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Abstract

:

Changes in weather conditions and lifestyle lead to an annual increase in the amount of lung cancer, and therefore it is one of the three most common types of cancer, making it important to find an appropriate treatment method. This research aims to introduce a new smart nano-drug delivery system with antibacterial and anticancer capabilities that could be applied for the treatment of lung cancer. It is composed of a niosomal carrier containing curcumin as an anticancer drug and is coated with a chitosan polymeric shell, alongside Rose Bengal (RB) as a photosensitizer with an antibacterial feature. The characterization results confirmed the successful fabrication of lipid-polymeric carriers with a size of nearly 80 nm and encapsulation efficiency of about 97% and 98% for curcumin and RB, respectively. It had the Korsmeyer–Peppas release pattern model with pH and temperature responsivity so that nearly 60% and 35% of RB and curcumin were released at 37 °C and pH 5.5. Moreover, it showed nearly 50% toxicity against lung cancer cells over 72 h and antibacterial activity against Escherichia coli. Accordingly, this nanoformulation could be considered a candidate for the treatment of lung cancer; however, in vivo studies are needed for better confirmation.
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1. Introduction


According to global estimations, lung cancer is known as the third most common type of cancer and the first leading cause of cancer-related death with a five-year survival rate of about 18.6%. It is usually divided into two main types: non-small-cell lung carcinoma (NSCLC) with an abundance of about 80% and small-cell lung carcinoma (SCLC), which accounts for the remaining 20% of lung cancer. Daily enhancement of air pollution along with the changes in peoples’ lifestyles such as increasing smoking and changing in food habits have led to an elevated number of patients with lung cancer and risk of mortality. The main therapeutic method used for the treatment of diagnosed cases of lung cancer includes a combination of chemotherapy, radiotherapy, or immunotherapy with surgery. Among the different treatment methods, chemotherapy is preferred due to its effects on the prevention of cancer recurrence and metastasis; however, most chemotherapeutic agents are hydrophobic compounds that could not reach to their targeted site [1,2,3]. Accordingly, it is important to introduce novel methods that could enhance the efficacy of treatment.



Recent studies focus on the design of different types of targeted delivery nanoformulations to overcome the low water solubility of the therapeutic agents, enhancing their bioavailability in their targeted site, decreasing the administrated dose of the drug, and reducing their side effects on normal cells [4,5]. Niosome nanocarriers are one type of these nanocarriers with a spherical shape that are fabricated from a bilayer nonionic surfactant. Like liposomes, niosomes are composed of hydrophilic heads and lipophilic tails, having the capability of carrying hydrophobic and hydrophilic therapeutic agents simultaneously (Figure 1). These are biodegradable and biocompatible carriers with lower cost of production when compared to liposomes; however, they have a drawback, namely, drug leakage, that could limit their effectiveness in their targeted site [6,7]. To overcome this limitation, surface functionalization of the niosomes with polymeric ligands such as polyethylene glycol (PEG) and chitosan have been suggested, leading to the fabrication of stealth niosome [8,9]. Indeed, the application of polymeric materials such as chitosan, PEG, poly(N-vinyl-2-pyrrolidone), poly(vinyl alcohol), polycaprolactone, and poly lactic glycolic acid, in the structure of nanoformulation could enhance their loading efficiency, bioavailability, and therapeutic performance for different applications [10,11,12].



Despite the effectiveness of these polymeric functionalizations on prevention of drug leakage from the niosome during its journey to the targeted cells, they could decrease the performance of drug release in the targeted site. This limitation can be overcome by using responsive agents that respond to decreased pH or increased temperature of the cancer tissues. This leads to the fabrication of smart stealth niosomes that have the capability of releasing most of the drug molecules in their targeted site rather than normal tissues [13].



Cancerous tissues are also prone to bacterial infections, complicating the treatment process. For example, one of the interesting features of lung cancer is the presence of bacterial infections in the cancerous tissues. Indeed, it is revealed that cancer cells change the microbiota of lung to increase the inflammation and promotion of cancer. Different types of bacteria were determined that have a relationship with the creation and promotion of lung cancer; among one group of them is Gram-negative bacteria such as Escherichia coli (E. coli) [14,15]. Thus, the addition of antibacterial compounds in the drug-loaded carriers could further enhance the efficacy and prevent the inflammation reaction.



Rose Bengal (RB) or 4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraiodofluorescein is a dye with a photodynamic antibacterial property that was firstly used as a wool and food dye in the 19th century in Japan. It is a type of photosensitizer that can produce reactive oxygen species (ROS) under irradiation by light at a wavelength of 550 nm via the energy transfer pathway. It also could enhance the antibacterial activity of other compounds such as β-caryophyllene through a photooxidation reaction. RB could also show its antibacterial activity via acting as a sonosensitizer compound, in dark conditions, via absorbing the electromagnetic energy and transferring it into the heat [16,17,18,19,20].



This study, therefore, is aimed at synthesizing and evaluating the antibacterial and anticancer ability of a new type of smart nanocarrier. To reach this aim, curcumin, as a type of anticancer drug model, was chosen and loaded inside the niosome. Then, these niosomal carriers were functionalized by a chitosan polymer that not only has the capability of creating the responsiveness feature for a new nanoformulation but also could enhance their bioavailability in the lung cancer tissue via promoting their attachments to the mucus due to its muco-adhesive property [21,22] and improving cell attachment due to its positive surface charge. Rose Bengal, as a photosensitizer agent with antibacterial activity, was also loaded inside the carrier. Then, different types of physicochemical analysis including DLS, FE-SEM, TEM, FTIR, and Zeta potential were implemented to evaluate the fabrication of the nanoformulation. In order to confirm the responsiveness of the carrier against pH and temperature, the drug release patterns were examined at two different pH values (5.5 and 7.4) and two temperatures (25 °C and 37 °C). Furthermore, the kinetic of the release was evaluated, employing five different kinetic models. In the final step, the antibacterial and anticancer properties of the formulation were assessed against two different types of bacteria (E. coli and Staphylococcus aureus (S. aureus)) and A549 lung cancer cells.




2. Materials and Methods


2.1. Materials


Sorbitan monostearate (Span 60) and Tween 20 were purchased from Alfa Aesar (Massachusetts, United States). Cholesterol was purchased from PanReac AppliChem (Darmstadt, Germany). Chloroform (99.8%), methanol (99.9%), chitosan (75–85% deacetylated, medium molecular weight), N-vinyl-caprolactam, N, N′-methylenebisacrylamide (MBA), ammonium persulfate (APS), Rose Bengal, acetic acid, fetal bovine serum (FBS), penicillin–streptomycin antibiotic, trypsin–EDTA, and curcumin (65%) were from Merck (Darmstadt, Germany). Dulbecco’s modified Eagle’s medium (DMEM) culture media and phosphate-buffered saline (PBS, pH 7.4) were purchased from PAN-Biotech (Aidenbach, Germany). Luria–Bertani (LB) broth media and Luria–Bertani (LB) were obtained from Sigma-Aldrich (Missouri, United States). A549 lung carcinoma epithelial cell line and bacterial strains (Escherichia coli (E. coli, ATCC strain: 25,922) and Staphylococcus aureus (S. aureus, ATCC strain: 29,213)) were supplied from ATCC (Virginia, USA). Milli-Q water was used for all the experiments.




2.2. Preparation of Curcumin Loaded Niosomes


The thin-film method was used for the preparation of curcumin-loaded niosome [23]. Briefly, Span 60, cholesterol, and curcumin (with a 2:1:1 molar ratio) were dissolved in a mixed solution of chloroform and methanol (50 mL, with 1:3 volume ratio) and then evaporated using a rotary vacuum evaporator (Heidolph, Schwabach, Germany) at 60 °C and 150 RPM. Then, phosphate-buffered saline (PBS) was added to the fabricated thin film layer, and sample was sonicated at 60 °C for 1 h to fabricate nanoniosome-loaded curcumin. The stabilization process was conducted via overnight storage at 4 °C. The final products were washed and centrifuged at 4 °C and 12,000 RPM to remove the unloaded curcumin. Bare niosomes were prepared with the same process in the absence of curcumin.




2.3. Preparation of Chitosan-Coated Niosome Nanoparticles


2.3.1. Grafted Polymer Fabrication


The grafting of N-vinyl-caprolactam (NVCL) on the chitosan was performed on the basis of the procedure of Duan et al., with small modifications [24]. Briefly, a proper amount of chitosan was dissolved in 1% acetic acid solution, and the pH value was adjusted to pH = 5.0. Following this, the solution was heated to 70 °C under nitrogen, and APS (1.5 mL, 1.0 × 10−2 mol/L) was added to it. Then, sodium bicarbonate buffer (NaHCO₃) was added to the reaction system to maintain a constant pH value of the reaction mixture, preventing hydrolysis of n-vinyl-caprolactam at acidic conditions. After 15 min, NVCL and MBA (as crosslinker) were added, and the mixture was stirred for 3 h under nitrogen. The resulting polymer solution was dialyzed (molecular weight cut off (MWCO) 12 kDa) against Ultrapure Milli Q double-distilled water for 7 days and then freeze dried (ScanVac CoolSafe Pro 100-9 (LaboGene, Lillerød, Denmark)) (Scheme 1).




2.3.2. Fabrication of CSgPVCL-Coated Niosomes


The coating process was performed using a microfluidic syringe pump (KD Scientific Legato 100). An equal volume of 1% (w/v) aqueous polymer solution containing a predetermined amount of Rose Bengal was added dropwise at a 25 µL/s rate to the curcumin-loaded niosome solution. The polymer–niosome mixtures were stirred for 1 h at room temperature and then centrifuged at 17,000 RPM for 30 min to remove the excess polymer and unencapsulated Rose Bengal molecules. The same process was used to prepare a drug-free sample.





2.4. Physicochemical Characterization


2.4.1. Size and Zeta Potential


The hydrodynamic size, surface charge, and polydispersity index (PDI) of the nanoparticles were determined using a ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK) instrument, equipped with a 4.0 mV He-Ne laser (633 nm) at 25 °C. The hydrodynamic size of each sample was measured at 25 °C, and their related standard deviation was determined after a threefold repetition.




2.4.2. Electron Microscopy


Morphology and size of the nanoparticles were assessed by a field emission scanning electron microscope (FE-SEM) (Zeiss Leo Supra 35 VP SEM-FEG, Jena, Germany) at a 3 kV operating voltage. Nanoparticles (10 µL) were dropped on a piece of the silicon wafer, dried, and coated with Au-Pd using a sputter coater (Cressington 108, Cressington Scientific Instruments Ltd, Watford, UK) at 40 mA for 120 s. A secondary electron (SE) detector was used to obtain the FE-SEM images. Moreover, 3 µL of stock solution was dropped on a transmission electron microscopy (TEM) grid and analyzed at 200 kV using the TEM microscope (JEM-ARM200, JEOL, MA, USA).




2.4.3. Fourier Transform Infrared (FTIR) Spectroscopy


FTIR analysis (Thermo Scientific Nicolet iS10, MA, USA) was used in the range of 4000–650 cm−1 to confirm the correct preparation of polymeric shell with a deuterated triglycine sulfate detector.





2.5. Determination of Encapsulation Efficiency and Loading Capacity of the Nanoparticles


Encapsulation efficiency (EE%) and loading capacity (LC%) were evaluated using a UV-visible spectrophotometer. In the case of curcumin, after preparing niosomes, they were centrifuged to precipitate the drug-loaded niosomes, and then the supernatant was separated and the precipitated niosomes were washed and centrifuged two more times to remove the physically adsorbed drug molecules. Then, the amounts of unloaded drug (which were presented inside the supernatant) were determined via UV-visible spectroscopy at a wavelength of 425 nm, and the percentages of EE and LC were determined using Equations (1) and (2) [25]. The same process was applied after encapsulating curcumin-loaded niosomes and RB inside the polymeric shell, and the amounts of unloaded RB were determined after measuring the adsorption of the supernatant at 560 nm.


  E E % =   T o t a l   a m o u n t   o f   d r u g − A m o u n t   o f   u n l o a d e d   d r u g   T o t a l   a m o u n t   o f   d r u g   × 100  



(1)






  L C % =   T o t a l   a m o u n t   o f   d r u g − A m o u n t   o f   u n l o a d e d   d r u g   T o t a l   a m o u n t   o f   n a n o c a r r i e r   × 100  



(2)








2.6. Drug Release Test and Release Kinetics Analysis


The drug-released pattern of the polymer-coated niosomes were determined at two different pH values (7.4 as body normal pH and 5.5 as endosomal pH) and two different temperatures (25 °C and 37 °C, as storage temperature and body temperature, respectively). To this end, drug-loaded nanoparticles were put in dialysis capsules with a cellulose membrane (MWCO 12 kDa). The capsules were placed in beakers containing 50 mL of PBS (contained 5% Tween 20, with two different pH values) and incubated in a shaker incubator. After certain interval times (1, 3, 6, 12, 24, 48, 72, 96, and 120 h), 3 mL of each solution was replaced by fresh PBS (3 mL), and the absorbances of the isolated samples were determined via UV–VIS analysis at 425 nm and 560 nm to determine the release amount of curcumin and RB, respectively [26]. Then, the resulting release profiles were analyzed using several kinetic models, and the results were compared through their R2 values.




2.7. Cytotoxicity Assay


The anticancer property of the fabricated nanocomplex was evaluated via MTT assay [27]. In detail, A549 cells (human lung carcinoma epithelial cell line) were cultured at a cell density of 1 × 104 cells/well in DMEM as cultured media completed with 10% FBS and 1% antibiotic (penicillin–streptomycin). Cells were incubated for 24 h at 37 °C with 5% CO2. Then, the cultured media were replaced with fresh media containing different concentrations (25, 50, 100, and 200 µg.mL−1) of nanoparticles with/without drug molecules (complete complex and bare complex, respectively). Cells treated with fresh media were used as a negative control, and free curcumin was used as a positive control. After 24, 48, and 72 h incubation at 37 °C, the media of each well were removed, cells were washed with PBS (twice), and 100 µL of fresh media containing 10 µL of MTT solution (with concentration of 5 mg/mL in PBS) was added to each well; following this, the plates were incubated for 4 h in the dark at 37 °C. During this process, the MTT salts were converted to formazan via an enzymatic reaction conducted by the mitochondria of the viable cells. After that, the media of the wells were replaced by 100 µL DMSO (to solubilize the precipitated formazan), and plates were incubated for another 1 h. Finally, the absorbance of each well was measured by a microplate reader (BioTek, Vermont, USA) at 570 nm, and the reference wavelength 650 nm and the percentage of viable cells were determined by comparing the results of each concentration with that of the control.




2.8. Antibacterial Test


Antibacterial properties of the synthesized nanoparticles with/without drug were assessed against two pathogenic bacteria: Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). For this, the bacterial strains were grown in LB broth medium for 18 h on a 200 RPM shaker at 37 °C. Nanoparticles with the concentration of about 2.4 mg.mL−1 in PBS (pH = 7.4) were prepared and sterilized using UV irradiation. Then, a volume of 5 µL of bacterial cell cultures (OD600 = 0.1) were added to 500 µL of nanoparticle solution and incubated for 24 h at 37 °C. After that, 100 µL of each solution was spread onto the surface of Luria–Bertani (LB) agar plates using sterile glass beads, and the plates were incubated for another 24 h at 37 °C. The bacterial colonies grown on the plates were observed and compared. PBS media and free Rose Bengal were used as negative and positive controls, respectively [28].




2.9. Statistical Analysis


SPSS software (version 21, parametric analysis of variance, ANOVA (Tukey), IBM, New York, USA) was applied for quantitative evaluation of the results. The significancy was determined via p ≤ 0.05.





3. Results


3.1. Characterization of Nanoparticles


The average size, surface charge, and dispersity index of bare niosomes, curcumin-loaded niosomes, and chitosan-coated niosomes containing both curcumin and Rose Bengal were determined using Zeta sizer (Table 1). As be seen in the Table 1, the size of niosomes was increased after encapsulating curcumin inside these nanoparticles. Indeed, the hydrophobic nature of curcumin leads to its location between the two layers of the niosome membrane, its hydrophobic part, leading to an increase in the size of the niosomes. The interesting point is despite this increase in size, the PDI of the nanoparticles did not change significantly, which could confirm the structural stability of niosomes and their uniform size. After coating curcumin-loaded niosomes with the polymeric layer containing RB, the size of nanoparticles was increased, which could confirm the presence of a new polymeric shell. Moreover, the PDI of the particles was increased a little, which could represent distribution of the nanoparticles at nearly the same size.



In the case of surface potential, encapsulating the drug led to a slight increase in the charge of nanoparticles. Surface charge of niosomes confirmed their liquid stability due to their high negative charge. Indeed, it is revealed in the literature that nanoparticles with charge more than ±30 mV are stable in liquid solution [29]. Interestingly, coating with chitosan polymer led to a significant change in the surface charge of particles from −46.1 to +30.7 mV. This positive charge could have resulted from the presence of the amine groups in the structure of chitosan and NVCL compounds. This high positive charge of the polymer-coated niosomes also confirmed their liquid stability.



Electron microscopies (TEM and FESEM) were used to determine the size and morphology of nanoparticles. Figure 1 shows the SEM and TEM results of bare niosomes, curcumin-loaded niosomes, and polymer-coated niosomes with both curcumin and Rose Bengal. The results of the SEM images (Figure 2A–C) confirmed the spherical shape of nanoparticles, even after coating with chitosan polymers with a size of about 80 nm, being similar to the results of DLS. Moreover, the size obtained from the TEM images confirmed the results of DLS tests (Figure 2D,E).



FTIR analysis was used to determine the chemical composition of the synthesized particles. Figure 3 shows the FTIR results of bare niosome, grafted polymer, and complete complex (polymer coated niosome loaded with both drugs). The bands between 2800 and 2900 cm−1 and the band around 3400 cm−1 in the spectra were related to the stretching vibrations of alkyl (C-H and C-H2) and hydroxyl groups, respectively. These bands existed in the carrier, grafted polymer, and coated carrier. In the spectrum of bare niosome, the C=C stretch from the cholesterol structure and C=O and C-O stretching of ester groups of Span60 were observed at 1564, 1734, and 1243 cm−1, respectively. In the spectrum of the grafted polymer, the band at 1690 cm−1 was related to the C=O stretching of the amid bond of chitosan. Moreover, two bands at around 1050 and 1100 cm−1 in the spectrum of grafted polymer were attributed to C-O stretching of the primary and secondary alcohols of chitosan. Moreover, bands between 3100 and 3300 cm−1 were attributed to the primary amin presented in the structure of chitosan and secondary amin presented in the structure of the crosslinker, MBA. The band related to the C=O group of NVCL appeared at around 1478 cm−1. The last spectrum shows the curcumin-loaded niosome coated by the grafted polymer incorporating RB. In the spectrum of the complete complex, there was a shift in the stretching bands related to C=O groups of niosome (from 1734 to 1700 cm−1), grafted polymer (from 1690 to 1600 cm−1), primary (from 1100 to 1050 cm−1) and secondary alcohols (from 1050 to 990 cm−1) of chitosan, and the C=O group of NVCL (from 1478 to 1400 cm−1). Moreover, some of the bands related to curcumin and RB were also visible in the spectrum of the complete complex. For example, the olefinic CH group of curcumin confirmed by the weak band at around 1490 cm−1 (since curcumin is encapsulated inside niosome, it was predicted that we would see a very weak shifted band) and the C=O vibration of the RB carboxylic acid group at around 1600 cm−1, all of which confirmed the presence of drugs, niosomes, and polymeric compounds in the structure of the final product [23,24,30,31,32].




3.2. In Vitro Evaluation of Drug Loading and Released Pattern


The amounts of loading capacity and encapsulation efficiency of nanoparticle were calculated for both drugs, and the results are mentioned in Table 2. According to the results of the drug-loading test, nanoparticles showed a high amount of encapsulation efficiency for both drugs.



The nanoparticles were exposed to two different pH value (pH = 7.4 and pH = 5.5) and temperature (25 °C and 37 °C) environments. The release profiles were depicted on the basis of cumulative release (%) and time (Figure 4). At all pH values and temperature levels, sustained-release profiles were observed, and thanks to the presence of temperature and a pH-responsive polymeric shell, faster drug release was achieved at an acidic level (pH = 5.5) and at 37 °C. This phenomenon can be attributed to the protonated amine groups of chitosan and NVCL, leading to swelling of the polymer at slightly acidic conditions and providing more space for drug diffusion. Moreover, at elevated temperature, the conformational change in the structure of polymer results in the shrinking of the polymer and promotes faster drug release [33,34].



According to the results, 57 % of Rose Bengal was released at pH = 5.5 and 37 °C, whereas this amount was 24% at pH = 7.4 and the same temperature. On the other hand, curcumin showed a drug release of about 36% and 17% at pH 5.5 and 7.4, respectively. The pH responsiveness of the resulting nanoparticles displayed faster drug release at acidic pH levels. Moreover, at 25 °C, the released amount of Rose Bengal was about 44% at pH = 5.5 and only 15 % at pH = 7.4, showing the highly tunable feature of this nanoformulation. Curcumin showed 26% and only 13% in the same respective situations. In addition to pH sensitivity, the temperature-responsive release behavior of this nanoparticle is attributed to the presence of a temperature-sensitive polymer, PNVCL, in the structure. Qian et al. prepared chitosan-g-PNIPAM nanocarriers and observed faster paclitaxel release at a higher temperature and acidic conditions (37 °C and pH= 5.5) than at room temperature and physiological pH conditions (25 °C and pH= 7.4) [35]. Moreover, Chen et al. also proposed to have a pH-sensitive drug release of hydrophilic doxorubicin (DOX) and hydrophobic hydroxycamptothecin (HCPT) from a single nanocarrier including one drug at the core and the other drug interacting with the polymeric shell. They observed faster release at acidic pH and sustained release at physiological pH conditions for both drug molecules [36].




3.3. Evaluation of Drug Release Kinetic


Following the curve fitting of all release data (Table 3), the Korsmeyer–Peppas model had the highest R2 value (>0.97) among the other kinetic analysis models. The n values for each release profile were above 0.43, which indicates non-Fickian diffusion. In the Korsmeyer–Peppas model for spherical geometry, the drug release was coherent with Fickian diffusion in the case of the n value below 0.43, and this means that the diffusion rate was greater than the polymeric chain relaxation process. In the other extreme condition where n was greater than 0.85, drug release was governed by swelling or relaxation of polymeric chains, and this phenomenon was also correlated with zero-order kinetics. In addition to these two extreme conditions, the non-Fickian or in other words the anomalous model was observed, wherein the n value was between 0.43 and 0.85. In this case, the drug release mechanism is governed by both diffusion and swelling [37]. In addition to the Korsmeyer–Peppas model, our drug release profiles had good correlation factors with the Higuchi model, although our system did not satisfy the model requirement of negligible swelling/dissolution of the matrix or higher initial drug concentration in the matrix than the solubility of the drug molecules [38].



On the other hand, first-order release kinetics states that the release rate only depends on the concentration; the Hixson–Crowell model assumes that the drug release is related to dissolution velocity and is not related to diffusion [39]. In consideration of our R2 values for these two models, it can be clearly seen that our release profiles were not coherent with them as well.




3.4. Anticancer Activity Test


The anticancer properties of the fabricated nanoformulation were determined via MTT cytotoxicity assay (Figure 5). After evaluating the results with SPSS software, it was concluded that during the first 24 h of exposing cells with different compounds, by increasing the concentration from 25 to 200 µg.mL−1, no significant toxicity was observed for bare nanoformulation that could confirm the biocompatibility of bare formulation. In the case of the drug-loaded carrier, cytotoxicity was increased by increasing the concentration so that near 31% toxicity was achieved at the concentration of 200 µg.mL−1 against cancer cells, while the free drug had no significant effect. We suggest that utilizing the nanocarrier led to improving the water solubility and bioavailability of the anticancer curcumin that resulted in cellular internalization of the drug and thus anticancer effects exhibition. Conversely, in the case of the drug alone, its low solubility could prevent its cellular internalization, and thus no significant cytotoxicity was achieved. This could confirm the effectiveness of a drug-loaded nanoformulation for cancer treatment applications. By increasing the exposing time and due to the decreasing the tampon ability of the culture media, the pH of media decreased, that could enhance the drug release from the nanoparticles and enhance the cytotoxicity effects. Accordingly, after 48 and 72 h, nearly 22% and 27% cytotoxicity effects were seen for the lowest concentration of drug-loaded nanoformulation, respectively. In the highest concentration, this cytotoxicity effect reached about 42 and 48% (for 48 and 72 h, respectively). Moreover, we could see toxicity for some of the concentrations of the bare complex after 48 h, which could have been due to the interactions occurring between positively charged chitosan and negatively charged components of the cancer cells that could have destructive effects on cells. Moreover, as could be seen in the figure, below 200 µg/mL, there was no significant differences between the cytotoxicity of free and loaded drug after 48 h; however, the differences were increased after 72 h so that there was a significant difference in the lower concentrations as well.




3.5. Antibacterial Test


The antibacterial activity of polymer (chitosan)-coated niosome with/without curcumin and RB (drug-loaded complex and bare complex) on E. coli (Gram-negative) and S. aureus (Gram-positive) bacteria were evaluated using the colony method (Figure 6). As it is clear in the figure, the bare complex was found to be effective on E. coli even in the absence of any therapeutic compounds that could be related to the presence of chitosan. RB alone also showed antibacterial activity against both types of bacterial strains, while the drug-loaded complex had complete antibacterial activity and bacterial inhibition only against E. coli. This could be a good result in the case of lung cancer application since Gram-negative bacteria could affect cancer promotion.





4. Discussion


Lung cancer is the first leading cause of cancer-related death in the world, with a poor five-year survival rate resulting from the inefficiency of the current therapeutic method. The most prevalent method used for treatment of this cancer is chemotherapy, which shows low performance due to the low bioavailability of chemotherapeutic agents. On this basis, utilizing a delivery vehicle that could protect and enhance the bioavailability of these therapeutic agents in their targeted site could improve their performance [40]. Accordingly, in this study, we introduced a new type of drug delivery vehicle fabricated from niosome nanoparticles functionalized by a chitosan polymer. Moreover, curcumin was chosen as a type of anticancer agent. Briefly, curcumin-loaded niosome was fabricated at first via the thin-film hydration method, and then chitosan grafted with N-vinyl-caprolactam was coated on the surface of these niosomes in order to improve their stability. Furthermore, Rose Bengal, as a photosensitizer with antibacterial activity, was loaded on the surface of the niosomes during their coating with chitosan.



Chitosan was chosen to enhance the bioavailability of the nanoformulation in the lung and prevent their elimination via mucociliary clearance due to its ability to attach on the surface of the mucus layer and penetrate into deeper parts. This could provide the capability of utilizing the inhalation route for the administration of anticancer drugs (nasal drug delivery), which could also be more efficient since it can reach its targeted site in less time. It is a biocompatible polymer that could be metabolized by the lysosomal enzymes, and due to its positive charge, it could enhance the cellular uptake of the nanoformulation by the cancer cells via interacting with the negative charge of the cell membrane [41,42].



Initiation and promotion of lung cancer are accompanied by changes in the microbiota of the lung. Most changes that occur in the number of bacterial strains are related to Granulicatella, Streptococcus, and Veillonella; however, other types of bacteria such as some of the Gram-negative strains are mentioned as well [43]. On this basis, we added Rose Bengal into the structure of our nanoformulation, with it showing antibacterial activity via producing reactive oxygen species (ROS) when exposed to light irradiation. It also was able to inhibit the activity of the NAD+ and NADP+ dehydrogenase, as well as DNA/RNA polymerase [44]. The antibacterial activity of free RB against both Gram-positive and Gram-negative bacteria was confirmed in previous research [45]. The results of antibacterial tests of this study showed that both bare composite and dual-drug-loaded carrier have antibacterial activity that result from chitosan and chitosan + RB, respectively. This antibacterial activity could be attributed to the interaction of nanoparticles with the bacteria surface that is more common in Gram-negative bacteria compared to Gram-positive ones. Indeed, it is revealed in previous research that the positively charged compounds have antimicrobial effects only against the adsorbed Gram-negative bacteria [46]. In order to confirm that the antibacterial activity of a dual-drug-loaded carrier is related to both chitosan and RB, the antibacterial activity of nanoformulation without RB was also tested. Interestingly, in this test, the nanoformulation containing curcumin did not show an antibacterial effect (Figure S1). Although in some research, curcumin itself has antibacterial activity [47,48], in this study, no antibacterial activity obtained from this compound, which could be due to its low concentration.



In the case of anticancer activity, this nanocarrier showed good anticancer effects during 24–72 h, meaning that 200 µg.mL−1 of it was able to show nearly 31, 42, and 48% cytotoxicity against lung cancer cells (after 24, 48, and 72 h, respectively). As mentioned previously, this nanoformulation is a type of pH-responsive agent that could show higher amounts of drug release in lower pH; however, it is not possible to completely provide such a pH value in in vitro tests due to the presence of the tampon in the media. Indeed, during the culturing time, cells uptake nutrition from the media and release their metabolites into it, leading to the media changing color to yellow, showing the acidic pH of the media. Moreover, on the basis of the results of the release test, such a good cytotoxicity effect was related to about 30% of loaded curcumin (after 72 h), which could be a good result in comparison to the free drug. Accordingly, the cytotoxicity results could confirm the effectiveness of this nanoformulation on decreasing the dose of the drug for the required treatment, which is important for preventing the formation and promotion of the drug resistance feature in cancer cells. In comparison to other works that used curcumin against the lung cancer cells, the toxicity results of this study showed similar or better performance [49,50,51].




5. Conclusions


In summary, in this study, a dual-drug-loaded smart carrier was fabricated via encapsulating curcumin-loaded niosome and Rose Bengal inside a chitosan-g-PVCL shell in a spherical shape with a mean diameter of 80 nm. The average PDI of 0.364 and average zeta potential of +30.7 mV confirmed the stability and size uniformity of the nanoparticles inside the solution. The fabricated nanocarriers showed high entrapment efficiency for both types of drugs and a pH and temperature release pattern. They also exhibited good antibacterial and anticancer effects against Gram-negative bacteria and lung cancer cells, respectively. All the above-mentioned features confirm the capability of this new nanoformulation as a potential candidate for the treatment of lung cancer.
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Figure 1. The similarity and differences of liposomal and niosomal structures. These are spherical nanostructures with bilayer membranes that have the capability of delivering both hydrophobic and hydrophilic therapeutic agents. However, niosomes are composed of surfactants, which are cheaper than phospholipids. 
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Scheme 1. Chemical reactions related to the preparation of grafted polymer. 
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Figure 2. Electron microscopy images of different nanoparticles. FESEM image of (A) bare niosome, (B) curcumin-loaded niosomes, (C) chitosan-coated niosome with curcumin and Rose Bengal. TEM images of (D) bare niosome and (E) chitosan coated niosome with curcumin and Rose Bengal. 
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Figure 3. FTIR spectrums of bare niosome, grafted polymer, and complete complex (RB/CUR niosome/polymer). Asterisks with different colors are used to distinguish bands on different compounds. Black (*), Red (*), Orange (*), and Pink (*) are attributed to the bands of niosome, grafted polymer, curcumin, and RB, respectively. 
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Figure 4. Drug release profile of (A) Rose Bengal and (B) CUR at two pH values and two temperatures. 
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Figure 5. The results of the MTT assay test of different formulations after 24 h (A), 48 h (B), and 72 h (C) exposure with the A549 cancer cell line (* indicates p ≤ 0.05). 
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Figure 6. The results of the antibacterial test of the bare complex, drug-loaded complex, and Rose Bengal against two types of bacteria: the Gram-negative bacteria E. coli and the Gram-positive bacteria S. aureus. 
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Table 1. Average size (based on the number average), polydispersity index, and zeta potential of niosomes (with and without curcumin) and polymer-coated niosomes with two different drugs.
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	Formulation
	Size (nm)
	PDI
	Zeta Potential (mV)





	Bare niosome
	41 ± 7
	0.316
	−43.9



	Curcumin-loaded niosome
	56 ± 15
	0.327
	−46.1



	Complete complex
	80 ± 13
	0.364
	+30.7
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Table 2. Encapsulation efficiency and loading capacity for curcumin and Rose Bengal co-encapsulated inside the nanoparticles.
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	Type of Drug
	EE%
	LC%





	Curcumin
	97.19%
	7.67%



	Rose Bengal
	98.21%
	8.61%
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Table 3. Kinetic model analysis of the drug release profiles.
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Formulation/Model

	
Korsmayer–Peppas

	
Higuchi

	
Zero Order

	
First Order

	
Hixson–Crowell






	
(RB/CUR)

	
(R2)

	
(n)

	
(R2)

	
(R2)

	
(R2)

	
(R2)




	
RB1

	
0.9943

	
0.46

	
0.9615

	
0.8835

	
0.6018

	
0.7204




	
RB2

	
0.9806

	
0.48

	
0.9705

	
0.9148

	
0.6888

	
0.7816




	
RB3

	
0.9954

	
0.46

	
0.9806

	
0.8955

	
0.6581

	
0.7569




	
RB4

	
0.9730

	
0.47

	
0.9234

	
0.8685

	
0.6406

	
0.7306




	
CUR1

	
0.9962

	
0.49

	
0.9810

	
0.9032

	
0.6720

	
0.7683




	
CUR2

	
0.9962

	
0.47

	
0.9808

	
0.9053

	
0.6499

	
0.7537




	
CUR3

	
0.9954

	
0.46

	
0.9797

	
0.8970

	
0.6694

	
0.7635




	
CUR4

	
0.9858

	
0.5

	
0.9727

	
0.8909

	
0.6825

	
0.7650








RB1: Rose Bengal release profile at pH = 5.5 and 25 °C, RB2: Rose Bengal release profile at pH = 5.5 and 37 °C, RB3: Rose Bengal release profile at pH = 7.4 and 25 °C, RB4: Rose Bengal release profile at pH = 7.4 and 37 °C, CUR1: curcumin release profile at pH = 5.5 and 25 °C, CUR2: curcumin release profile at pH = 5.5 and 37 °C, CUR3: curcumin release profile at pH = 7.4 and 25 °C, CUR4: curcumin release profile at pH = 7.4 and 37 °C.
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