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The objective of this study was to study the synergistic antitumor effect of lipophilic bismuth nanoparticles (BisBAL NPs) with the antibiotic solution Neo-Poly gramicidin on human cervical tumor cells. The effect of BisBAL NPs and Neo-Poly gramicidin solution on cervical cancer cell line (HeLa) was determined by the MTT cell viability assay and fluorescence microscopy. After a 24-h exposure to 0.1× Neo-Poly gramicidin HeLa cell growth decreased 94%. Fluorescence microscopy confirmed the antitumor effect cell death was higher among treated than among non-treated cells cells. Individually, gramicidin (0.04 mg/mL) inhibited HeLa tumor cell growth most (40%), and neomycin (0.04 mg/mL) least (21%). Gramicidin (0.3 mg/mL) in combination with different concentrations (1–150 μM) of BisBAL NPs had a synergistic antitumor effect against HeLa cells, reaching an < 86% tumor growth inhibition. As far as we know, we are the first to describe the antitumor activity of the antibiotic Neo-Poly gramicidin on a human cervical cancer cell line. The action mechanism of gramicidin/BisBAL NP is based on a strong damage on cell membrane and nucleus of tumor cells. A synergistic effect of gramicidin with BisBAL NPs may be useful as an alternative therapy for cervical cancer patients.
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INTRODUCTION

Cervical cancer is the fourth most prevalent cancer among females and is the second cause of cancer death in developing countries (Torre et al., 2015). In 2013, 485,000 patients were diagnosed with cervical cancer in 2013 and 236,000 died worldwide. Cervical cancer is strongly associated with human papillomavirus infection, which causes benign or malign lesions: Examples of the latter are vaginal and vulvar cancers, which are caused by human papilloma virus subtypes 16 and 18 (Clarke et al., 2012). According to the International Federation of Gynecology and Obstetrics guidelines, cervical cancer patients can be classified in: early-stage disease, locally advanced disease and advanced disease (Serrano-Olvera et al., 2015). Thirteen percent of cervical cancer patients are diagnosed at advanced stages. Many of them will develop recurrent disease at early stage of treatment and ~90% of these females will die within 5 years (Elit et al., 2009; Adegoke et al., 2012). Only 16.5% of metastatic cervical patients will survive in comparison with 91.5% for localized cervical cancer (Ferlay et al., 2013).

Treatment options for cervical cancer include surgery, radiotherapy, and chemotherapy. Although surgery by local ablation is one of most common treatments for cervical neoplasia (Martin-Hirsch et al., 2013), not all patients are candidates to surgery, because of age, tumor size, stage of disease, etc. The employment of radiotherapy must consider the tumor characteristics and possible damage to adjacent non-tumor cells. Chemotherapy against cervical cancer is an important treatment option, but systemic therapy has several limitations, such as a lack of target specificity, the development of resistance, and severe side effects (Nascimento et al., 2017). The anti-cancer drug, docetaxel causes liver injury (Wang et al., 2012; Yared and Tkaczuk, 2012), which make patients abandon treatment. The advantages of its topical alternative include reaching locally higher concentrations with less adverse effects to non-exposed normal cells. However, so far there is no topical antitumor drug for cervical cancer.

The Topical chemotherapy has been successfully applied to ophthalmic infections (Bosscha et al., 2004). A combination of the antibiotics neomycin, polymyxin B, and gramicidin (Neo-Poly gramicidin) had broad spectrum antibacterial activity (Gibson, 1983). There are no reports about possible antitumor activity of Neo-Poly gramicidin. Doxorubicin is the best example of an antibiotic that also has antitumor activity (Rivankar, 2014). Unfortunately, the excessive toxicity of doxorubicin continues being a challenge in clinical practice (Waterhouse et al., 2001). Previously, we reported the selective antitumor effect of bismuth lipophilic nanoparticles (BisBAL NPs) on human breast and cervical cancer cells as well as other types of human cancer (Hernandez-Delgadillo et al., 2018; Cabral-Romero et al., 2020). However, the antitumor effect of BisBAL NPs in combination with other drugs against cervical cancer cells has not been explored. The aim of this study was to verify the possible synergistic antitumor activity of gramicidin in combination with BisBAL NPs on human cervical cancer cells.



MATERIALS AND METHODS


Neo-Poly Gramicidin Solution

A stock solution (SULNED, Pizzard Lab., Jalisco, México) containing 175 mg /mL neomycin, 5,000 U/mL polymyxin B, and 25 mg/mL gramicidin (all from Sigma Aldrich, MO, USA). was diluted serially in sterile distilled water before each experiment.



Synthesis and Characterization of BisBAL NPs

BisBAL NPs were synthesized and characterized as previously was described at earlier reports (Badireddy et al., 2014; Cabral-Romero et al., 2020). The BisBAL NP's morphology was analyzed with scanning electron microscopy (SEM; FEI Tecnai G2 Twin, Hillsboro, OR, USA; 160 kV accelerating voltage). Energy-dispersive X-ray spectroscopy (EDS) SEM (EDS; Oxford INCA X-Sight, Tubney Woods, UK) was used for the elemental analysis of samples. X-ray diffractometry patterns were obtained from water-washed (three centrifugation cycles, 16,100×g, 30 s), air-dried BisBAL NPs (deposited several times on a glass slide overnight) using an X-ray diffractometer (Panalytical X'Pert PRO MRD) equipped with Cu Kα as an X-ray source (λ = 1.541874 Å).



Cell Culture

The cervical cancer cell line (HeLa) used in this study was purchase from the American Type Culture Collection (ATCC; CCL-2; Rockville, MD, USA). The HeLa cells were cultured in Dulbecco's modified Eagle's medium/Ham's F12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS; Gibco-Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B (Sigma-Aldrich Corporation, St. Louis, MO, USA) in cell culture flasks (Corning Inc., Corning, NY, USA) at 37°C in a humidified atmosphere with 5% CO2 for 2 days until get a confluent monolayer.



MTT Cell Viability Assay

The antitumor activity of Neo-Poly gramicidin (in solution with the three antibiotics or individually) on HeLa cells employing the cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Biotium, Hayward, CA, USA) (Liu et al., 1997; Hernandez-Delgadillo et al., 2018). The experimental groups were as follow: Neo-Poly gramicidin solution with serial dilutions (1:10–1:108), 12 μM of docetaxel (Zurich Pharma, Mexico city, Mexico) as positive control, drug-free as growing control and 0.3 mg/mL gramicidin +BisBAL NPs (1, 10, 25, 50, 100, and 150 μM). We added 1 × 105 HeLa cells in 100 μL of culture medium to each well of a 96-well plate, and incubated at 37°C, 5% CO2 for 24 h. Next, cell viability was analyzed by MTT assay according to the provider's instructions. To quantify the reduced MTT, the absorbance at 570 nm (A570) was measured with a microplate absorbance reader (Biotek, Winooski, VT). The experiment was performed in triplicate and cell viability was obtained from measured absorbance and expressed as cell viability percentage.



Cell Morphology by Fluorescence Microscopy

Cell morphology of HeLa cells was analyzed after treatment with Neo-Poly gramicidin/BisBAL by using fluorescein diacetate (FDA) or intracellular calcein-AM assay (Rene et al., 2016) and fluorescence microscopy. The experimental groups were following; Neo-Poly gramicidin stock solution (1:10 and 1:105), and drug-free was employed as growing control. 1 × 105 HeLa cells in 100 μL of culture medium to each well of a 96-well plate were exposed to each drug for 24 h. After incubation, cells were washed three times with PBS and stained with stained with FDA (Sigma-Aldrich Corporation, St. Louis, MO) and 4',6-diamidino-2-phenylindole (DAPI) (Abcam Inc., Cambridge, UK) for 30 min. at 37°C. Next, cells were washed again with PBS and air-dried in the dark. Cell morphology was observed with FITC and DAPI filters at 485 nm and 358 nm, respectively (Thornwood, NY).



Cell Membrane Permeability by Fluorescence Microscopy

Calcein AM assay and fluorescence microscopy were used to study the cell membrane integrity of HeLa cells after treatment with gramicidin alone or in combination with BisBAL NPs. The experimental groups were as follow: 50 μM BisBAL NP, 0.3 mg/mL gramicidin, 1,200 μM chlorhexidine (CHX) (Ultradent Products, South Jourdan, UT) as positive control and drug-free as growing control. We added 1 × 105 HeLa cells in 100 μL of culture medium to each well of a 96-well plate and incubated at 37°C, 5% CO2 for 24 h. After incubation, cells were washed three times with PBS and stained with 2 μM Calcein AM (Biotium, Hayward, CA, USA) for 30 min. at 37°C (Bozyczko-Coyne et al., 1993). Nuclei of tumor cells were stained with 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI) (Abcam Inc., Cambridge, UK) (Kubista et al., 1987). Next, cells were washed again with PBS and air-dried in the dark. Cell morphology was observed with FITC and DAPI filters at 485 and 358 nm, respectively (Thornwood, NY).



Genotoxicity by Comet Assay and Fluorescence Microscopy

The possible damage on genomic DNA of HeLa cells treated with gramicidin alone or mixed with BisBAL NPs was determined by comet assay and fluorescence microscopy. The experimental groups were following; 100 μM BisBAL NP, 0.3 mg/mL gramicidin, Mix BisBAL NP/gramicidin, 1,200 μM Chlorhexidine (CHX; Ultradent Products, South Jourdan, UT) as a positive control and drug-free was employed as growing control. 1 × 105 HeLa cells in 100 μL of culture medium to each well of a 96-well plate were exposed to each treatment for 24 h. After incubation, genomic DNA damage was determined with the OxiselectTM Comet Assay Kit (Cell Biolabs, Inc., CA, USA) according to the provider's instructions (Ostling and Johanson, 1984). Cell suspensions were mixed with liquefied Comet Agarose at a 1:10 ratio (v/v), and pipetted on an OxiSelect Comet Slide (75 μL/well). After a 15-min embedding step (4°C, dark, horizontal position), cells were lysed (25 mL lysis buffer/slide, 30-min incubation, 4°C, dark, horizontal position) and treated with an alkaline solution (25 mL/slide, 30 min, 4°C, dark) to relax and denature the DNA. Finally, the samples are electrophoresed in a horizontal chamber (300 mA for 30 min) to separate intact DNA from damaged fragments. Samples were washed with sterile milliQ water, and treated with 70% cold ethanol for 15 min, and left to dry at room temperature. Comets were stained with DAPI (100 μL/well) before being viewed with an epifluorescence microscope using a DAPI filter (Thornwood, NY, USA).



Statistical Analysis

One-Way Analysis of Variance (ANOVA) with Tukey HSD test was used to compare groups. For all statistical tests, a significance level of α = 0.05 was considered.




RESULTS


Characterization of BisBAL NPs

The obtained BisBAL NPs were spherical with an average diameter of 70 nm (Figures 1A,B). Bismuth presence was confirmed by EDS-SEM (Figure 1C). Also bismuth identity was supported by X-ray diffractometer pattern of BisBAL NPs (Figure 1D). The BisBAL NPs formed electrodense clusters, a typical characteristic of this kind of nanostructures. A fresh batch of BisBAL NPs was used to study the antitumor activity on human cervical cancer cells.


[image: Figure 1]
FIGURE 1. Characterization of BisBAL NPs by scanning electron microscopy (SEM). (A,B) The shape, size, and distribution of BisBAL NPs were obtained by SEM. (C) The specific presence of bismuth was confirmed by energy-dispersive X-ray spectroscopy (SEM-EDS). (D) X-ray diffractometry pattern of BisBAL NPs.




Antitumor Activity of Neo-Poly Gramicidin

The Neo-Poly gramicidin mix had a dose dependent antitumor effect as of the dilution 1:107, which inhibited HeLa growth with 21% (Figure 2A). The 10−1 dilution of Neo-Poly gramicidin had the strongest effect which was similar to the positive control, 12 μM docetaxel. Both inhibited HeLa cell growth with 92% (p < 0.0001) (Figure 2A). Thus, the Neo-Poly gramicidin mix had a dose-dependent antitumor activity on HeLa cells and competed in efficacy with a commercial antitumor drug.


[image: Figure 2]
FIGURE 2. Antitumor effect of Neo-Poly gramicidin on HeLa cell line. (A) Cell viability (via MTT assay) after a 24-h exposure to serial dilutions of Neo-Poly gramicidin (10−1 to 10−8) and 12 μM docetaxel (DTX; positive control of cytotoxicity). Readings were performed in triplicate. Results are representative of three independent experiments. The antitumor effect of Neo-Poly gramicidin was dose dependent and significant as of dilution 1:105 (p < 0.0001). Asterisks indicate statistical differences (α = 0.05). (B) Cell morphology after a 24-h exposure to dilutions of Neo-Poly gramicidin (10−1 and 10−5). Untreated cells served as a growth control. nuclei are stained blue with 4,6-diamidino-2-phenylindole (DAPI). FDA, fluorescein diacetate (green). Bar = 125 μm.




Cell Morphology

Cell morphology studies after a 24-h exposure to Neo-Poly gramicidin dilutions confirmed tumor cell death. Growth control cells had the typical morphology of epithelial cells with a well-defined nucleus, but cells exposed to a 1 × 10−5 dilution of the Neo-Poly gramicidin stock solution were spherical with multinuclear blebs; classical cytopathic characteristics previous to cell death (Figure 2B). Exposure to a 1 × 10−1 dilution of the Neo-Poly gramicidin solution resulted in cellular debris against a dark background (Figure 2B).



Antitumor Activity of Neomycin, Polymixin B, and Gramicidin Individually

To verify whether all or only some of the antibiotics were responsible for the antitumor activity of the Neo-Poly gramicidin mixture, we analyzed the antitumor potential individually. Neomycin inhibited HeLa cell growth least, the highest concentration of neomycin (3 mg/mL) inhibited cell number by 37% (Figure 3). Polymixin B performed better and reduced cell growth 56% reduction (p < 0.0001) at 0.75 mg/mL (Figure 4). Gramicidin inhibited HeLa cell growth best; achieving a 40% cell growth inhibition with only 0.04 mg/mL (p < 0.0001) (Figure 5). Altogether, these results suggest that gramicidin is the antibiotic with highest antitumor potential against human cervical cancer cells.


[image: Figure 3]
FIGURE 3. Antitumor effect of neomycin on HeLa cells. Cell viability was evaluated with the MTT cell viability assay after a 24-h exposure to 0, 3, 1.5, 0.75, 0.3, 0.1, 0.09, 0.04, and 0.02 of neomycin and 12 μM docetaxel (DTX) as positive control of cytotoxicity. Asterisks indicate statistical differences (p < 0.0001) (α = 0.05).



[image: Figure 4]
FIGURE 4. Antitumor effect of polymyxin B on HeLa cell line. Cell viability (via MTT assay) after a 24-h exposure to serial dilutions of polymyxin B and 12 μM docetaxel (DTX) as positive control of cytotoxicity. Antitumor activity was significant and dose-dependent as of 0.75 mg/mL (p < 0.0001). Asterisks indicate statistical differences (α = 0.05).
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FIGURE 5. Antitumor effect of gramicidin on HeLa cell line. Cell viability (via MTT assay) after a 24-h exposure to serial dilutions of gramicidin 12 μM docetaxel (DTX) as positive control of cytotoxicity. Antitumor effect was significant and dose-dependent as of 0.04 mg/mL gramicidin (p < 0.0001). Asterisks indicate statistical difference with 0.02 mg/mL gramicidin (α = 0.05).




Synergistic Antitumor Activity of Gramicidin With BisBAL NPs

Based on the above result, we verified a possible synergistic antitumor activity of gramicidin (0.3 mg/mL) in combination with different concentrations of BisBAL NPs NPs (1–150 μM). As of 10 μM of BisBAL NPs, tumor cell growth inhibition reached 86% (p < 0.0001) (C-index 81.6%) (Figure 6). The antitumor potential obtained with gramicidin/BisBAL NPs was better than cancer drug docetaxel. These data suggest that the antitumor activity of gramicidin increased in combination with BisBAL NPs.


[image: Figure 6]
FIGURE 6. Synergistic effect of gramicidin and bismuth lipophilic nanoparticles on HeLa cells. A monolayer of HeLa cells was exposed to 0.3 mg/mL gramicidin win combination with varying concentration of BisBAL NPs. Negative control, pure culture medium; positive control, 12 μM of docetaxel (DTX). Synergistic activity was significant (p < 0.0001) in all combinations. Asterisks indicate statistical difference (α = 0.05).




Cell Membrane Permeability Assays

To get an insight about the action mechanism of the antitumor activity of gramicidin and gramicidin/BisBAL NPs, Calcein AM assays were carried out to evaluate cell membrane permeability. Our findings showed completed destruction of cell membrane when HeLa cells were exposed to gramicidin or gramicidin/BisBAL NPs (Figure 7). Nuclei seemed unaffected (Figure 7).
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FIGURE 7. Cell membrane permeability of HeLA cells was evaluated after treatment with gramicidin, BisBAL NPs or both by Calcein AM and fluorescence microscopy. A 24-h exposure to 0.3 mg/mL gramicidin, 50 μM BisBAL NPs, or a BisBAL NPs/gramicidin mixture on HeLa cell monolayers was evaluated by calcein AM assay. Untreated cells were used as growth control and 1,200 μM chlorhexidine (CHX) served as a positive control. Bar indicates 125 μm.




Genotoxic Assays

The possible genotoxicity of gramicidin, alone and in combination with BisBAL NPs, was analyzed with the comet assay and fluorescence microscopy. A 24-h exposure to BisBAL NPs was genotoxic as can be inferred from the classical stela, also observed in the chlorhexidine positive control of genotoxicity (Figure 8). On the other hand, a 24-h exposure to gramicidin did not cause nuclear damage (Figure 8).
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FIGURE 8. Genotoxic effect of gramicidin alone or in combination with BisBAL NPs on HeLa cells. Tumor cells were exposed for 24 h to 0.3 mg/mL gramicidin, 50 μM of BisBAL NPs, or a BisBAL NPs/gramicidin mixture. 1,200 μM chlorhexidine served as a positive control of genotoxic effect. DNA damage was analyzed by the comet assay and fluorescence microscopy. Bar indicates 125 μm.





DISCUSSION

Despite the availability of the HPV vaccine, cervical cancer continues being an important public health challenge worldwide with high rates of mortality in developing countries (Villa et al., 2020). Chemotherapy is followed of surgery among the different options for the treatment of cervical cancer patients, although conventional antitumor agents can be highly cytotoxic, promoting the leave of therapy (Seol et al., 2014). The inherent deficiencies of conventional chemotherapy lead to emerge nanomedicine (Shi et al., 2017). It holds the promise of develop “smart” drugs to treat several diseases including human cancer. More recent advances in biocompatibility of nanostructures employed as nanocarriers have attracted the attention to clinical therapeutics. Recently, our group described the antitumor activity of BisBAL NPs on different types of cancer including cervical cancer (Cabral-Romero et al., 2020). However, synergistic effect between bismuth nanoparticles and antibiotics has not been extensively studied. Therefore the combination of nanostructures and antibiotics could result in higher antitumor effectiveness and less non-desired effects on non-tumor cells.

In this work we report for first time the antitumor activity of the antibiotic mixture composed of neomycin, polymixin B and gramicidin on a human cervical cancer cell line. We were inspired by the antitumor activity of another antibiotic, doxorubicin or Adriamycin, which was reported in Kitaura et al. (1972). Doxorubicin is applied by injection, but we were looking for topical antibiotic application to avoid systemic adverse effects and to increase local delivery. The Neo-Poly gramicidin mixture is used topically, as eye drops, to treat ophthalmic infections. We found that a dilution of 1:104 of the Neo-Poly gramicidin antibiotic solution inhibited 87% of the tumor growth. Previously, it was described that neomycin inhibits the angiogenic activity of fibroblasts and epidermal growth factors (Hu, 2001), supporting our hypothesis of antitumor agents. Early reports showed gramicidin inhibits human gastric cancer cell proliferation, cell cycle and induce apoptosis (Chen et al., 2019). As well as gramicidin blocks tumor growth and angiogenesis in renal cell carcinoma (David et al., 2014). When we analyzed the morphology of tumor cells pre-treated with Neo-Poly gramicidin, the plasmatic cell membrane was strongly affected after exposition with antibiotic solution. These results are supported on our knowledge about the mechanism of action of gramicidin and polymyxin B, which interfere with lipid bilayer of biomembranes (Oh et al., 2017; Azar et al., 2018). Next, we tried to get insights about which of the three antibiotic compounds (neomycin, polymixin B or gramicidin) was predominately responsible for the antitumor effect on HeLa cells. At the same final concentration (0.1 mg/mL), HeLa growth inhibition was strongest with gramicidin (50%) as compared to neomycin and polymixin B, respectively 26 and11% growth inhibition. Recently it was reported that 40 nM of gramicidin was necessary to block proliferation of gastric tumor cells (Chen et al., 2019). The addition of 0.3–3 μM of gramicidin induced apoptosis after 2 h-exposotion among gastric tumor cells (Chen et al., 2019). Thus, we identified gramicidin to be etiological agent of the antitumor activity against HeLa cells.

Unfortunately monotherapy that involve the employ of a single drug is not enough to suppress the tumor growth in patients. Combination therapy is an alternative of treatment in conventional chemotherapy that uses more than one drug and has been suggested to obtain synergistic effect increasing treatment efficacy and decrease the duration of treatment (Gurunathan et al., 2018). Nanomaterials are being used in cancer therapy due their biocidal properties increasing therapeutic efficiency, and reducing non-desired effects improving target delivery in the site where effect is needed (Davis et al., 2008). When we combined gramicidin with BisBAL NPs, there was a synergistic effect on tumor cell growth inhibition, in comparison to their efficacy individually. It was described by Zhao et al. that C-C chemokine ligand two recruits bismuth selenide nanoparticles to facilities photothermal sensitivity of breast cancer cells (Zhao et al., 2018). Several examples of combination therapy implicating metal nanoparticles can be underline; cervical carcinoma-targeted delivery of doxorubicin with folic acid-modified selenium nanoparticles has been tested successfully in vitro and in vivo (Xia et al., 2018). Calcium phosphate nanostructures constitute right now an alternative for combined drug delivery to target cancer cells based on their biocompatibility and excellent chemical properties (Son and Kim, 2017). Gold nanoparticles plus doxorubicin showed improved therapeutic efficacy against breast cancer cells and few toxicity (Li et al., 2018).

Previously, we have reported that the mechanism of action of BisBAL NPs against tumor cells involved altering the cell membrane and damaging genomic DNA (Hernandez-Delgadillo et al., 2018; Cabral-Romero et al., 2020). However, we did not know the action mechanism of gramicidin on tumor cells. Gramicidin is a peptide of 15 amino acids and gramicidin dimers can form ion channel-like pores in cell membranes of bacteria (Gordon et al., 1943). Interestingly, doxorubicin interacts with the cell membrane of tumor cells causing physical alterations in the cell membrane in a dose-dependent way and promoting cell death. When cell membrane integrity was evaluated, HeLa cells 24 h-exposed to 0.3 mg/mL of gramicidin, 50 μM of BisBAL NPs or a combination of both drugs, the results showed a strong damage on cell membrane and it was more evident after treatment with the mixture of gramicidin/BisBAL NP. These results support the hypothesis of synergistic phenomenon between gramicidin and BisBAL NPs. Also these data confirm previous reports about gramicidin's capacity to bind to cell membranes and alter their permeability. As expected, an effect on the nuclei of tumor cells was only observed for BisBAL NPs, which is consistent with previous reports (Hernandez-Delgadillo et al., 2018), but not for gramicidin. Thus, it seems that gramicidin only attacks the cell membrane of HeLa cells. Together, gramicidin and BisBAL NP seem highly synergistic: gramicidin alters membrane integrity and BisBAL NP is genotoxic.

In conclusion, we report in this study the effectiveness of the triple antibiotic solution Neo-Poly gramicidin as a growth inhibitor of the human cervical cancer cells known as HeLa. The combination of gramicidin/BisBAL NPs showed a synergistic antitumor activity on HeLa, probably due to a combination of altered cell membrane integrity of tumor cells and a genotoxic effect. The gramicidin/BisBAL NP combination may be a promising alternative for the topical treatment of cervical carcinoma.
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