis spectrophotometer (UV 2900, Shanghai) at a wavelength of 394 nm. All animal experiments were approved by the Experimental Animal Management Committee of Xi'an Medical University.



In vivo Toxicity of bMED NPs

20 mice (10 males and 10 females) were randomly divided into two groups. After 3 days of feeding under SPF conditions, bMED NPs and dual drugs were intravenously injected (contained drug concentration: DOX: 15 mg kg−1, β-elemene: 150 mg kg−1). Two days after the administration, mice vital signs were observed. Mice weights and deaths were continuously recorded, and mortality was calculated within 14 days. Heart, liver and kidney tissues were collected for histopathology analysis.



In vivo Distribution of bMED NPs

The animal models were injected in the tail vein with IR780-loaded bMSN NPs (10 mg mL−1, 200 μL) and with the same amount of free IR780 for the control group. IR780 was adsorbed in the mesopores of bMSN NPs, which was achieved by hydrophobic adsorption, according to the synthesis method of bMSN@β-elemene. DOX was still adsorbed on the surface of bMSN NPs, through the electrostatic adsorption. The fluorescence distribution in mice was observed at different time points using the IVIS Imaging System with the excitation wavelength is 780 nm and the emission wavelength is 845 nm. At the end of imaging, all the mice were euthanized and the hearts, livers, spleens, lungs, kidneys and tumors were collected. The fluorescent signals in the tissues were detected under the same conditions.



In vivo Antitumor Effects of bMED NPs

The in vivo tumor inhibition effects of bMED NPs were studied using 30 tumor-bearing mice. Mice were randomly divided into 5 groups of 6 animals each. Mice treatments started when the tumor volume reached the appropriate level. Each group of mice was intravenously injected with the same dose of saline, β-elemene, DOX, dual drugs and bMED NPs twice a week for 3 weeks. During this period, body weight and tumors size were continuously recorded. After 3 weeks, removed all the tumor tissues from mice in each group and measured the tumor size and weight. The tumor tissues were embedded in paraffin and cut into 5 μm thick slices. Hematoxylin-eosin (H&E) staining and TUNEL staining were used to detect tumor cell morphology and apoptosis. TUNEL staining was conducted with a TUNEL apoptosis assay kit (Beyotime Biotechnology, Shanghai, China), and the experiment was performed according to the instructions. The paraffin sections were dewaxed and then 20 μg mL−1 of proteinase k was added and took effect at 37°C for 15 min. The excess proteinase k was washed away with PBS, and the sections were incubated in 3% hydrogen peroxide at room temperature for 20 min, and washed with PBS for three times. Fluorescence microscopy was used to analyze the results.



Statistical Analysis

Data are expressed as the mean ± SD of three independent replicates, which was calculated with the Graphpad Prism 5.0 software. When the P-value <0.05, it was considered to represent a statistically significant difference between comparative data. And the statistical differences between the means were analyzed by the Student's t-test. The significance was set to 5%.




RESULTS


Synergistic Effect of DOX and β-Elemene

The combination of DOX and β-elemene were incubated with the cells (K 510, K30, and K 150) at the proportion of 1:5, 1:10, and 1:15, and the cytotoxicity of all three cell lines was increased. The CI was calculated by the CompuSyn software. As shown in Table 1, the CI values of the three treated cell lines were <0.9, indicating that DOX and β-elemene have excellent synergistic effects. When DOX with β-elemene were mixed in proportion of 1:10, the CI value was the smallest, indicating that this concentration has the greatest cytotoxicity for the three cell lines. Therefore, when DOX and β-elemene were combined at a ratio of 1:10, the optimal synergistic ratio was achieved. The highest sensitivity was observed in the K30 cell line. The drugs CI values and concentrations for K510, K30, and K150 inhibition using the combinations DOX and β-elemene at the proportions of 1:5 and 1:15, are shown in Tables S1, S2.


Table 1. CI and dose reduction values for inhibition on K510, K30, and K150 by combining doxorubicin with β-elemene in proportion of 1:10.
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Preparation and Characterization of bMED NPs

The bMED NPs were prepared according to the protocol described in Figure 1. First, DOX@HA and bMSN@β-elemene were synthesized. Next, we assembled bMED NPs by electrostatic adsorption, in which β-elemene in the pore of bMSN NPs and DOX@HA was adsorbed around bMSN@β-elemene. As shown in Figure 2A, the shapes of bMSN NPs and bMED NPs were spherical and their particle sizes were 56.05 ± 5.78 and 77.15 ± 8.61 nm, respectively. And average hydrodynamic diameter were 59.19 ± 8.66 and 91.94 ± 13.46 nm, respectively. The nanocarriers showed uniform particle size distributions, as expected. The change of zeta potential proved to be a packaging process. The results showed that the zeta potentials of bMSN NPs and bMED NPs are 34.2 ± 1.06 and−17.1 ± 0.5 mV.


[image: Figure 1]
FIGURE 1. Synthesis of bMED NPs.
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FIGURE 2. Characterization of bMED NPs: (A) Morphology, size and zeta potential of bMSN NPs and bMED NPs; (B) In vitro DOX releasing of free DOX, bMED NPs, and bMED NPs with HAase; (C) In vitro stability of bMED NPs in different temperature and different solvent. The data reported are the mean ± SD for triplicate samples.


The bMED NPs EE and DL were measured and calculated using high performance liquid chromatography (HPLC). The maximum EE and DL of β-elemene were 96.7 ± 2.7% and 9.9 ± 1.4%; while, the EE and DL of DOX were 85.2 ± 6.2% and 1.1 ± 0.3%. Figure 2B showed the release curve of DOX in bMED NPs. The bMED NPs with HAase and free DOX were used as control. As shown, the free DOX group has a burst release with a rate of up to 92% at 12 h. The DOX release in the bMED NPs group was slower with only 46.89% of the DOX released at 72 h. Significantly, HAase could increase the ability of bMED NPs to release DOX. When HAase was added, DOX in bMED NPs was rapidly released, and at 24 h, the release rate increased to 88.79%. As shown in Figure 2C, the stability studies were performed by measuring changes in the hydrodynamic diameters of bMED NPs at different times. The bMED NPs remained stable in PBS at 4 and 37°C, and the size did not change. The nanoparticles also remained stable in complete medium and FBS at 37 °C.



Colony Formation and Transwell Migration Assays

We obtained images of the colony formation (Figure 3A) and counted the number of colonies (Figure 3B). As shown, the control cells had the highest colonies number. The β-elemene and DOX groups were relatively reduced, with fewer in dual drug groups and minimal bMED NPs groups. Moreover, the drug treated group was significantly different from the DMSO treated group. When treated with bMED NPs, the proliferative capacity of K30 cells was almost completely inhibited. As shown in Figures 3C,D, the migration ability of K30 cells, after treatment with the different samples, was significantly attenuated. The migration ability of cells became very low when treated with bMED NPs.


[image: Figure 3]
FIGURE 3. The anti-proliferation and anti-migration effect assay in K30 cells when treated with β-elemene, DOX, dual drugs and bMED NPs: (A) Clony images of cells; (B) Quantitative data on the relative colony number; (C) The images of cells in transwell migration assay; (D) Quantitative data on transwell migration. Error bars represent the SD of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.




In vitro Cytotoxicity and Cellular Uptake of bMED NPs

The cytotoxicity of bMED NPs for K510, K30, and K150 cells was detected by the CCK-8 method. As shown in Figure S1, bMSN NPs has no obvious cytotoxicity and there was no significant difference in cytotoxicity between bMED NPs and dual drugs. In the cellular uptake experiment, coumarin 6 was used to replace β-elemene, and was loaded in the pore of bMSN NPs to form bMCD NPs with double fluorescence (DOX has red fluorescence). Figure 4 showed bMCD NPs internalization in the K30 cells. As shown in Figure 4A, the dynamic distribution of coumarin 6 and DOX, during the internalization process, was significantly different. In the first hour, the DOX and coumarin 6 mainly distributed in the cytoplasm. In the whole internalization process, the fluorescence of coumarin 6 was basically distributed in the cytoplasm and the fluorescence intensity gradually increased. However, the fluorescence signal distribution of DOX changed after 3 and 6 h. After 3 h, the DOX signal gradually spread from the cytoplasm to the whole cell. Six hours later, the fluorescence of DOX accumulated in the nucleus. Figure 4B showed the nucleus/cytoplasm fluorescence intensity ratio of DOX. With time, the ratio gradually increased, indicating that the DOX signal gradually accumulated and strengthened into the nucleus. Figure 4C showed a quantitative analysis of the fluorescence intensity of the coumarin 6 in the cytoplasm, which corresponded to the result of the confocal images shown in Figure 4A. Figure 5 showed an overall picture of cell uptake, with or without HA blocking. During the experiment, 1% HA was added to the medium before incubation with bMCD NPs and after 1 h of incubation, a distinct fluorescence was observed in the cytoplasm. On the contrary, only weak fluorescence was observed in the blocking group.


[image: Figure 4]
FIGURE 4. In vitro internalization of bMCD NPs: (A) The K30 cells were incubated with dual-fluorescence bMCD NPs for 1 h, 3 h and 6 h; (B) The ratio of the fluorescence intensity of the nucleus to the cytoplasm represents that DOX is released and enters the nucleus from the cytoplasm; (C) Changes in the fluorescence intensity of coumarin 6 in the cytoplasm over time. Error bars represent the SD of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.



[image: Figure 5]
FIGURE 5. In vitro cell affinity of bMCD NPs: (A) Fluorescent images of cells before and after blocking with HA. Cell nucleus stained with DAPI. (B) Histogram showed cell fluorescence integrated density of bMCD NPs and bMCD NPs with HA blocking. The data reported are the mean ± SD for triplicate samples; ***p < 0.001.




Western Blot and Flow Cytometry Analysis

As shown in Figure S2A, K30 cells that were treated with the bMED NPs had an upregulation of Bax protein expression and a downregulation of Bcl-2 protein expression. Figures S2B–D showed quantitative analyses of Bax and Bcl-2 proteins expression, with the gradual decrease of Bcl-2 protein expression and increase of Bax protein expression in the bMED NPs groups. The results of flow cytometry (Figure S2E) showed a greater apoptosis in the dual drugs group compared to DOX and β-elemene groups. In the bMED NPs group, apoptosis was also greater than that in the dual drugs group.



In vivo Toxicity of bMED NPs

A major advantage of anti-tumor nanocarriers is their ability to reduce non-specific toxicity for normal organs and tissues. Figure 6A showed the acute toxicity results of bMED NPs and dual drugs. After 14 days, the survival rate of mice was 80% in the bMED NPs treatment group; while, the survival rate was only 40% in the dual drugs group. The acute toxicity of bMED NPs was significantly lower than that with dual drugs. Fourteen days later, the mice were euthanized and the hearts, kidneys and livers collected, sectioned and stained. As shown in Figure 6B, the organs of mice that were treated with bMED NPs had less damage compared to the dual drugs group. The result of the hemolysis test showed that bMED NPs had lower hemolytic toxicity relative to triton-X and the dual drugs treatment group (Figure 6C).


[image: Figure 6]
FIGURE 6. In vivo toxicity results of bMED NPs: (A) Survival rate of free dual drugs and bMED NPs; (B) The H&E staining results of pathological examination of the heart, kidney and liver treated with dual drugs and bMED NPs; (C) The results of hemolysis analysis.




In vivo Distribution and Antitumor Effects of bMED NPs

IR780 was attached to the surface of the bMED NPs. The esophageal cancer animal model was used to detect the in vivo distribution of bMED NPs. Figure 7A showed fluorescence images of mice at different time points after their injection with same amounts of IR780-loaded bMED NPs and free IR780. The arrow pointed to the tumors. At 6 h, the fluorescence was accumulated in the livers and tumors of the IR780-loaded bMED NPs mice group, and the fluorescence in the tumors was much stronger than in the livers. At 12 h, the fluorescence continued to accumulate in the tumor sites, and the fluorescence intensity of the livers gradually increased. The strongest fluorescence was at 12 h. In the free-IR780 group, no significant signal accumulation was observed in the tumors. Figure 7B showed that the bMED NPs significantly prolonged the in vivo circulation time of IR780. At the end of the imaging period, all mice were sacrificed and the hearts, livers, spleens, lungs, kidneys and tumors were taken. The fluorescence in the tissues was detected under the same conditions. As shown in Figure 7C, the fluorescence mainly accumulated in the tumors and there were few fluorescence signals in other organs, which could be ignored. Figure 7D showed the fluorescence intensity of the major organs, which is consistent with the in vivo imaging results.


[image: Figure 7]
FIGURE 7. In vivo distribution of bMED NPs. (A) Fluorescent images of mice within 96 hours. The right mouse was injected IR780-loaded bMSN NPs, meanwhile, the left mouse was injected free IR780 dye. The arrows were pointed to tumors; (B) Line graph of fluorescence intensity at tumor sites; (C) Fluorescent images of major organs and tumor tissues; (D) Quantification of fluorescence intensity in major organs and tumor tissues.


The tumor volume is intuitively a response to the in vivo antitumor effects. Therefore, tumors size and body weight of tumor-bearing mice were measured after injection. The tumor growth curve was shown in Figure 8C. The tumors were the smallest in the bMED NPs group. The tumor size of the dual drugs group was smaller than those in the single drug group. The mean tumor volume was the largest in the saline group. As shown in Figure 8D, the body weight of mice in the DOX treatment group was less than that in the β-elemene treatment group, due to DOX high toxicity; while, β-elemene was less toxic. There was no significant decrease in body weight and saline in the bMED NPs group, indicating that bMED NPs can reduce drug toxicity. Figure 8B showed the weight of the tumors corresponding to Figure 8A. Statistically, bMED NPs group was significantly different from saline group (***p < 0.001), the bMED NPs group showed a significant anti-tumor effect than in the dual drugs group and the dual drugs group was more effective than the DOX and β-elemene groups.


[image: Figure 8]
FIGURE 8. In vivo tumor inhibition of bMED NPs: (A) The tumors images in different groups; (B) The tumor weight curves of mice in each group; (C) Tumor size curves in each treatment groups; (D) The body weight curves of mice in each group. Error bars represent the SD of the mean. **p < 0.01, ***p < 0.001.




Pathological Section

To test the potential in vivo toxicity of bMED NPs, the mice were sacrificed and tumor tissues were taken and stained with H&E for histological analysis. As shown in Figure S3A, there was no significant damage in the saline group. The tissue necrotic area of the β-elemene, DOX and dual drugs groups increased. The organs in the bMED NPs treatment group were healthier than those in the dual drugs group. TUNEL staining was used to detect apoptosis and the results showed that treatment with bMED NPs could significantly induce apoptosis and inhibit tumor growth (Figure S3B). Quantification of TUNEL staining also showed the consistent results (Figure S4).




DISCUSSION

Esophageal cancer is one of the four major cancers in China that has high incidence and low five-year survival rate (2). Combination therapy is a very important tool in cancer treatment (35–37). Our previous studies have shown that β-elemene and DOX have a combination therapeutic effect. However, due to the difference in pharmacokinetics between the β-elemene and DOX, it is difficult to determine the optimal dose and drug ratio to exert optimal therapeutic effects at the tumor site. The combination of multiple drugs may produce better antitumor effects and the assessment of drug-drug interactions are critical (38). CI analysis is a common method for assessing the drugs interactions in combination therapy. The synergistic effect of DOX and β-elemene, as a dual drug delivery system, was verified by measuring CI. The CI value was <0.9 when the ratio of DOX to β-elemene was 1:10, which indicated that DOX and β-elemene had good synergistic effect and can be used as drugs of choice for combination therapy of esophageal cancer.

The bMSN NPs have larger pores size and specific surface areas, which make them good carriers for combination therapy (39). They can also be loaded with DOX and β-elemene in a determined ratio. Among bMSN NPs, the HA shell encapsulates DOX by electrostatic adsorption (DOX@HA). β-elemene is loaded into bMSN NPs pores by hydrophobic interaction. DOX@HA is then loaded onto the surface of the bMSN NPs by electrostatic adsorption. The synthesized bMED NPs have a particle size of 77 nm, which guaranteed an improved accumulation at the tumor sites through the EPR effect. The negative potential of bMED NPs also provides a better stability in the circulatory system in vivo. The drug loading of the nanocarriers is very important for a targeted delivery of the drug. The larger pore size and superficial area of the bMSN NPs allow the maximization of DOX and β-elemene loading, which leads to an efficient drug delivery in vivo, their larger particle size can also extend the time of in vivo drug delivery. To assess the drug delivery capacity of bMED NPs at the cellular level, cell uptake and affinity experiments were performed. To observe the cellular uptake of bMED NPs, the hydrophobic green fluorescent dye coumarin 6 was encapsulated into the pore of bMSN NPs. Coumarin 6 has a strong fluorescence and affinity to cell membranes (40) and can be used for dual fluorescence under a confocal microscope when used with DOX red fluorescence. The dual fluorescence signal of the coumarin 6 and DOX-loaded bMSN nanoparticles (bMCD NPs) can show cell uptake of the dual drug nanoparticles. Over time (0–6 h), bMCD NPs entered the cytoplasm by endocytosis, which was consistent with previous research results (41). As bMCD NPs decomposed, DOX was released and gradually entered into the nucleus. Since DOX binds mainly to the nuclear DNA, it could be observed that the fluorescent signal gradually shifts from the cytoplasm to the nucleus. After bMCD NPs decomposition, the coumarin 6 in the pore of bMSN NPs is gradually released, through the cell membrane and into the cytoplasm. Therefore, a gradual increase in the green fluorescence of coumarin 6 can be observed. These results indicated that bMED NPs could achieve efficient delivery of β-elemene and DOX based on their synergistic effect. The results of the affinity experiment showed that the green fluorescence of coumarin 6 was very weak compared with the control group after HA addition. The group without HA showed a strong fluorescent signal 1 h after bMED NPs treatment. These results indicated that bMED NPs had a good ability to target esophageal cancer cells and indicated that its targeting was caused by HA. This can be explained by HA function as CD44 protein receptor, which is highly expressed in various cancers, including esophageal cancer (42, 43). In addition, the release efficiency of DOX in bMED NPs has also been studied to assess the drug delivery capacity of bMED NPs. The addition of HAase mimics the in vivo environment and significantly increase the efficiency of DOX release; thereby, demonstrating that the presence of HA provides bMED NPs with good targeting and drug delivery capabilities. To verify the distribution and targeting ability of bMED NPs in vivo, the changes in fluorescent signals, provided by surface modified IR780, were monitored in a subcutaneous tumor model of esophageal cancer for 96 h. The results showed that bMED NPs were well-targeted to tumors and effectively prolonged the circulating time in vivo compared to small molecule drugs alone, which was demonstrated from the efficiency of bMSN nanocarriers. Up to 96 h, the tumor site showed a strong fluorescence intensity, demonstrating targeting by bMED NPs and an in vivo long-term circulation, which were also due to the effects of HA and the stability of bMED NPs. The results in vivo were consistent with those in vitro.

To further verify the antitumor effects of bMED NPs, three esophageal cancer cell lines were selected (K510, K30, and K150) and the cytotoxicity of bMED NPs was detected by CCK-8 analysis. For the three cell lines, there was almost no cytotoxicity detected; however, approximatively 50% of the cells died after administration of the dual drug and bMED NPs, suggesting that the cytotoxicity is due to the cytotoxicity of the dual drugs. To assess bMED NPs antitumor effects, it was necessary to detect the in vivo toxicity of bMED NPs. The results of in vivo acute toxicity did not show significant toxicity, demonstrating that bMSN nanocarriers were effective in reducing the non-specific toxicity of DOX and β-elemene to normal tissues and organs. Tissue sections staining also showed no significant tissue damage compared to the dual drugs treatment group. These results further indicated that bMED NPs could be used for tumors combined treatment.

To study the in vivo antitumor effects of bMED NPs, changes in mice body weight were monitored within 22 days, and the results showed that the mice in the bMED treatment group had substantially no change in body weight compared with the dual drugs treatment and the single drug treatment groups. This may be due to the cardiotoxicity of DOX and the liver metabolism of the hydrophobic β-elemene. In addition, from the tumor size of each group of mice dissected after 22 days, the tumors of the bMED treatment group were the smallest and the therapeutic effects were the best. The dual drug treatment group also showed good antitumor effects by inhibiting tumor growth. However, due to the rapid metabolism rate of small molecule drugs, it was difficult for the dual drugs therapy to continue exerting antitumor effects; thereby, a weaker tumor suppressing effect was observed compared with the bMED NPs treatment group. Tumor weighing and volume calculation also showed similar results. The in vivo efficient antitumor effect was also attributed to the targeted drug delivery of bMED NPs, whose sustained and effective drug delivery may help deliver the drugs to the tumor site for better antitumor effects. These results indicated that bMED NPs had good antitumor effects in vivo. The results of the studies on the antitumor mechanism of bMED NPs showed that bMED can downregulate the expression of Bcl-2, increase the ratio of Bcl-2/Bax and cause apoptosis. This is consistent with the results of previous studies. H&E and TUNEL staining of tumor tissues also showed that bMED NPs had the best therapeutic effects. The above results indicated that bMED NPs had good antitumor effects in vitro and in vivo and could provide a good nanodrug platform for the treatment of esophageal cancer.
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