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Abstract

:

Boron nitride nanomaterials are being increasingly recognized as vehicles for cancer drug delivery that increase drug loading and control drug release because of their excellent physicochemical properties and biocompatibility. However, these nanoparticles are often cleared rapidly by the immune system and have poor tumor targeting effects. As a result, biomimetic nanotechnology has emerged to address these challenges in recent times. Cell-derived biomimetic carriers have the characteristics of good biocompatibility, long circulation time, and strong targeting ability. Here, we report a biomimetic nanoplatform (CM@BN/DOX) prepared by encapsulating boron nitride nanoparticles (BN) and doxorubicin (DOX) together using cancer cell membrane (CCM) for targeted drug delivery and tumor therapy. The CM@BN/DOX nanoparticles (NPs) were able to target cancer cells of the same type on its own initiative through homologous targeting of cancer cell membranes. This led to a remarkable increase in cellular uptake. In vitro simulation of an acidic tumor microenvironment could effectively promote drug release from CM@BN/DOX. Furthermore, the CM@BN/DOX complex exhibited an excellent inhibitory effect against homotypic cancer cells. These findings suggest that CM@BN/DOX are promising in targeted drug delivery and potentially personalized therapy against their homologous tumor.
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1. Introduction


Nanoparticle-based drug delivery systems (DDS) have provided more choices for drug delivery in recent years [1,2,3]. Conventional nano-carriers include inorganic nanoparticles (NPs), polymers, micelles, dendrimers, liposomes, and more, which are designed to passively target to tumor sites by persistent enhanced permeability and retention (EPR) effects in the tumor environment [4,5,6,7]. However, the application of many DDS is still significantly limited due to premature drug leakage, limited tumor targeting, and instability in the circulation [2,8]. Biomimetic nanoparticles were designed to mimic the structure and function of natural biological entities, allowing them to interact with biological systems in a more natural and effective way. By utilizing natural materials, biomimetic nanoparticles can retain their biological features and functions [9,10]. Exosomes, as natural extracellular vesicles, play a crucial role in various biological processes, including immune responses, apoptosis, and intercellular communication [11,12]. As a result, the potential of exosomes as drug delivery vehicles was fully explored [11,13]. However, the development of exosome-based drug vectors remains challenging due to issues such as low production, high batch-to-batch variability, and drug loading difficulties [14]. Recently, researchers have successfully used cellular membrane material for NPs preparation, which not only avoids the limitations derived from extracellular vesicles but also offers the advantage of being able to completely replicate the surface antigenic diversity of source cells [15,16,17]. For instance, there are red blood cell membrane-coated NPs that are designed to circulate in the body for longer periods of time [18,19], mesenchymal stem cells membrane-camouflaged nanomaterials with cancer targeting abilities [20,21], and leukocyte membrane biomimetic NPs with the ability to traverse the endothelium [22,23]. In addition, cancer cell membranes have been selected as a coating for nanoparticles (NPs) due to their ability to recognize and attach to the same cell lines. This resulted in efficient internalization at the cellular level [24,25]. Cancer cells can navigate and anchor homologous cells by adhesion molecules on the membrane, promoting the accumulation of cell membrane vectors at homologous tumor sites [26,27,28]. The surface decoration with cancer cell membranes is considered promising in the application of NPs in vivo.



Among NPs, boron nitride (BN) nanomaterials have received widespread attention as a result of their excellent physical and chemical properties [29,30,31]. Due to its great biocompatibility, BN also showed a broad application prospect in drug delivery and cancer therapy [32,33]. In addition, BN was applied to boron neutron capture therapy (BNCT) for tumor treatment on account of its rich 10B content [34,35,36,37]. However, the surface hydrophobicity of boron nitride nanomaterial makes it easy to agglomerate in solvent, which leads to the reduction in the specific surface area and drug loading [38,39,40]. Our group previously used BN modified with folic acid as carriers for anticancer drug delivery, which significantly enhanced the cellular uptake and tumor inhibition efficacy [41]. It was also demonstrated that red cell membrane encapsulated BN exhibited superior mono-dispersity, an extended circulation period, and improved stability in a physiological environment [42]. Therefore, with reasonable surface modification, BN was a promising and potential candidate for efficient anticancer drug delivery.



In this study, we prepared cancer cell membrane-camouflaged bionic BN nanoparticles for targeted therapy of homologous tumors (Figure 1). Firstly, BN was mixed with doxorubicin (DOX) for shock. Then, BV2 cell membrane was collected and covered on the surface of BN by mechanical extrusion to form biomimetic nanoparticles with a core-shell structure. After centrifugation, CM@BN/DOX were obtained and characterized. Then, the research examined the DOX loading and pH-susceptibility drug release of CM@BN/DOX, while also verifying the cellular uptake and targeting ability of CM@BN/DOX to homotypic cells. Finally, the anticancer effects of CM@BN/DOX were investigated in detail.




2. Materials and Methods


2.1. Materials


Sangon Biotech (Shanghai, China) provided the following materials for our subject paper: a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) kit, doxorubicin (DOX), phenylmethylsulfonyl fluoride (PMSF), and 4′,6-diamidino-2-phenylindole (DAPI). Fetal bovine serum (FBS), trypsin-EDTA, Dulbecco’s modified Eagle’s medium (DMEM), and phosphate buffer saline solution (PBS) were bought from BI in Shanghai, China. Cell Counting Kit-8 (CCK-8), Calcein-AM/PI Double Staining Kit and Annexin V-Alexa Fluor 647/PI Apoptosis Detection Kit were outsourced from Do Jindo (Kumamoto, Japan). Coomassie brilliant blue was provided by Beyotime (Shanghai, China).




2.2. Cell Culture


The BV2 mouse glioma cells, GMI-R1 rat microglial cells, and HeLa human cervical carcinoma cells were outsourced from the Cell Bank of the Chinese Academy of Sciences in Shanghai, China. Astrocyte cells are extracted from the hippocampus of neonatal mice. Cells were incubated with DMEM high-sugar medium containing 10% FBS.




2.3. Preparation of Cancer Cell Membranes


The BV2 cells were incubated in cell culture dishes that were 10 cm in diameter. Then, the cells were collected and slightly rinsed three times with ice-cold PBS. The obtained cells were uniformly suspended in a hypotonic lysing buffer containing PMSF, which hindered the degradation of cell membrane proteins, and then placed at 4 °C for 24 h. The cells were disrupted by homogenizer for 20 passes. The homogenized solution of cell membrane fractions was centrifuged at 3200× g for 20 min. Cell membrane fragments were collected by ultracentrifuging the supernatant at 100,000× g for 30 min. A plasmalemma sediment was weighed 2 mg and resuspended in 1 mL of PBS buffer with pH of 7.4. The sample was stored at −80 °C for further experiments.



For the preparation of CM@BN, 2 mg of BN in 1 mL of PBS were dissolved. Then, CM and BN were mixed at a weight ratio of 1:1 and sonicated for 5 min by bath sonicator rated at 60 W. Subsequently, the mixture was added to a micro-extruder and polycarbonate films with pore sizes of 400 nm and 200 nm were extruded 20 times respectively. The resulting CM@BN was then subjected to centrifugation at 12,000 rpm for 20 min to remove excess membrane and BN.




2.4. Characterization


The morphology of BN and CM@BN were observed by transmission electron microscope (TEM, Thermo Scientific, Waltham, MA, USA). We utilized a K-Alpha+ X-ray photoelectron spectrometer from Thermo Scientific in order to conduct X-ray photoelectron spectroscopy (XPS) measurements. The hydrodynamic diameter and zeta-potential of CM, BN, CM@BN, and CM@BN/DOX were measured by dynamic light scattering (DLS) on a Zetasizer (Malvern, UK). The protein underwent analysis through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), while cells which exhibited fluorescence were observed by using confocal laser scanning microscopy (CLSM, Zeiss, Jena, Germany). Endocytosis and apoptosis were detected by Beckman’s flow cytometry (Beckman, Brea, CA, USA).




2.5. Biocompatibility Assay


BV2, HeLa, GMI-R1, and Ast the cells were cultivated at an initial concentration of 4000 cells/well in 96-well plates. After 24 h of incubation, the solution (10 µL) of DOX and CM@BN with a series of concentrations were added to each well. After co-incubating for 24 h, the culture medium was replaced with 100 µL of fresh medium. Next, 10 μL solution of CCK-8 was added, and the cells were placed in the incubator for 2 h. To determine the cell viability percentage, we utilized a microplate reader (Molecular Devices, San Jose, CA, USA) to obtain the optical density at 450 nm. The viability percentage of cells was performed using the following equation:


  Cell   viability   ( % ) =     OD   450 ( sample )       OD   450 ( control )     × 100 %  








where OD450(sample) represents the absorbance of cells dealt with NPs, while OD450(control) represents the absorbance of cells cultured with PBS.



To further assess the biocompatibility of free BN or CM@BN/DOX, we conducted an extracorporeal hemolysis assay by co-incubating them with red blood cells. To obtain red blood cells, fresh rat blood was centrifuged at 1500 rpm for 10 min and PBS was added to create a 2% erythrocyte suspension. Next, the resulting suspension (0.5 mL) was incubated with either free BN (0.5 mL) or CM@BN/DOX (0.5 mL) containing various BN concentrations (20, 40, 60, 80 and 100 µg/mL) at 37 °C for 4 h. The negative control group was created by co-incubating 0.5 mL of PBS with 0.5 mL of red blood cell suspension. The positive control group was created by mixing 0.5 mL of 0.1% Triton X-100 in PBS with 0.5 mL of red blood cell suspension. The suspension was then centrifuged at 3000 rpm for 5 min, and the optical absorbance at 570 nm of the supernatant was measured. To determine the hemolysis ratio, the formula below was utilized:


  Hemolysis   ratio   (  %  ) =   OD   (  sample  ) − OD   ( negative   control )   OD   (  positive   control  ) − OD   ( negative   control )   × 100 %  












2.6. Drug Loading and Release


First, 1 mg of DOX in 1 mL of PBS was dissolved to prepare a 1 mg/mL DOX solution. Subsequently, CM and BN solution (2 mg/mL) were mixed together with the volume ratio of 1:1, then 1 mL of DOX solution was added. The mixture underwent sonication for 5 min before being extruded through polycarbonate porous membranes. The first 20 cycles were performed using membranes with pore sizes of 400 nm, followed by 20 cycles using membranes with pore sizes of 200 nm. To prepare BN/DOX, we mixed 1 mL of BN (1 mg/mL in PBS) with 1 mL of DOX solution (1 mg/mL). We then shook the mixture in the dark for 24 h at room temperature. Afterwards, the mixture was centrifuged at 12,000 rpm for 20 min and resuspended with PBS (pH 7.4). To determine the DOX loading capacity on BN, we calculated the concentration of DOX in the supernatant using a microplate reader. The drug loading capacity was determined using the formula:


  Drug   loading   capacity =   Amount   of   DOX   loaded   on   carrier   Amount   of   carrier    











During the DOX release experiments, we suspended CM@BN/DOX in 2 mL of PBS with varying pH levels of 7.4 or 5.0. The suspension was then shaken in the dark at room temperature. At specific time intervals, we collected 1 mL of supernatant and replaced it with an equivalent amount of fresh PBS. To measure the release of DOX, we used the microplate reader which set to 480 nm.




2.7. Cellular Uptake and Homologous Targeting


BV2 cells were planted in Petri dishes (4000 cells per dish) and incubated for 24 h. Free DOX, BN/DOX, or CM@BN/DOX were added to the dish and incubation continued for 2 h. The cells were first washed three times with PBS before being fixed with 4% paraformaldehyde. Following this, the nuclei were stained with a marker of nuclei named DAPI. Lastly, the fluorescence of DOX was observed through the use of CLSM.



BV2, HeLa, GMI-R1, and Ast cells were incubated for 24 h. The cells were incubated with CM@BN/DOX for 2 h. Subsequently, the cells were first washed three times with PBS before being fixed for 20 min. Then, the nuclei were labeled via DAPI and the fluorescence of DOX was observed.



For flow cytometry (FCM), the cells were dealt with free DOX, BN/DOX, or CM@BN/DOX for 2 h. Then, the cells were washed with PBS at a pH of 7.4. Afterwards, the fluorescence intensity produced by DOX was measured through using FCM.




2.8. Antitumor Activity


BV2, HeLa, GMI-R1, and Ast cells were cultivated for 24 h in 96-well plates (4000 cells per well). Then, CM@BN/DOX was added to 0–1 μg/mL of DOX series media. After 24 h of incubation, 10 μL of CCK-8 was added and incubated for another 2 h. The absorbance was measured at 450 nm.


  Cell   viability =   A     A   0     × 100 %  








where the OD450 of the treated cells is represented by A, while the OD450 of the untreated cells is represented by A0.



To perform the live/dead assays, BV2, HeLa, GMI-R1, and Ast cells were incubated in confocal dishes at a concentration of 1 × 104 cells. After 24 h, CM@BN/DOX were added for another 24 h. Then, the cells were swilled three times and stained with calcein AM and PI. Eventually, the resulting fluorescence was then observed by use of CLSM.



The antitumor efficacy was further studied through flow cytometry. BV2, HeLa, GMI-R1, and Ast cells were seeded in 6-well plates and incubated for the entire night in a suitable environment. The cells were treatedwith CM@BN/DOX at equivalent concentration of DOX (1 μg/mL) for 24 h. After that, the cells were swilled and the apoptosis rates were determined by using the apoptosis kit and the results were analyzed through FCM.




2.9. Statistical Analysis


In this study, Student’s t-test was used for statistical analysis. The data were presented as mean ± standard deviation. Significance was determined with the following values: * p < 0.05, ** p < 0.01, and *** p < 0.005. Any differences that met these criteria were considered to be statistically significant.





3. Results and Discussion


3.1. Preparation and Characterization of CM@BN


BN were synthesized through chemical vapor deposition as previously reported [43]. As shown in Figure 1, BV2 cell membranes were extracted and mixed with BN for physical extrusion, yielding cancer cell membrane-coated BN (CM@BN). The morphology and structure of CM@BN were characterized by TEM. Figure 2a demonstrated that BN possessed a consistent spherical shape with an average diameter of around 100 nm. After camouflage with cell membrane, CM@BN exhibited a core–shell structure with an average diameter of 175 nm as expected, and the outer BV2 cell membrane shell was approximately 10 nm in thickness (Figure 2b), which was obviously in agreement with the previous report [44,45]. It should be noted that after modification of cell membranes, the dispersibility of CM@BN solution was significantly improved, which may be conducive to ingestion of cancer cells. The surface protein of CM@BN from source cells was verified by SDS-PAGE (Figure 2c). Compared to natural BV2 cell membranes, CM@BN complexes were found to preserve a higher proportion of endogenous membrane proteins. Therefore, there is a reasonable prospect that the biological properties of CM will be transferred to CM@BN.



Compared to pristine BN, the hydrodynamic diameter of CM@BN and CM@BN/DOX was increased from 492 nm to 175 nm and 180 nm, respectively (Figure 2d). The significant decrease in size was due to the successful coating of the cell membrane, which was consistent with the results of the TEM. The zeta potential of CM@BN (−17 mV) was also compared to the original cancer cell membrane (−16 mV), but was much higher than the pristine BN (−33 mV) as shown in Figure 2e. Next, the chemical elements of nanoparticles were analyzed by XPS spectrum, the results of which revealed that P was present in CM@BN but absent in free BN (Figure 2f,g). These results suggested the successful translocation of natural cancer cell membrane onto the BN nanoparticles. Meanwhile, the long-term stability of CM@BN/DOX complexes in PBS (pH = 7.4) was detected and no obvious change in size was noted over a period of 7 d, indicating the suspension could be stored for an extended period without any noticeable aggregation or structural disruption at room temperature. (Figure 2h).




3.2. Biocompatibility Assay


The basic biological properties of DDS, such as low toxicity, high biosafety, and excellent biocompatibility are prerequisites for their widespread and effective application [46,47]. Therefore, we evaluated the viability of cells (including BV2, HeLa, GMI-R1, and Ast cells) exposed to different concentrations of NPs by CCK-8. As indicated in Figure 3a, BN and CM@BN demonstrated low cytotoxicity to four different cells, even when the concentration reached 100 μg/mL. In addition, the hemolytic effect was evaluated by ex vivo incubation with erythrocytes. Both BN and CM@BN demonstrated no significant hemolysis rate (less than 5%) in concentrations of up to 100 μg/mL (Figure 3b,c). These results reflected the compatibility of CM@BN as a drug delivery carrier.




3.3. Drug Loading and Release


In an effort to achieve effective drug delivery in tumor treatment, it is crucial for carriers to stably encapsulate a large number of anticancer drugs. To validate the drug loading capacity of biomimetic NPs, DOX, a chemotherapeutic drug that has been routinely used to treat several types of tumors was set as a model drug to load onto BN and CM@BN. Figure 4a revealed that the loading amount of DOX on BN was 592.3 μg/mg, while it was 884.4 μg/mg on CM@BN. It was hypothesized that DOX was not only adsorbed onto the surface of BN, but also diffused through the membrane bilayer. Additionally, the mechanical extrusion was also found to enhance drug loading. Then, the drug release behavior of CM@BN/DOX was evaluated under different pH conditions. As shown in Figure 4b, CM@BN/DOX exhibited indiscernible drug release in a neutral environment (pH 7.4). However, in an acidic environment (pH 5.0), CM@BN/DOX displayed accelerated persistent release behavior during the period of 24 h. After 24 h, CM@BN/DOX released 60.2% of DOX at pH 5.0 compared to only 32.6% at pH 7.4. The release profile suggests that CM@BN/DOX have ability to remain stable under physiological conditions and effectively release drugs in acidic surroundings. This excellently resolves the premature release of drug, thereby reducing the side effects of therapeutics.




3.4. In Vitro Cellular Uptake and Targeting Ability


Doxorubicin acts on cancer cells by intercalating into cancer cells’ DNA, which disrupts topoisomerase II-mediated DNA repair. Additionally, it generates free radicals that cause damage to DNA, proteins, and cellular membranes [48,49,50]. Whether the drug can be efficiently ingested by tumor cells determines its efficiency. Thus, the cellular uptake of free DOX, BN/DOX, and CM@BN/DOX in BV2 cells were investigated. As indicated in Figure 5a, the fluorescence of cells treated with free DOX was the weakest. This might be due to the fact that the DOX molecule was transported into cells through passive diffusion and could be easily eliminated by P-gp [51]. The fluorescence intensity in the CM@BN/DOX group was higher than that of the free DOX and BN/DOX groups. It was supposed that BN/DOX and CM@BN/DOX was internalized into cells though the endocytosis. In addition, the membrane shell structure of CM@BN/DOX prevented drug leakage and efflux during transportation. The quantitative analysis of these results were verified by FCM (Figure 5b,c). These results demonstrated that the cell membrane coating facilitated the cellular internalization of biomimetic NPs by BV2 cells.



Subsequently, the homologous targeting ability of cancer cell membrane camouflaged NPs was compared in BV2, HeLa, GMI-R1, and Ast cells. The results of the cellular uptake of the CM@BN/DOX as shown in Figure 6a demonstrated that BV2 cells incubated with homologous cytomembrane encapsulated CM@BN/DOX displayed the highest fluorescence signal among all the experimental groups. Figure 6b and c confirmed similar results as those obtained from the previous experiment. The results from FCM indicated that BV2 cells that were treated with CM@BN/DOX displayed a more intense fluorescence compared to the other cells. These results demonstrated the fabricated biomimetic NPs remained the homologous targeting properties gained from cancer cell membrane and significantly promoted cellular endocytosis.




3.5. In Vitro Antitumor Activity


After observing promising results regarding the uniform uptake of cells, we proceeded to evaluate the effectiveness of the antitumor properties in vitro. Free DOX, BN/DOX, and CM@BN/DOX were cocultured with BV2 cells for 24 h. All three systems were operated with the same concentration of DOX. As shown in Figure 7a, the decrease of cell viability in all treatment groups was concentration-dependent, while under the same drug concentration, CM@BN/DOX-treated cancer cells showed significantly lower cell viability. It was expected that mono-dispersity and homologous cell identification of CM@BN/DOX enhanced the antitumor effect in vitro. These results were further confirmed by the live–dead cell staining shown in Figure 7b. Moreover, the therapeutic efficacy of CM@BN/DOX on BV2, HeLa, GMI-R1, and Ast cells was investigated. The results of Figure 7c,d showed that CM@BN/DOX was more effective in inhibiting homotypic BV2 cells compared to other types of cells. In vitro, the enhanced cytotoxicity of CM@BN/DOX to homogeneous cancer cells was mainly due to their excellent self-recognition internalization by the source cancer cell lines.



Further validation of the therapeutic effect of CM@BN/DOX on cancer cells was conducted using FCM. As illustrated in Figure 8a and c, BV2 cells treated with free DOX, BN/DOX, and CM@BN/DOX experienced a different apoptosis rate of 26.6%, 37.1%, and 56.5%, respectively. For different cells treated with CM@BN/DOX, the homologous cell BV2 had the highest apoptosis rate (71.2%) among groups (GMI-R1 cells: 10.3%, Ast cells: 32.9%, HeLa cells: 41.9%) (Figure 8b,d). The decreased cell growth and increased cancer cell apoptosis demonstrated the outstanding ability for tumor inhibition of CM@BN/DOX in vitro. The cell membrane endued BN nanoparticles with homologous targeting, which further enhanced their endocytosis by cancer cells, and the intracellular micro-acid environment promoted the drug release and enhanced the anti-tumor efficacy of CM@BN/DOX.





4. Conclusions


In this study, a cancer cell membrane-encapsulated BN nanoparticle with a core-shell structure was developed for homogeneous cancer therapy. The cell membrane coating improved the biocompatibility and enabled the excellent dispersity of BN. CM@BN/DOX exhibited favorable mono-dispersity, drug-loading capacity, and controlled drug release profile. Furthermore, membrane camouflage promoted the cellular internalization of CM@BN/DOX by homotypic cancer cells, which further enhanced homogeneous tumor eradication with negligible side effects. Therefore, with its excellent dispersibility, high loading capacity, and homogeneous targeting ability, CM@BN/DOX may provide a potential nanoplatform to improve intracellular drug transport and target tumor therapy. Given the promising therapeutic effect of CM@BN/DOX in vitro and their potential use in boron neutron capture therapy, further in vivo experiments are worthy for exploring their antitumor effect.
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Figure 1. The preparation of CM@BN/DOX complexes. 
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Figure 2. Characterization of CM@BN/DOX. (a) TEM image of boron nitride (BN). (b) TEM image of CM@BN. (c) The protein profiles of the BV2 cell membrane fragments and CM@BN. (d) Hydro-dynamic size of BN, CCM, CM@BN, and CM@BN/DOX. (e) Zeta potentials of BN, CCM, CM@BN, and CM@BN/DOX. (f) XPS spectrum of BN. (g) XPS spectrum of CM@BN. (h) Stability of CM@BN/DOX in PBS (pH = 7.4). 
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Figure 3. Biocompatibility in vitro. (a) The cytotoxicity of BN and CM@BN on various cell lines using concentrations ranging from 0 to 100 μg/mL for a 24-h period. (b,c) The hemolysis of red blood cells that were incubated with Triton X-100, PBS, BN, and CM@BN/DOX. 
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Figure 4. Drug loading and release. (a) Amount of doxorubicin (DOX) loaded on BN and CM@BN. (b) DOX release from BN/DOX and CM@BN/DOX complexes at different conditions. Data expressed as means ± SD, *** p < 0.001. 
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Figure 5. Cellular uptake. (a) Confocal laser scanning microscopy (CLSM) images of BV2 cells co-cultured with free DOX, BN@DOX, and CM@BN/DOX for 2 h. Scale bar = 20 µm. (b) Analysis of free DOX, BN/DOX, and CM@BN/DOX uptake by BV2 cells by flow cytometry (FCM). (c) Quantitative analysis of cellular uptake by FCM. Data are expressed as means ± SD, *** p < 0.001. 
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Figure 6. Homologous targeting of CM@BN/DOX. (a) Confocal laser scanning microscopy images of BV2, HeLa, GMI-R1, and Ast cells incubated with CM@BN/DOX for 2 h. Scale bar = 20 µm. (b) The intracellular uptake of CM@BN/DOX by BV2, HeLa, GMI-R1, and Ast cells using FCM (blank group was represented as grey). (c) Quantitative analysis. Data are presented as means ± SD, *** p < 0.001. 
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Figure 7. In vitro antitumor activity. (a) The viability of BV2 cells following treatment with varying concentrations of free DOX, BN/DOX, and CM@BN/DOX by the CCK-8 method. (b) The cytotoxicity of BV2 cells exposed to various treatments (green: living cells; red: dead cells). Scale bar = 100 µm. (c) The impact of varying concentrations of CM@BN/DOX on the cell viability of four different types of cells: BV2, HeLa, GMI-R1, and Ast. (d) The cytotoxicity of BV2, HeLa, GMI-R1, and Ast cells after treatment with CM@BN/DOX. Scale bar = 100 µm. Data are expressed as means ± SD, * p < 0.05, *** p < 0.001. 
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Figure 8. In vitro antitumor activity. (a,c) Cellular apoptosis of BV2 cells dealt with various reagents by FCM. (b,d) Cellular apoptosis of BV2, HeLa, GMI-R1, and Ast cells treated with CM@BN/DOX by FCM. Data are expressed as means ± SD, *** p < 0.001. 
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