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Benzimidazole (BMZ) family of anti-worm drugs has been now repurposed as anti-cancer drugs. However, offering a general reformulation method for these drugs is essential due to their hydrophobicity and low aqueous solubility. In this work, we developed a general approach to load typical BMZ drugs as tiny nanocrystals within lipid-coated calcium phosphate (LCP) nanoparticles. BMZ drug-loaded LCP nanoparticles increased their solubility in PBS by 100–200% and significantly enhanced the anti-cancer efficacy in the treatment of B16F0 melanoma cells. These drug-LCP nanoparticles induced much more cancer cell apoptosis, generated much more reactive oxygen species (ROS) and inhibited Bcl-2 expression of cancer cells. Moreover, BMZ drug-loaded LCP nanoparticles caused morphological change and extension disruption of cancer cells, and significantly reduced migration activity, representing high possibility for inhibition of tumor dissemination and metastasis. Very advantageously, BMZ drug-loaded LCP nanoparticles did not show any obvious toxicity, Bcl-2 inhibition and morphological changes in HEK293T healthy cells. In conclusion, BMZ drug-incorporated LCP nanoformulations may be a valuable nanomedicine that is able to inhibit primary tumors and prevent tumor dissemination with minimum side effects on healthy cells and tissues.
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INTRODUCTION
Benzimidazoles (BMZs) are a family of anti-helminth drugs widely used in humans and livestock since 1960s to treat parasitic infections (Stasiuk et al., 2019). Many members of this family including albendazole (ABZ), fenbendazole (FBZ), mebendazole (MBZ) and thiabendazole (TBZ), are cost-effective FDA-approved drugs which are associated with very mild side effects (Carvalho and Gadelha, 2007). In recent years, many studies have reported the anti-cancer effect of these drugs on a broad range of cancers (Noorani et al., 2015; Castro et al., 2016). The new findings have a great importance not only because of offering cancer chemotherapeutics with minimum side effects but also due to the considerable reduction of Research and Development (R & D) and commercialising costs compared to the costs of developing new anti-cancer agents, a substantial challenge of global pharmaceutical industry at the moment (Pushpakom et al., 2018).
Because of various similarities between parasites and cancer cells (Dorosti et al., 2014), benzimidazole drugs are also potent to suppress cancer through anti-parasite mechanisms such as inhibiting tubulin polymerization, disrupting the formation of mitotic spindle, causing cell cycle arrest, and inducing apoptosis (Hasanpourghadi et al., 2016). However, the clinical anti-cancer application of these drugs is still limited due to low aqueous solubility and limited bioavailability (Daniel-Mwambete et al., 2004).
Providing a small size and a large surface area to volume ratio, nanoformulation has been considered as a promising approach for repositioning the poorly water-soluble drugs such as BMZs (Kumar et al., 2020) by improving their solubility, dissolution rate and bioavailability (Thorat and Dalvi, 2012). In addition, nanoparticles provide the possibility of drug penetration through the tight junctions of the skin and blood brain barrier as well as offering enhanced permeability and retention (EPR) effect, stimuli-responsive and targeted delivery (Kohane, 2007). Having the benefits of both calcium phosphate (CaP) nanoparticles and liposomes, lipid-coated calcium phosphate (LCP) nanoparticles are considered as ideal carriers for nanoformulation of BMZ drugs due to pH-responsiveness, controlled size and the possibility for targeted delivery (Tang et al., 2015).
To demonstrate the capability of LCPs as benzimidazole drug carriers for the general cancer therapy, it is essential to examine apoptosis induction in tumor cells, inhibit resistance-mediating factors such as B-cell lymphoma 2 (Bcl-2), and reduce tumor cell dissemination. As schematically shown in Scheme 1, our new approach for preparing ABZ-loaded lipid-coated calcium phosphate (LCP) nanoparticles (Movahedi et al., 2020) is generalized. Since BMZ-drug is protonated and dissolved in acidic aqueous solution, BMZ drug is first dissolved in acidic CaCl2 solution, which is then made into the first W/O emulsion. The second W/O emulsion is made to contain phosphate and base, which will neutralize and precipitate upon mixing with the first emulsion. During the mixing, protonated BMZ-drug molecules are neutralized and then precipitate as tiny nanocrystals within the simultaneously precipitated calcium phosphate matrices, which are then encapsulated with the lipid bilayer after hydration (Scheme 1). Such LCP nanoparticles are expected to retain the tiny drug crystals within CaP nanoparticles in physiological solution but release the drug in a pH-responsive way upon exposure to acidic organelles (endosome and lysosome) in tumor cells, leading to enhanced anti-cancer efficacy due to facilitated cellular uptake and improved solubility.
[image: Scheme 1]SCHEME 1 | Schematic procedures for drug-loaded LCP nanoparticle preparation.
The objectives of this research were thus to: 1) generalize our approach for preparation of BMZ drug-loaded LCP nanoparticles (such as ABZ, FBZ, MBZ, and TBZ); 2) show enhanced solubility of these drugs in the LCP nanoparticle form; 3) confirm the cytotoxic effect against B16F0 melanoma cells but not healthy cell line HEK293T in the LCP form; and 4) demonstrate the apoptosis-induced mechanisms, such as inhibition of Bcl-2 expression and overproduction of reactive oxygen species (ROS), morphological changes and reduction of tumor cell migration. This research has specifically shown the potential of BMZ-LCP nanoparticle formulations as promising anti-cancer nanomedicines.
MATERIALS AND METHODS
Materials
Albendazole (ABZ), fenbendazole (FBZ), mebendazole (MBZ), thiabendazole (TBZ), igepal-CO520, calcium chloride, sodium phosphate, DMSO and cholesterol were purchased from Sigma-Aldrich, cyclohexane from Merck (Germany), and 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) from Avanti polar lipids. MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was obtained from Invitrogen and 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) from Promokine (Germany). Apoptosis kit was provided by Biolegend and Bcl-2 FITC Antibody was purchased from eBioscience. All other chemicals were obtained from Sigma-Aldrich unless indicated. Water was deionised Milli-Q water (18.2 MΩ cm at ambient temperature).
Lipid-Coated Calcium Phosphate Nanoparticle Preparation and Characterisation
In order to synthesise drug-loaded LCPs (ABZ/FBZ/MBZ/TBZ-LCP), drugs were incorporated into calcium phosphate core of LCPs as illustrated in Scheme 1. In brief, acidic drug solution (625–5,000 μg/ml) in CaCl2 aqueous solution was dispersed in cyclohexane/Igepal CO-520 (7/3 v/v) to prepare a well-dispersed microemulsion. After stirring for 10 min, the microemulsion was mixed with the other well-dispersed DOPA (20 mM in chloroform)-containing W/O microemulsion consisting of aqueous solution of ammonia and Na2HPO4. After stirring for another 20 min, absolute ethanol was added to collect drug-loaded calcium phosphate (CaP) cores by centrifugation at 10,000 g for 20 min and washing with absolute ethanol thrice. CaP cores were then redispersed in chloroform and mixed with cholesterol and DOPC chloroform. Chloroform was evaporated under reduced pressure and the resultant film was hydrated with PBS (pH 7.4), followed by gentle ultrasonication to obtain the well dispersed LCP NP suspension.
As summarized in Supplementary Table S1 ABZ/FBZ/MBZ/TBZ-LCP #1-4 were denoted for nanoparticles prepared at various drug concentrations in acidic solutions (630, 1,250, 2,500 and 5,000 μg/ml), respectively.
The hydrodynamic diameter, PDI and zeta potential of drug-loaded LCPs were determined by Zetasizer (DLS, Zetasizer Nano, Malvern, United Kingdom). The microscopic images of drug-loaded LCP NPs were taken in a transmission electron microscope (TEM, JEM-3010, ZEOL, Tokyo, Japan) operated at the voltage of 100 kV.
To determine the encapsulation efficiency, drug-loaded LCP NPs were incubated with Tris Buffer (2 mM EDTA and 0.05% Triton X-100 in pH 7.8) at 65°C for 10 min. The resultant samples were centrifuged for 15 min at 20,000 g, and the drug concentration in the supernatant was calculated by the absorbance measured at 290 nm for albendazole (ABZ), 305 nm for fenbendazole (FBZ), 235 nm for mebendazole (MBZ) and 300 nm for thiabendazole (TBZ), respectively.
Cell Growth Inhibition
The growth inhibition of B16F0 cells and HEK293T cells by BMZ family drugs in the free form and the LCP form was assessed by MTT assay. Briefly, 4,000 cells in 100 µl of DMEM per well were seeded in a 96-well plate after incubation overnight at 37°C and 5% CO2. Then, culture medium was replaced with fresh one containing variable amounts of drugs in the free or LCP form (ABZ/FBZ/MBZ/TBZ-LCP) and cells were incubated for 24 h. After removal of culture medium, MTT in DMEM (5 mg/ml) was added and incubated for another 4 h at 37°C and 5% CO2. Then, DMEM containing MTT was carefully removed and replaced with 50 µl DMSO to dissolve formazan crystals. After shaking the plate for 10 min, the absorbance was read at 570 nm, and cell viability was calculated based on the absorbance compared to that of untreated cells.
Apoptosis Analysis
B16F0 cells were treated with BMZ drugs in the free or LCP form for 24 h. The cells were then detached by trypsinisation (0.25% trypsin) and centrifuged at 2000 rpm for 5 min. Resultant cell pellets were washed with PBS and resuspended in 100 µl of Annexin V Binding Buffer and added with 5 µl of FITC Annexin V and 10 μl of propidium iodide solution. After incubation for 15 min in dark, 400 μl of Annexin V Binding Buffer was added to each tube and fluorescence of the cells was evaluated with a flow cytometer (CytoFLEX, Beckman, United States) and analysed by CytExpert software.
Reactive Oxygen Species Detection
B16F0 or HEK293T cells were treated with BMZ drugs in the free or LCP form for 6 h at 37°C and 5% CO2, and then co-cultured with 2′,7′-dichlorodihydrofluorescein diacetate (20 μM) for 30 min. The cells were collected and analysed in a flow cytometer (CytoFLEX, Beckman, United States).
Bcl-2 Detection
To determine the level of Bcl-2, cells were incubated in DMEM media with drug-loaded LCP NPs for 24 h at 37°C and 5% CO2, then detached by trypsinisation (0.25% trypsin) and centrifuged at 2000 rpm for 5 min, followed by washing with PBS twice. Then, cold fixation buffer (2% PFA) was added dropwise while vortexing the cells. After incubating for at least 30 min at 4°C, cells were centrifuged for 5 min at 300 g and washed twice with cold PBS. Cells were then resuspended in permeabilisation buffer (0.1% in triton-X in PBS) and incubated for 15 min at room temperature, followed by centrifugation for 5 min and washing twice with PBS. Afterward, 150 µl of blocking buffer (0.5% BSA, 2% FBS in PBS) was added to cells. The cells were vortexed and incubated for 30 min, then centrifuged and resuspended in 100 µl of antibody solution, followed by incubation for another 30 min on ice in dark. Samples were washed twice with FACS buffer (2% FBS in PBS) and analysed using a flow cytometer (CytoFLEX, Beckman, United States) or spectrophotometer.
Migration Assay
To evaluate the effect of the treatment on migration activity of B16F0 or HEK293T cell line, cells were incubated in a 12-well plate overnight to form a confluent monolayer. Then the scratch was artificially made using a 100 µl pipette tip. The suspended cells and debris were washed away with PBS twice, and the cells in the plate were incubated in DMEM containing free drugs or drug-loaded LCP NPs for 4 h. Olympus IX81 microscope was used to take the images and the relative migration was calculated as the percentage of the number of control cells.
Statistical Analysis
Data presented as mean ± SD were analysed by t-test using GraphPad 7.03 software. The p value less than 0.05 was considered as statistically significant. p < 0.05: *; p < 0.01: **; p < 0.001: ***.
RESULTS AND DISCUSSION
General Physicochemical Characteristics of Benzimidazole Family-Loaded Lipid-Coated Calcium Phosphate Nanoparticles
As demonstrated in TEM images (Figure 1), all typical LCP NPs, i.e., loaded with about 15 wt% of drug molecules, were spherical in shape. The average size and the size distribution of these typical drug-loaded LCP NPs were very similar (Figure 1E; Table 1) with a similar distribution profile (polydispersity index (PDI) of 0.3–0.4). Relatively, FBZ-LCP and ABZ-LCP NPs were smaller with the number-mean diameter of 44.0 ± 5.1 and 49.5 ± 6.3 nm, respectively, while MBZ-LCP and TBZ-LCP NPs had the number-mean diameter of 58.8 ± 5.3 and 57.8 ± 4.2 nm (Table 1). In specific, MBZ-LCP NPs had a clear core with the diameter of ∼40 nm and a thick layer (∼30 nm) as well as a very rough surface (Figure 1D). The core size seems to be very similar to that of ABZ-LCP and FBZ-LCP NPs (Figures 1B,C). In contrast, the cores were not seen in TBZ-LCP NPs, which had a very hairy surface (Figure 1E). While factors such as calcium/phosphate molar ratio and mixing style affect the size of LCPs, the optimized condition was adopted from previous studies in our lab (Tang et al., 2015) to achieve the mean size of LCPs lying in the ideal range for cancer therapy to avoid recognition by the immune system (>200 nm) or clearance by kidneys (<5 nm) (Liu et al., 2013).
[image: Figure 1]FIGURE 1 | Morphology and size of BMZ drug-loaded LCP NPs. (A–E) TEM images of BMZ drug-loaded LCP nanoparticles; and (F) the size distribution of BMZ drug-loaded LCP NPs.
TABLE 1 | The average size, PDI and the zeta potential of typical LCP NPs loaded with about 15 wt% of BMZ drugs.
[image: Table 1]The surface charge of all drug-loaded LCP NPs was almost similar, varying from −19 to −16 mV. The negative surface charge of LCPs would reduce the adsorption of serum proteins, and benefit the prolonged half-life in blood circulation and enhanced tumor accumulation of NPs (Blanco et al., 2015).
Variable Loading and Enhanced Solubility of Benzimidazole Drugs in Lipid-Coated Calcium Phosphate NPs
Alteration in encapsulation efficiency and loading capacity was examined by varying the initial concentration of BMZ family drugs in the nanoemulsion, as illustrated in Figure 2; Supplementary Table S1. The loading capacity of these drugs was varied from 0–15.3% (TBZ) to 0–23.2% (FBZ) (Supplementary Table S1). In general, the encapsulation efficiency (EE) was relatively high (>50%). Especially, the EE was 60–85% and 59–93% for ABZ and FBZ, and 40–80% and 39–67% for MBZ and TBZ, respectively. The lower encapsulation efficiency for MBZ and TBZ may stem from their relatively higher aqueous solubility of these two drugs in PBS, particularly in the case with the high drug loading (Supplementary Table S1).
[image: Figure 2]FIGURE 2 | Profiles of the encapsulation efficiency (%) and loading capacity (wt%) of BMZ family drugs loaded into LCP NPs at different initially added concentrations (Supplementary Table S1).
As represented in Figure 3, the commercial MBZ and TBZ were found to have a solubility of 30 and 45 μg/ml, while it was 10 and 6 μg/ml for commercial ABZ and FBZ, respectively, which are similar to that reported for these anti-parasite drugs elsewhere. For example, the solubility of TBZ was reported to be 50 μg/ml at 25°C (Thiabendazole-DrugBank), MBZ 1–70 μg/ml in physiological conditions (Swanepoel et al., 2003) and that of ABZ and FBZ 1–8 μg/ml (at pH 6–8) (Kang et al., 2015) and 6 μg/ml in physiological conditions (Ryu et al., 2013), respectively. Consequently, the higher aqueous solubility of MBZ and TBZ may lead to a lower precipitation rate during formation of CaP cores, resulting in a smaller amount of the drug being encapsulated.
[image: Figure 3]FIGURE 3 | Comparison of the solubility of BMZ family drugs in free form and LCP form after 24 h dissolution in the physiological buffer (pH 7.4) at room temperature.
Furthermore, as demonstrated in Figure 3; Supplemenatry Table S2, the solubility of all drugs was almost doubled in the LCP form. As discussed in our previous study, the enhanced solubility arises from incorporation of tiny drug nanocrystals in the CaP matrix (a few nm in size) -with crystalline structure confirmed by XRD results-, which is significantly smaller than very large crystals in the free form of commercial drugs (>1,000 nm confirmed by TEM imaging) (Movahedi et al., 2020). After the lipid bilayer and the CaP matrix are dissolved partly (particularly in acidic environment of tumor), the tiny drug nanocrystals are exposed to the aqueous phase and dissolved much more than large crystals (commercial products) due to enhanced surface area, thinner diffusion layer and higher differential concentration (Kumar et al., 2020). Melian et al., also have reported the improved solubility of fenbendazole by nanocrystallisation (Melian et al., 2020). Additionally, at lower pH of tumor environment, the released drug becomes more hydrophilic due to protonation process of the aromatic amines (Chen et al., 2015).
We further hypothesise that some surface MBZ and TBZ tiny nanocrystals may be already dissolved partially during hydration, and the left LCP-BMZ cores may interact the lipid molecules and form some complex structures, such as a hairy/rough surface, as observed in TEM images (Figures 1D,E).
In summary, LCP-based BMZ drug-loaded NPs were controllably made in the number-mean diameter of 40–60 nm with the BMZ drug loading capacity varying from 0 to ∼25 wt%. Once encapsulated in LCP NPs, these hydrophobic BMZ drugs showed a double solubility in PBS. Thus the preparation approach would be a general strategy for encapsulating acid-soluble hydrophobic drugs into the CaP matrix, a general way to enhance the bioavailability and activity of the drugs, as presented in the following sections, taking these MBZ-loaded LCP NPs as examples for the cellular anti-cancer therapy.
In Vitro Cell Growth Inhibition by Benzimidazole-Loaded Lipid-Coated Calcium Phosphates
The cytotoxic effect of BMZ family drugs in the free and LCP forms is shown in Figure 4. No B16F0 toxicity was observed for blank LCP NPs (Figure 4A). All drugs demonstrated a dose-dependent anti-cancer effect against B16F0 cells in both forms, while BMZ-LCP NPs were significantly more active than that of their corresponding free form (Figures 4A–D). Approximately, IC50 values (Figure 4E) were varied from 7 to >10 μg/ml for the free drugs. In sharp contrast, the IC50 value was remarkably decreased to 2.7–3.8 μg/ml for their corresponding LCP forms. Enhanced cytotoxicity of BMZ-LCP NPs may come from improved solubility, as discussed previously, and moreover, facilitated cellular uptake via LCP NP carriers (Wu et al., 2017).
[image: Figure 4]FIGURE 4 | Cytotoxicity of BMZ drug-loaded LCP NPs to B16F0 and HEK293T. (A–D) Dose-dependent growth inhibition of B16F0 cells by the free and LCP forms of BMZ drugs upon 24 h treatment; (E) IC50 values of BMZ drugs in the free and LCP form; and (F) growth inhibition of HEK293T cells by the BMZ drug-loaded LCP NPs containing 5.12 μg/ml of each drug upon 24 h treatment.
The reported anti-cancer effect of these BMZ drugs in their free form is comparable to our observations. For example, 85% cell viability was observed after 24 h treatment of B16F0 melanoma cells at 0.32 μg/ml of free ABZ, which is very similar to 90% cell viability for A375 and A2058 melanoma cell lines after 12 h treatment at 1 µM (0.265 μg/ml) of ABZ and ∼70% after 72 h treatment (Patel et al., 2011). B16F0 cell viability was 54 and 49% at 2.56 and 5.12 μg/ml of free FBZ in the current test, which is similar to 40% viability of EMT6 cells upon treatment with 10 µM (4 μg/ml) of FBZ (Duan et al., 2013). Similarly, MBZ showed some anti-cancer effect on cell lines such as MCF7, T47D, and MDA-MB-231 breast cancer (Zhang et al., 2019) in the drug dosage range of 1–10 µM (0.3–3 μg/ml). In addition, daily intraperitoneal injections of 50 mg/ml TBZ led to almost 75% tumor reduction in the HT1080 fibrosarcoma xenograft mouse model after 27 days treatment, representing high anti-cancer efficacy of this drug (Cha et al., 2012). Clearly, LCP-based BMZ drug NPs developed in this research have demonstrated much higher anti-cancer activity than their free forms, which is the motivation of this research to repurpose these anti-parasite drugs for anti-cancer therapy.
Very interestingly, the highest drug dosage examined in the LCP form showed no obvious toxicity to healthy cell line HEK293T (Figure 4F). This is similar to that no obvious toxicity to HUVEC healthy cells was observed after treatment with MBZ at the dosage highly toxic to lung cancer cell lines (Mukhopadhyay et al., 2002). Similarly, ABZ did not show any toxicity to HOSE normal ovary cells, but to ovarian cancer cell lines in the similar dose range (Noorani et al., 2015). Thus, the safety of BMZ family drugs is a principal advantage over many chemotherapeutics as these drugs have the minimum side effects on healthy tissues/organs and are widely used orally by humans at the dose of up to 15–20 mg/kg every day for an adult (Despommier et al., 2017).
Apoptosis Induction through Reactive Oxygen Species Augmentation and Bcl-2 Inhibition
Apoptosis induction by BMZ family drugs in the free form and the LCP form was analyzed by Annexin V-FITC/PI double staining method (Supplemenatry Figure S1). As represented in Figure 5A, both forms of drugs induced major late apoptosis while the LCP form induced a much higher level of late apoptosis (45–56% compared to 26–30% for the free drugs). There was also a few percent of early apoptosis and necrosis in all treatments. The elevated later apoptosis may be the reason behind the higher cytotoxic effect of these drugs in the LCP form, which may be attributed to the enhanced solubility and facilitated cellular uptake of drugs via the LCP NP carriers (Tang et al., 2015).
[image: Figure 5]FIGURE 5 | Apoptosis, ROS generation and Bcl-2 expression induced by BMZ drugs in the free and LCP forms. (A) Annexin V-FITC/PI double staining analysis data of apoptosis induction in B16F0 cells treated with BMZ family drug (2.5 μg/ml) upon 24 h treatment; (B) ROS augmentation in B16F0 cells treated with BMZ drugs (2.5 μg/ml) for 6 h in the free and LCP forms; (C) ROS generation of HEK 293T cells treated with ABZ and ABZ-LCP (2.5 μg/ml) for 6 h; (D,E) Relative Bcl-2 level in B16F0 cells and HEK293T cells treated with BMZ drug loaded-LCPs (2.5 μg/ml) for 24 h.
Since the defect in apoptosis plays a fundamental role in cancer pathogenesis, providing time for genetic mutation, increasing angiogenesis and promoting invasion apoptosis induction is considered as the most promising non-surgical approach for cancer therapy (Pfeffer and Singh, 2018). Some studies have confirmed apoptosis induction in cancerous cells by BMZ family drugs. These reported data included 30% apoptosis of human NSCLC cells induced with 1 µM (0.3 μg/ml) of FBZ for 32 h and 50% of Ehrlich carcinoma cells in animals with 20 mg/kg of ABZ (Castro et al., 2016).
Both the free and LCP forms of BMZ drugs elevated the ROS level in B16F0 cells, as demonstrated in Figure 5B; Supplementary Figure S2. Similar to apoptosis induction, the ROS level was augmented much higher upon treatment with the LCP form of BMZ drugs (32–47%) than that with the free form of drugs (20–31%). As reported by Castro et al., ROS in MCF7 cells was overgenerated upon treatment with 25 µM (6.6 μg/ml) of ABZ for 1 h (Castro et al., 2016), and treating A549 cells with 10 µM (3 μg/ml) of FBZ for 4 h significantly enhanced ROS production (Dogra and Mukhopadhyay, 2012). Since ROS plays a key role in regulation of cell signalling and pathways of apoptosis, ROS augmentation may be responsible for enhanced apoptosis in drug-loaded LCP NP-treated cells.
ROS enhancement was much lower in the healthy cells, e.g., HEK293T cells treated with both free ABZ and ABZ-LCP NPs (Figure 5C; Supplementary Figure S3). Considerably lower ROS induction by ABZ -as the representative of BMZ drugs- in HEK293T cells was demonstrated just to support the fact that these drugs are selectively toxic on cancer cells by unbalancing the ROS level. In comparison with cells treated without any drugs, ROS enhancement was 10–20 fold in drug-treated B16F0 cells (Supplementary Figure S2), but it was only 1.5–2.5 fold in drug-treated HEK293T (Supplementary Figure S3). This may be the reason that increased ROS generation by only 1.5–2.5 fold did not affect HEK293T cell viability (Figure 4F). Thus ROS generation enhanced by BMZ-LCP NPs can selectively kill cancer cells but not healthy cells, as a selective approach for cancer therapy (Perillo et al., 2020).
Consistently, the relative level of Bcl-2 (Figure 5D) was all significantly dropped in B16F0 cells after treatment with drug-loaded LCP NPs, with 28–34% reduction compared to untreated cells. Since cancer cells normally overexpress Bcl-2, the pro-survival founder member of Bcl family (Campbell and Tait, 2018), and protect themselves from ROS-mediated apoptosis induction through the activation of endogenous antioxidants (Hildeman et al., 2003), Bcl-2 inhibition by BMZ drug-loaded LCP NPs further contributes to inducing apoptotic response in addition to ROS over-production. This observation is consistent with the report that ABZ reduced the expression of apoptosis-related proteins such as Bcl-2, Bcl-xL, Bax and Bad (Doudican et al., 2008).
Once again, no obvious alteration in the Bcl-2 level was observed in HEK293T cells (Figure 5E) upon the same treatment with BMZ drug-loaded LCP NPs, indicating the safety of the drugs to healthy cells. This is also similar to the report that melanocytes did not alter the Bcl-2 expression even after MBZ treatment (Doudican et al., 2008). Thus the comparison between B16F0 cancer cells and HEK293T healthy cells may reveal that BMZ drug treatment in free or LCP form just inhibits the overexpressed Bcl-2 in cancer cells but does not interfere the general Bcl-2 level in the normal cell line.
Morphological Changes and Cell Migration Inhibition
Treatment of B16F0 cells with drug-loaded LCP NPs substantially changed their morphology, as illustrated in Figure 6A. The untreated cells showed the natural spindle-like shape, which was transformed upon the treatment of drugs either in the free form or the LCP form. Furthermore, the cellular extensions were disrupted. Disruption of tubular extensions of tumor cells limits their access to nutrients (Siemann, 2011). Thus, cellular extension disruption not only inhibits tumor growth but is also vital for tumor cell dissemination and metastasis (Ross and Hunger, 2017). Similar morphological changes in MCF7 and MDA-MB-231 cells as a result of albendazole treatment is reported (Racoviceanu et al., 2020).
[image: Figure 6]FIGURE 6 | Effect on cell morphology. (A) Morphology changes of B16F0 cells treated with BMZ drug-loaded LCP NPs (2.5 μg/ml); and (B) The similar morphology of HEK293T cells upon ABZ treatment at 2.5 μg/ml in the free and LCP forms. Scale bar = 50 µm.
Morphological transformation and extension deformation by BMZ family drugs arise from their inhibition of tubulin polymerization (Kamal et al., 2012). This inhibition has been reported to alter microtubule organization of Chinese hamster cells after exposure to TBZ (Pisano et al., 2000), inducing abnormal spindle formation and enhanced tubulin depolymerization in non-small cell lung cancer cells treated with MBZ (Sasaki et al., 2002), and disruption of mitotic bundles in 1A9 ovarian cancer cells exposed to ABZ (Chu et al., 2009). Oxidative stress caused by BMZ drug treatment can also cause morphological changes and consequently motility alteration (Alexandrova et al., 2006).
Again, no obvious morphological changes such as spindle deformation or disruption of mitotic bundle was observed in HEK293T cells upon the similar treatment with BMZ family (Figure 6B), which may be attributed to less susceptibility to ROS (Figure 5C) (Katoh et al., 2006).
As cells with more rounded shape are supposed to have less capability of dissemination because of the microtubule destabilization (Young et al., 1985), less migratory activity of BMZ drug-treated cells was observed, as shown in Figure 7A. All free BMZ family drugs inhibited cell migration to some degree at the dose of 2.5 μg/ml. Interestingly, their LCP forms were more effective in inhibition of cell migration by 15–30% in terms of the cell number (Figure 7B) and 20–40% in terms of the relative migration (Figure 7C), due to the enhanced solubility and cellular uptake in the LCP form. This inhibition results are comparable with previous studies about cell migration inhibition by BMZ family drugs. For instance, 24 h treatment of PE/CA-PJ15 cells (human oral squamous carcinoma) with 5 µM (∼1.5 μg/ml) of FBZ and MBZ reduced cell migration very significantly (Kralova et al., 2018). Treatment with 0.6 µM (0.16 μg/ml) of ABZ halved migration activity of SW1990 and PANC-1 pancreatic cancer cells after 24 h treatment (Chen et al., 2020).
[image: Figure 7]FIGURE 7 | Assessment of cell migration upon BMZ drug treatment in the free and LCP forms for 4 h. (A) Images of B16F0 cell migration; (B) number of migrated cells; and (C) relative migration percentage. Scale bar = 200 µm.
Since tumor cell migration is not only a prerequisite for tumor dissemination but also a contributor to tumor metastasis (Entschladen et al., 2004), inhibition of cell migration is vital for a comprehensive cancer treatment. Thus, BMZ family drugs, especially loaded in LCP NPs, may be considered as a treatment beyond the primary tumor inhibition, without obvious side effects to healthy cells or organs. This is a sharp contrast to other conventional chemotherapeutics such as paclitaxel, doxorubicin and cisplatin that are associated with various toxicities to healthy organs such as neurotoxicity, cardiotoxicity, nephrotoxicity, hepatotoxicity and hematotoxicity (Cersosimo, 1993; Juaristi et al., 2001; Guastalla and Diéras, 2003).
CONCLUSION
LCP nanoparticles provide a versatile nanoplatform to load anti-worm BMZ family drugs and repurpose their applications for cancer treatment. Having superior cytotoxic effect on cancer cells but almost no toxicity to healthy cells, BMZ drugs were successfully loaded by LCPs and showed even more efficient inhibition of cancer cell proliferation via enhanced solubility and cellular uptake. We further found that BMZ drug-loaded LCPs induced more later apoptosis through Bcl-2 reduction and ROS augmentation. Moreover, BMZ-LCP NPs were able to control tumor cell dissemination through induction of morphological changes and inhibition of cell migration. Overall, LCP-based nanoformulated BMZ drugs would be considered as promising nanomedicines not only to treat primary tumors but also to potentially control tumor dissemination and metastasis with minimum side effects.
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