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Abstract

:

Nicotine activates nicotinic acetylcholine receptors (nAChRs), which are overexpressed in numerous cancer types, leading to signaling pathways that increase lung cancer invasiveness and resistance to chemotherapeutic agents. In this study, the effects of APS12-2, a synthetic analog of marine sponge toxin that acts as an antagonist of nAChRs, was investigated in vitro on A549 human lung adenocarcinoma cells and non-tumorigenic human lung epithelial BEAS-2B cells. In addition, gelatin nanoparticles (GNPs) loaded with APS12-2 (APS12-2-GNPs) were prepared and their effects were compared with those of free APS12-2. Nicotine reduced cytotoxicity, the formation of reactive oxygen species, and the formation of lipid droplets caused by cisplatin on A549 cells. The effects of nicotine on the decreased efficacy of cisplatin were reduced by APS12-2 and APS12-2-GNPs. APS12-2-GNPs showed a substantial advantage compared with free APS12-2; the cytotoxicity of APS12-2 on BEAS-2B cells was greatly reduced when APS12-2 was loaded in GNPs, whereas the cytotoxicity on A549 cells was only slightly reduced. Our results suggest that both APS12-2 and APS12-2-GNPs hold promise as supportive agents in the cisplatin-based chemotherapy of lung cancer.
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1. Introduction


Lung cancer represents a global health crisis, as it is the second most commonly diagnosed cancer and the leading cause of cancer death worldwide [1]. Lung cancer is primarily categorized into two histological types—small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC). NSCLC accounts for approximately 85% of all lung cancer cases, while the remaining 15% are attributed to SCLC [2]. The treatment of NSCLC is a major challenge, as it often becomes resistant to chemotherapeutic treatments [2], and conventional chemotherapy alone proves ineffective in patients with advanced NSCLC [3]. One of the biggest challenges in cancer treatment with chemotherapy is the indiscriminate action of the drug on both malignant and healthy cells [4], which leads to side effects in other tissues and organs. In addition, cancer cells often develop resistance to chemotherapy, causing treatments to become less effective [4]. This leads to the administration of higher doses to overcome cancer resistance, resulting in more damage to healthy tissues.



The development of effective targeted therapies and immunotherapies for lung cancer has significantly improved the overall survival rate of patients with NSCLC [3,5,6]. Targeted therapies can use different antagonists that target specific genes and proteins or to change the microenvironment of tumors that promote the growth and survival of cancer cells [5]. Targeted therapies are frequently employed in treating advanced lung cancers that remain unaffected by conventional drugs [5]. In this context, it is interesting to investigate the modulation of nicotinic acetylcholine receptors (nAChRs), which are overexpressed in numerous cancer types [7].



nAChRs are ion channels located in the plasma membrane of the cells. They consist of five subunits that assemble into either heteropentameric receptors, comprising combinations of different subunits such as α2–α6 or α10 with β2–β4, or homopentameric receptors composed of five identical α7, α8, or α9 subunits [8]. Specific nAChR subtypes are selectively overexpressed in various cancer types. For example, α7 nAChRs are overexpressed in lung cancer, while α9 nAChRs show elevated levels in breast cancer [9].



Nicotine, a known nAChR agonist and the addictive component of tobacco, cannot trigger tumorigenesis, but it is known to promote tumor growth and metastasis [10]. Nicotine binds to and activates the nAChRs overexpressed in numerous cancer types, leading to the activation of various signaling pathways that increase lung cancer invasiveness and resistance to chemotherapeutics [11]. The stimulation of α7 nAChRs in lung cancer cells was associated with increased cellular growth and metastasis [12], as well as cancer resistance to chemotherapeutics [11]. According to the role of nAChRs in lung cancer cell development and drug resistance, the use of nAChR antagonists could block, or at least attenuate, the effect of nicotine (and other agonists, e.g., acetylcholine), thereby improving the efficacy of current chemotherapy agents such as cisplatin in combating cancer resistance.



Cisplatin is a versatile anticancer drug that is effective against various types of cancer and has been shown to have the potential to prolong patient survival [13]. The cytotoxicity of cisplatin has been shown to be related to the generation of reactive oxygen species (ROS) [14]. ROS are highly reactive molecules with unpaired electrons, such as superoxide, hydrogen peroxide, and hydroxyl radicals [15]. Cisplatin-induced ROS can elevate lipid peroxidation and alter enzymes and structural proteins, leading to cell apoptosis [16]. Despite its common use in the treatment of lung cancer, cisplatin often encounters resistance; nevertheless, it remains a primary therapy for lung cancer [17]. Therefore, there is a need to explore novel treatment approaches that improve the effectiveness of current therapies in eliminating cancer cells, while minimizing side effects and combating cancer resistance.



So far, only a limited number of nAChR antagonists have been tested to examine their anticancer activities. For instance, sinomenine has been shown to decrease the proliferation and migration of lung cancer cells and trigger apoptosis [18]. Sinomenine is extracted from the roots of a plant called Sinomenium acutum [19]. Witayateeraporn et al. (2020) found that low doses of QND7, a chemically synthesized nAChR ligand, decreased the proliferation and migration of lung cancer cells [20]. Another example of a synthesized nAChR ligand, MG624, was found to inhibit angiogenesis in human SCLC [21]. Marine organisms have proven to be a valuable source of compounds with antitumor activities [7]. For example, polymeric 3-alkylpyridinium salts (poly-APSs), derived from the marine sponge Haliclona (Rhizoneira) Sarai, demonstrated inhibitory effects on the proliferation of NSCLC [22]. Poly-APSs exhibit various biological activities, including cytotoxicity, inhibition of bacterial growth, and cholinesterase activity inhibition [7]. Synthetic poly-APS analogs such as APS8 (3-octylpyridinium) and APS12-2 (1,3-dodecylpyridinium salt; Figure 1), obtained via organic synthesis, offer promising commercial and biological applications [23]. APS8 has been proven to be a potent α7 nAChR antagonist that counteracts the anti-apoptotic effects of nicotine and suppresses lung cancer cell growth, with negligible effects on normal lung fibroblasts [7]. Another synthetic poly-APS analog is APS8-2 [24]; our previous study showed that APS8-2 acts as an α7 nAChR antagonist and is able to counteract the pro-cancer effects of nicotine and restore the efficacy of cisplatin [25]. APS12-2 and structurally related compounds are described as potential chemotherapeutic agents that exhibit very low toxicity in vivo [26]. Grandič et al. (2012) showed that APS12-2 is a potent antagonist of skeletal muscle α12β1γδ nAChR [27]. Due to its structural similarity to APS8 and APS8-2, APS12-2 may also act as an antagonist for the α7 nAChR subtype and modulate the effects of nicotine that reduce the efficacy of chemotherapeutics. However, the use of different APS molecules in cancer therapy may be limited, due to their cytotoxic properties, which can negatively affect healthy cells.



Nanoparticles (NPs) offer several advantages in the administration of drugs. These include targeted delivery, which minimizes the drug’s effect on non-target cells; protection against degradation; improved tissue penetration; and the ability to incorporate several different substances into the same particle [28,29]. Gelatin nanoparticles (GNPs), which are biodegradable, non-toxic, and cost-effective, represent a promising tool for drug delivery [30]. GNPs have already been used clinically for the aerosolic delivery of drugs for the treatment of lung cancer, facilitating direct drug delivery into the lungs and potentially reducing side effects [31].



The aim of this study was to investigate the potential of APS12-2 and APS-12-2 loaded in GNPs (APS12-2-GNPs) to reduce the effects of nicotine, which decreases the efficacy of the chemotherapeutic agent cisplatin. The cytotoxicity of APS-12-2 and APS12-2-GNPs was tested on A549 non-small-cell lung cancer cells and BEAS-2B non-tumorigenic lung cells. The efficiency of APS12-2-GNPs to reduce the effect of nicotine on cisplatin-treated A549 cells was tested and compared with the effect of free APS-12-2.




2. Materials and Methods


2.1. Chemicals


APS12-2 (1,3-dodecylpyridinium salt) was obtained from Prof. Michael Jaspars from the University of Abeerden, Scotland, where it was synthesized [24]. A549 cells and BEAS-2B cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The ApoTox-GloTM Triplex assay was obtained from Promega (Madison, WI, USA). Cell culture media, bovine serum albumin (BSA), phosphate-buffered saline (PBS), Dragendorff reagent, Gelatin type B (bloom 225), Nile red, and all other chemicals used in our experiments were obtained from Sigma-Aldrich (Steinheim, Germany), unless stated otherwise.




2.2. Preparation of Gelatin NPs


GNPs and APS12-2-GNPs were prepared using the nanoprecipitation technique, as described by Khan and Schneider (2013) [32], with modifications. Briefly, 20 mg of gelatin type B (bloom 225) was dissolved in 1 mL of distilled water, to prepare free GNPs. For the preparation of APS12-2-GNPs, 20 mg of gelatin type B (bloom 225) was dissolved in a water solution containing 5 mg/mL APS12-2. In the following steps, the gelatin–water solution was heated to 55 °C and was slowly added (drop by drop) to a solution consisting of 95% ethanol and 7% (m/v) Poloxamer 407, using a magnetic stirrer for mixing. Cross-linking of the gelatin solution was achieved by adding a 2% glutaraldehyde solution. The solution was left overnight, while being continuously mixed with a magnetic stirrer. The synthesized GNPs and APS12-2-GNPs were freeze-dried. The mass of the synthesized particles was determined after freeze-drying. Prior to the experiments, the dried GNPs and APS12-2-GNPs were rehydrated with Milli-Q water.




2.3. Characterization of Gelatin NPs


GNPs and APS12-2-GNPs were visualized using scanning electron microscopy (SEM; JEOL JSM-6500F, JEOL, Akishima, Tokyo, Japan) and transmission electron microscopy (TEM; JEM 2100, JEOL, Akishima, Tokyo, Japan). Zeta potential measurements were performed on the GNPs and APS12-2-GNPs suspended in cell medium and water, using electrokinetic measurements (Brookhaven Instruments Corporation, ZetaPALS, Holtsville, NY, USA). The hydrodynamic diameter of GNPs and APS12-2-GNPs in water was determined using dynamic light scattering (DLS; Litesizer 500, Anton Paar, Graz, Austria).




2.4. APS12-2 Loading and Profile Release


The concentration of APS12-2 loaded in APS12-2-GNPs was measured using Dragendorff reagent, a colorimetric reagent commonly used for detecting alkaloid content [33,34]. Standard calibration curves were created with varying concentrations of APS12-2 (0, 1, 1.5, 2, and 2.5 µg/mL). In a 96-well plate, 100 µL of different concentrations of APS12-2, along with solutions containing 50 µg/mL of GNPs and 50 µg/mL of APS12-2-GNPs, were pipetted. Subsequently, 10 µL of Dragendorff reagent was added to each well, while a blank containing 110 µL of distilled water (without Dragendorff reagent) was prepared. The plate was briefly agitated to ensure homogeneity and the absorbance was measured at 300 nanometers (nm) using a BioTek Cytation 3 spectrophotometer. The amount of APS12-2 in the APS12-2-GNPs was determined using the calibration curve. This experiment was conducted in duplicate, with each instance involving five replicates.



The release profile of APS12-2 from prepared GNPs was studied in phosphate-buffered saline (PBS) at pH 7.4 and 37 °C, using a Wisestir MSH-20D stirrer (witeg Labortechnik GmbH, Wertheim, Germany) at 100 rpm. A total of 50 µg/mL APS12-2-GNPs were prepared in PBS and were allowed to incubate for various time intervals (0.5, 1, 2, 4, 6, 24, and 48 h). At each time point, 2 mL of the suspension was pipetted and centrifuged at 14,000× g for 5 min; subsequently, the supernatant was transferred into a new Falcon tube. The absorbance of the supernatant at each time interval was measured using a BioTek Cytation 3 spectrophotometer (Seattle, WA, USA). The amount of released APS12-2 in the supernatant was quantified, using a calibration curve previously generated for APS12-2.




2.5. Cell Culture


A549 cells and BEAS-2B cells were cultured in Dulbecco’s modified Eagle’s medium, supplemented with 4 mM L-glutamine and 10% (v/v) fetal bovine serum (FBS). Cells were grown at 37 °C in a humidified atmosphere with 5% CO2. For the experiments with BEAS-2B cells, flasks/plates coated with collagen type I and BSA were used.




2.6. Cytotoxicity Measurements


The cytotoxicity of APS12-2, GNPs, and APS12-2-GNPs was assessed on A549 lung cancer cells and the non-cancerous lung epithelial cell line BEAS-2B. Three different assays, namely the Resazurin assay (RUZ), the Neutral red uptake (NRU) assay, and the Coomassie brilliant blue (CBB) assay, were used to measure cytotoxicity, each providing a unique perspective on cell viability. The RUZ assay measures cellular metabolic activity, the NRU assay measures the stability of lysosomes in live cells, and the CBB assay measures the quantity of cellular proteins. A549 and BEAS-2B cells were seeded in 96-well plates at a density of 7000 and 10,000 cells per well, respectively. After a 24 h incubation period to allow for cell adhesion, cells were treated with different concentrations of APS12-2 (from 0.18 to 1.8 µg/mL), GNPs (from 10 to 400 µg/mL), and GNPs-APS12-2 (from 10 to 200 µg/mL) for 24 h. After exposure, cytotoxicity assays were performed, according to the protocol described by Kononenko and Drobne [35]. For all experiments, three independent repeats were performed, each with at least five replicates.




2.7. ApoTox-GloTM Triplex Assay


A549 cells were seeded in 96-well plates at a density of 7000 cells per well and were incubated for 24 h. The cells were then treated with different compounds for 24 h or 48 h. The cells were treated for 24 h with 1 µM nicotine; 50 µg/mL cisplatin; 0.18 µg/mL APS12-2; 10 µg/mL GNPs; 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2); a combination of 1 µM nicotine and 50 µg/mL cisplatin; a combination of APS12-2, 50 µg/mL cisplatin, and 1 µM nicotine; and a combination of APS12-2-GNPs, 1 µM nicotine, and 50 µg/mL cisplatin. The cells were treated for 48 h with 1 µM nicotine; 10 µg/mL cisplatin; 0.18 µg/mL APS12-2; 10 µg/mL GNPs; 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2); a combination of 1 µM nicotine and 10 µg/mL cisplatin; a combination of APS12-2, 10 µg/mL cisplatin, and 1 µM nicotine; and a combination of APS12-2-GNPs, 1 µM nicotine, and 10 µg/mL cisplatin. After 24 h or 48 h of treatment, cytotoxicity was assessed using the ApoTox-GloTM Triplex Assay, following the manufacturer’s instructions (Promega, Madison, WI, USA). Four replicates were performed for each treatment condition.




2.8. Intracellular ROS Measurements


A549 cells were seeded in 96-well plates at a density of 7000 cells per well and were incubated for 24 h to allow for cell adhesion. The cells were then treated for 24 h with 1 µM nicotine, 10 µg/mL GNPs, 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2), 0.18 µg/mL APS12-2, and a combination of these compounds with 1 µM nicotine. After the treatment, cells were rinsed with 100 µL of PBS. The cells were then incubated with 20 µM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) for 30 min, to load the ROS indicator, followed by two PBS rinses to remove unloaded dye. Finally, the cells were treated with 100 µg/mL Cisplatin and then 7′-dichlorofluorescein (DCF) fluorescence was measured using a BioTek Cytation 3 microplate reader (Seattle, WA, USA), at an excitation wavelength of 488 nm and an emission wavelength of 520 nm, to assess ROS levels inside the cells. This compound transforms into the highly fluorescent DCF as a result of oxidation induced by ROS. For each treatment condition, at least three independent repetitions were performed.




2.9. Lipid Droplet Measurements


A549 cells were seeded in 12-well plates at a density of 80,000 cells per well and incubated for 24 h to allow cell adhesion. Cells were then treated for 24 h with 1 µM nicotine; 50 µg/mL cisplatin; a combination of nicotine and cisplatin; 10 µg/mL GNPs; 0.18 µg/mL APS12-2; a combination of APS12-2, cisplatin, and nicotine; 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2); or a combination of APS12-2-GNPs, nicotine, and cisplatin. The next day, the treatment was removed and cells were washed with 100 µL PBS. The cells were then incubated with 1 µM Nile red for 10 min. The fluorescence intensities of at least 10,000 cells per sample were analyzed, using a flow cytometer (BD FACSMelody™) equipped with a yellow-green laser and filter (BP/613/18LP/605/10). Data were analyzed using the FlowJo software V10 (FlowJo, Ashland, OR, USA). For each treatment condition, three independent repetitions were performed.




2.10. Statistical Analysis


The results are expressed as mean ± standard deviation (SD) and were statistically analyzed using ANOVA with Bonferroni’s post-test for multiple comparisons. Statistical significance was determined by a p-value below 0.05. Statistical analysis was performed using GraphPad Prism software 5 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Nanoparticle Characteristics


The mean diameter of GNPs was 182 ± 87 nm, with median value of 185 nm (Figure 2A), while the mean diameter of APS12-2-GNPs was 167 ± 65 nm, with median value of 156 nm, with a broader size distribution (Figure 2B). The hydrodynamic diameter of GNPs and APS12-2-GNPs in water, as determined using DLS, was 316 ± 6 nm and 360 ± 22 nm, respectively. The zeta potential of GNPs in water and cell culture medium (Figure 2G) was −26.0 ± 0.7 mV and −6.2 ± 0.6 mV, respectively, while for APS12-2-GNPs (Figure 2H), was 8.3 ± 5.8 mV and −7.7 ± 1.7 mV, respectively.




3.2. Profile Release of APS12-2-GNPs


The amount of APS12-2 within the APS12-2-GNPs was determined using Dragendorff reagent (Figure 3A). APS12-2-GNPs contained 0.90 ± 0.05 µg APS12-2 per 50 µg of APS12-2-GNPs, as determined using a calibration curve generated from various concentrations of free APS12-2 (Figure 3A). The APS12-2 released from the prepared GNPs exhibited a burst release pattern during the initial 6 h, with approximately 70% of APS12-2 being released within this period (Figure 3B). The release of APS12-2 followed a controlled and slower manner over the next 48 h. By the end of the 48 h, approximately 96% of the APS12-2 had been released (Figure 3B).




3.3. Cytotoxicity of APS12-2, GNPs, and APS12-2-GNPs


The cytotoxicity of APS12-2, APS12-2-GNPs, and GNPs was evaluated on A549 lung cancer cells and the non-cancerous lung epithelial cell line BEAS-2B, after 24 h exposure using three different assays—the Resazurin assay, the neutral red uptake (NRU) assay, and the Coomassie brilliant blue (CBB) assay (Figure 3). APS12-2 and APS12-2-GNPs induced concentration-dependent cytotoxicity in both cancerous (A549) and non-cancerous (BEAS-2B) lung cells (Figure 3), whereas GNPs did not induce cytotoxicity in either cell line (Figure 3A,B).



At a concentration of 0.45 µg/mL of APS12-2, there was a significant decrease in metabolic activity (measured using the Resazurin assay), lysosomal stability (NRU assay), and protein content (CB assay) in BEAS-2B cells (Figure 4F). However, in A549 cells, only a slight change was observed in lysosomal stability (NRU assay) at the same concentration. The cytotoxicity of APS12-2 decreased in both cell lines, when loaded into gelatin nanoparticles. Specifically, in BEAS-2B cells (Figure 4F), APS12-2 induced higher cytotoxicity than in A549 cells (Figure 4E). In A549 cells, we detected low, but significant, cytotoxicity (using the NRU assay) at 25 µg/mL APS12-2-GNPs (Figure 4C), which corresponds to 0.45 µg/mL APS12-2 (since 25 µg of APS12-2-GNPs contains 0.45 µg of APS12-2). In contrast, in BEAS-2B cells, no significant cytotoxicity was observed with APS12-2-GNPs at the same concentration (Figure 4D). At concentrations ≥50 µg/mL, APS12-2-GNPs exhibited cytotoxicity in both cell lines (Figure 4C,D).



In our other experiments, we used non-cytotoxic concentrations of APS12-2 (0.18 µg/mL) and APS12-2-GNPs (10 µg/mL).




3.4. Modulation of Cisplatin-Induced Cytotoxicity in A549 Cells by Nicotine, APS12-2, or APS12-2-GNPs


The cytotoxicity of various compounds was evaluated on A549 cells after 24 h and 48 h treatments, using the ApoTox-GloTM Triplex assay (Figure 5). The treatment of A549 cells with 50 µg/mL of cisplatin for 24 h (Figure 5A) and with 10 µg/mL of cisplatin for 48 h (Figure 5B) resulted in significant cytotoxicity, as indicated by an increased number of dead cells. Conversely, exposure to 1 µM nicotine, 10 µg/mL GNPs, 0.18 µg/mL APS12-2, or 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2) showed no cytotoxic effect at either time interval (24 and 48 h) (Figure 4B and Figure 5A). The cytotoxicity of cisplatin was significantly reduced when the cells were simultaneously co-treated with 1 µM nicotine and cisplatin (Figure 4B and Figure 5A). Although 0.18 µg/mL of APS12-2 alone did not induce cytotoxicity in A549 cells, it significantly restored the cytotoxic effects of cisplatin (Figure 4B and Figure 5A). In contrast, treatment with 10 µg/mL of APS12-2-GNPs did not restore the cytotoxicity of cisplatin in the 24 h treatment (Figure 5A), but both APS12-2 and APS12-2-GNPs restored the cytotoxicity of cisplatin in the 48 h treatment (Figure 5B). At concentrations of 0.18 µg/mL APS12-2 and 10 µg/mL APS12-2-GNPs, no cellular damage was observed in A549 cells (Figure 5C). However, significant cellular damage was evident in cells treated with 50 µg/mL of cisplatin (Figure 5C).




3.5. Intracellular ROS Measurement


The level of intracellular reactive oxygen species (ROS) was determined in A549 cells after a 24 h treatment with various compounds (Figure 6). Treatment with nicotine, GNPs, and APS12-2 did not increase ROS content in A549 cells, whereas treatment with APS12-2-GNPs significantly increased ROS content in A549 cells (Figure 6A). After the addition of 100 µg/mL cisplatin, ROS levels were significantly increased in A549 cells (Figure 6B). Notably, pretreatment with 1 µM nicotine reduced the ROS induction by cisplatin, compared to cells without nicotine pretreatment (Figure 6B). This effect of nicotine was attenuated by the presence of 0.18 µg/mL APS12-2 and 10 µg/mL APS12-2-GNPs (Figure 6B).




3.6. Intracellular Amount of Lipid Droplets


The amount of lipid droplets (LDs) was assessed using Nile red staining in A549 cells, following a 24 h treatment with various compounds (Figure 7). Treatment with 10 µg/mL GNPs, 0.18 µg/mL APS12.2, and 10 µg/mL APS12.2-GNPs did not affect the amount of lipid droplets (LDs) in A549 cells (Figure 7A). However, treatment with 50 µg/mL cisplatin significantly increased the amount of lipid droplets in A549 cells (Figure 7B). Interestingly, the cisplatin-induced increase in LDs was significantly reduced when cells were co-treated with 1 µM nicotine and 50 µg/mL cisplatin (Figure 7B). Conversely, the co-treatment of cells with nicotine, along with APS12-2 or APS12-2-GNPs, restored the cisplatin-induced increase in LDs (Figure 7B).





4. Discussion


The use of NPs offers several advantages in various medical applications, from diagnostics to cancer treatment [36,37]. Several types of NPs were developed specifically for targeted drug delivery to treat lung cancer and lung metastases [37]. In our study, GNPs and GNPs loaded with a synthetic analog of marine sponge toxin APS12-2 (APS12-2-GNPs) were prepared using a nanoprecipitation method [32] that allows the production of significantly smaller particles (100–200 nm), in comparison to the coacervation method, where GNPs diameter size range between 200 and 500 nm [38]. The zeta potential of GNPs (−26.0 mV) was notably lower compared to that of APS12-2-GNPs (8.3 mV), as shown in Figure 2. This indicates that APS12-2-GNPs are less stable and more prone to nanoparticle aggregation than free GNPs (Figure 2). Typically, zeta potentials of approximately ±20 mV suggest only short-term stability for nanoparticles, while values below 5 mV are indicative of rapid aggregation [39]. This difference in stability might also explain the higher hydrodynamic diameter of GNPs compared to APS12-2-GNPs.



Subsequently, the cytotoxicity of prepared GNPs and APS12-2-GNPs, as well as APS12-2, on A549 non-small-cell lung cancer and BEAS-2B non-cancer cells was investigated. A549 lung cells were chosen in this study for their high expression level of α7 nAChRs [40]. Our results showed that GNPs were not cytotoxic to both A549 lung cancer cells and BEAS-2B non-cancer cells (Figure 3A,B). The outcome is expected, as GNPs are well-known for their good biodegradability and non-toxic nature, making them promising candidates for drug delivery and controlled release [30]. The cytotoxicity of APS12-2 was reduced in both cell lines, when loaded into GNPs (Figure 4C,D). It is known that various APS molecules, including APS12-2, can form pores in cell membranes, making them cytotoxic [23]. By incorporating APS12-2 into GNPs, we probably reduce the concentration of free APS12-2 that comes into direct contact with the plasmalemma, making APS12-2-GNPs slightly less cytotoxic. GNPs, as nanocarriers, enable slow drug release [36], which, in the case of APS12-2-GNPs, can induce cytotoxicity in cells that have endocytosed APS12-2-GNPs. The cytotoxicity of APS12-2, when loaded in GNPs, was diminished in BEAS-2B cells, but only slightly reduced in A549 cells, at a concentration of 0.45 µg/mL, equivalent to 10 µg/mL APS12-2GNPs (Figure 4C,D). This could be explained by a higher endocytosis of nanoparticles by A549 cells, compared to BEAS-2B cells, which has already been shown in the case of polystyrene nanoparticles [41].



This study aimed to investigate the potential of APS12-2 and APS12-2-GNPs as nAChR antagonists, to reduce the effects of nicotine on the efficacy of cisplatin-based chemotherapy. Nicotine binds to and activates nAChRs, leading to various signaling pathways that increase lung cancer invasiveness and resistance to chemotherapeutics [11]. Our study observed that for the co-treatment of A549 cells with cisplatin and nicotine, nicotine significantly reduced the cytotoxicity of cisplatin (Figure 4A,B), potentially via nAChR activation. Similarly, a previous study observed that the cytotoxicity of cisplatin was significantly decreased by nicotine through α7 nAChRs in oral cancer cells (YD8 and OEC-M1) [11]. Additionally, our previous study demonstrated that nicotine reduced the cytotoxicity of cisplatin on A549 cells [25]. Furthermore, the cytotoxicity of cisplatin was restored by the nAChR antagonist APS12-2 (Figure 4A,B). Similarly, our previous study demonstrated that the α7 nAChR antagonist APS8-2 restored cisplatin-induced cytotoxicity in A549 cells, by blocking the effects of nicotine [25]. APS12-2-GNPs did not restore cisplatin cytotoxicity in the 24 h treatment (Figure 4A), whereas they were able to restore it in the 48 h treatment (Figure 4B). We could speculate that APS12-2-GNPs were unable to restore the cytotoxicity of cisplatin in the 24 h treatment, due to the reduced concentration of free APS12-2, which directly interacts with nAChRs, when APS12-2 was loaded into GNPs. This reduction in free APS12-2 could be attributed to the slower release of APS12-2-GNPs from the nanoparticles, known for enabling slow drug release [36], as illustrated in Figure 3B, which indicated a gradual release of APS12-2 over a 6–48 h period.



nAChRs are expressed not only on the outer cell membranes, but also on the outer membranes of mitochondria [37]. The activation of mitochondrial α7-nAChRs inhibits mitochondrial permeability transition pore (mPTP) opening and cytochrome c release, thereby blocking the early apoptosis stages [9,42,43]. The mitochondrial nAChRs were found to primarily mediate nicotine’s ability to protect SW900 human lung cancer cells against apoptotic agents such as hydrogen peroxide and staurosporine [44]. In our research, nicotine might also decrease the cytotoxicity of cisplatin (Figure 4A,B), potentially via mitochondrial nAChRs. Furthermore, APS12-2, either free or released from APS12-2-GNPs, might attenuate the effects of nicotine on mitochondrial α7-nAChRs, leading to the restoration of the cytotoxicity of cisplatin. On the other hand, our results showed that approximately 70% of APS12-2 was released within 6 h (Figure 3B), indicating that a large amount of APS12-2 might be released from APS12-2-GNPs into the extracellular environment. The released APS12-2 might then be able to block membrane nAChRs, thereby blocking nicotine’s effects on the cytotoxicity of cisplatin and leading to the restoration of cisplatin’s cytotoxicity (Figure 4B).



Considering cisplatin-induced cytotoxicity involves mitochondrial reactive oxygen species (ROS) generation [14], the effects of nicotine on cisplatin-induced ROS production was investigated (Figure 5). In this study, it was observed that nicotine decreased the intracellular amount of ROS production caused by cisplatin in A549 cells (Figure 5B), potentially via nAChR activation. This outcome could be explained by a previous study [45], which showed that the nicotine can reduce oxidative stress by decreasing ROS generation and activating cellular antioxidant defenses, via the activation of α7 nAChRs [45]. Dong et al. (2020) suggested that the activation of α7-nAChRs by nicotine protects against H2O2-induced oxidative injury, through a signaling pathway that leads to the phosphorylation of Erk1/2 [45]. We speculate that nicotine might decrease cisplatin-induced ROS production (Figure 5B) via the activation of α7 nAChRs, leading to a decrease in the cytotoxicity of cisplatin (Figure 4). Furthermore, this study demonstrated that APS12-2 attenuated the nicotine-induced decrease in ROS generated by cisplatin (Figure 5B). This decrease in ROS generated by cisplatin was also prevented by APS12-2-GNPs, possibly due to the ROS generated from APS12-2-GNPs (Figure 5A). Similarly, APS8-2 showed the potential to attenuate the nicotine-induced decrease in ROS generated by cisplatin [25]. We speculate that APS12-2 might bind to and block α7 nAChRs, thereby attenuating the effects of nicotine on cisplatin. Further studies are needed to explore the binding selectivity of APS12-2 to different sub-types of nAChRs.



Additionally, we observed a correlation between ROS production and lipid droplet (LD) formation. It has already been reported that ROS plays a crucial role in the formation of LDs [46]. LDs are organelles found in the cytoplasm that play a crucial role in storing neutral lipids [47]. In this study, cisplatin significantly increased the amount of LDs in A549 cells (Figure 6B). This increase in the amount of LDs by cisplatin might be due to ROS generated by cisplatin (Figure 5B). However, when A549 cells were treated with cisplatin and nicotine, we observed not only a decrease in intracellular ROS formation (Figure 5B), but also a decrease in the cellular amount of LDs (Figure 6B). This reduction could be attributed to the activation of nAChRs by nicotine. However, when A549 cells were simultaneously treated with nAChR antagonists (APS12-2 or APS12-2-GNPs), nicotine and cisplatin, the nicotine-induced reduction in LDs was attenuated (Figure 6B), potentially via blocking nAChRs.



Our study showed that APS12-2 and APS12-2-GNPs restored the cytotoxic effect of cisplatin on cancer cells. Compared to APS12-2-GNPs, free APS12-2 exhibited a higher cytotoxicity on cancer and non-cancer cells. However, both APS12-2 and APS12-2-GNPs showed the potential to attenuate the nicotine-induced reduction in ROS and LDs caused by cisplatin. These results suggest that APS12-2 and APS12-2-GNPs could be used to enhance the effectiveness of cisplatin treatment for lung cancer. Further in vivo studies are needed to confirm the potential of APS12-2 APS12-2-GNPs to be used as supportive agents in the cisplatin-based chemotherapy of lung cancer.




5. Conclusions


Incorporating APS12-2 into GNPs decreases its cytotoxic effects on non-cancerous lung cells, more so than on lung cancer cells. Nicotine reduces cisplatin cytotoxicity and cisplatin induced increases in cellular amounts of ROS and LDs. Our study demonstrates that these effects of nicotine are reduced by treatment with APS12-2 and APS12-2-GNPs. Incorporating APS12-2 into GNPs decreases the potential of APS12-2 to restore the cisplatin cytotoxicity decreased by nicotine in 24 h treatment. Our findings indicate that APS12-2 and APS12-2-GNPs hold promise as supportive agents in the cisplatin-based chemotherapy of lung cancer.
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Figure 1. The chemical structure of 3-alkylpyridinium analog APS12-2. 
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Figure 2. Size distribution, scanning electron microscopy (SEM) images, transmission electron microscopy (TEM) images, and zeta potential distribution in cell medium (pH 8.10) of GNPs and APS12-2GNPs. (A) The size distribution, (C) the scanning electron microscopy images, (E) the transmission electron microscopy image and (G) the zeta potential distribution of GNPs, and (B) the size distribution, (D) the scanning electron microscopy images, (F) the electron microscopy image, and (H) the zeta potential distribution in cell medium (pH 8.12) of APS12-2-GNPs. 
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Figure 3. Calibration curve of APS12-2 (A) and release profile of APS12-2-GNPSs (B), n = 5. 
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Figure 4. The cytotoxicity of APS12-2, GNPs, and APS12-2-GNPs on A549 and BEAS-2B cells. The cytotoxicity (A,B) GNPs, (C,D) APS12-2-GNPs, and (E,F) APS12-2 on (A,C,D) A549 cells and on (B,D,F) BEAS-2B cells was evaluated using the Resazurin, NRU, and CBB assays, after 24 h of exposure. Dashed rectangles represent the differences in the cytotoxicity of APS12-2 and APS12-2-GNPs in both cell lines. Measurements were normalized to untreated controls (dashed line), as mean percentage (+SD, n = 3). The data were statistically analyzed using ANOVA with Bonferroni multiple comparisons post-test. The asterisks indicate a significant difference with respect to the untreated control. * equals p < 0.05; ** equals p < 0.01; *** equals p < 0.001. 
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Figure 5. Measurement of cytotoxicity using the ApoTox-GloTM Triplex assay in A549 cells. Cytotoxicity was measured in A549 cells exposed to different compounds for (A) 24 h and (B) 48 h: (A,B) 1 µM nicotine (Nic), (A,B) 10 µg/mL GNPs, (A,B) 10 µg/mL APS12-2-GNPs (equivalent to 0.18 µg/mL APS12-2), (A,B) 0.18 µg/mL APS12-2, (A) 50 µg/mL cisplatin (Cis), (B) 10 µg/mL cisplatin (Cis), (A,B) a combination of Nic and Cis, (A,B) a combination of APS12-2, Cis, and Nic, and (A,B) a combination of APS12-2-GNPs, Nic, and Cis. (C) Microscopic images of A549 cells treated with 1 µM Nic; 10 µg/mL GNPs; 10 µg/mL APS12-2-GNPs; 0.18 µg/mL APS12-2; 50 µg/mL cis; a combination of Cis and Nic; a combination of APS12-2, Cis, and Nic; and a combination of APS12-2-GNPs, Nic, and Cis for 24 h; scale bar represents 100 μm. Measurements are normalized to the untreated controls and presented as mean percentage (+SD, n = 4). The dashed line represents the cytotoxicity of untreated control cells. The data were statistically analyzed using ANOVA with Bonferroni multiple comparisons post-test. The asterisks indicate a significant difference with respect to the untreated control. *** equals p < 0.001 and, with respect to cells treated with Nic and Cis, a* equals p < 0.05; a** equals p < 0.01. 
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Figure 6. Intracellular ROS formation in A549 cells exposed to different compounds for 24 h. (A) ROS levels in cells that were treated with 1 µM nicotine (Nic), 10 µg/mL GNPs, 0.18 µg/mL APS12.2, or 10 µg/mL APS12.2-GNPs (equivalent to 0.18 µg/mL APS12.2). (B) ROS levels in cells treated with 100 µg/mL cisplatin (Cis); a combination of Nic and Cis; a combination of APS12.2, Cis, and Nic; or a combination of APS12.2-GNPs, Nic, and Cis. Results were normalized to the untreated control cells (dashed line) and are presented as mean percentage (+SD, n = 3). The data were statistically analyzed using ANOVA with Bonferroni multiple comparisons post-test. The asterisks indicate a significant difference compared to the untreated control. * equals p < 0.05; ** equals p < 0.01; *** equals p < 0.001 and, with respect to cells treated with Cis and Nic, a* equals p < 0.05; a** equals p < 0.01. 
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Figure 7. Amount of lipid droplets in A549 cells exposed to different compounds for 24 h. (A) Cells were treated with 1 µM nicotine (Nic), 10 µg/mL GNPs, 0.18 µg/mL APS12.2, or 10 µg/mL APS12.2-GNPs (equivalent to 0.18 µg/mL APS12.2). (B) 50 µg/mL cisplatin (Cis); a combination of Nic and Cis; a combination of APS12.2, Cis, and Nic; or a combination of APS12.2-GNPs, Nic, and Cis. Measurements were normalized to untreated controls (dashed line) and presented as a mean percentage (+SD, n = 3). The data were statistically analyzed using ANOVA with Bonferroni multiple comparisons post-test. The asterisks indicate a significant difference with respect to the untreated control. *** equals p < 0.001 and, with respect to cells treated with Cis and Nic, a** equals p < 0.01. 
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