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Abstract

:

In the present study, thymoquinone (TQ)-encapsulated chitosan- (CS)-coated poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles (NPs) were formulated using the emulsion evaporation method. NPs were optimized by using 33-QbD approach for improved efficacy against breast cancer. The optimized thymoquinone loaded chitosan coated Poly (d,l-lactide-co-glycolide) nanoparticles (TQ-CS-PLGA-NPs) were successfully characterized by different in vitro and ex vivo experiments as well as evaluated for cytotoxicity in MDA-MB-231 and MCF-7 cell lines. The surface coating of PLGA-NPs was completed by CS coating and there were no significant changes in particle size and entrapment efficiency (EE) observed. The developed TQ-CS-PLGA-NPs showed particle size, polydispersibility index (PDI), and %EE in the range between 126.03–196.71 nm, 0.118–0.205, and 62.75%–92.17%. The high and prolonged TQ release rate was achieved from TQ-PLGA-NPs and TQ-CS-PLGA-NPs. The optimized TQ-CS-PLGA-NPs showed significantly higher mucoadhesion and intestinal permeation compared to uncoated TQ-PLGA-NPs and TQ suspension. Furthermore, TQ-CS-PLGA-NPs showed statistically enhanced antioxidant potential and cytotoxicity against MDA-MB-231 and MCF-7 cells compared to uncoated TQ-PLGA-NPs and pure TQ. On the basis of the above findings, it may be stated that chitosan-coated TQ-PLGA-NPs represent a great potential for breast cancer management.
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1. Introduction


Breast cancer (BC) is the most frequent and deadliest solid tumor among women with over 1.1 million diagnosed cases every year globally. It is a leading cause of cancer deaths with a mortality rate of higher than 1.6% in women globally [1]. Moreover, BC comprises more than 10.4% cases alone among all the cancer incidences in women globally. A dramatic increase in incidences of BC has been reported over the last three decades, due to complex lifestyle and environmental changes. Since the last few decades, various BC treatment strategies have been used in clinics. Among them, conventional chemotherapy is the most successful to date, but its non-selective delivery, serious adverse effects, and multi-drug resistance limit its application [2].



Thymoquinone (TQ: 2-isopropyl-5-methylbenzo-1,4-quinone), a major active constituent of Nigella sativa, is one of the most potent therapeutic molecules used in the treatment of various diseases. At present, TQ is one of the most promising chemotherapeutic drugs used in the treatment of a variety of solid and liquid tumors [3,4]. The reason behind the success of TQ in the treatment of different cancers is the selectivity and therapeutic efficacy against cancer cells and negligible toxicity to normal cells [3]. Despite the promising therapeutic efficacies of TQ, lipophilicity, low aqueous solubility, low oral bioavailability, light and pH sensitivity limit its clinical translation [5].



The development of TQ-encapsulated nanoparticles could emerge as a novel nano platform to overcome the limitations related to the delivery of TQ. Encapsulation of TQ in nanoparticles could increase its solubility, bioavailability, stability in light and different pH of biological systems, therapeutic delivery, and targeting ability to the specific target site. Therefore, the development of a biodegradable, biocompatible, and significantly safe and effective nanoparticle-based drug delivery system is an urgent need for successful cancer therapy [5].



Poly(d,l-lactide-co-glycolide) (PLGA) is an FDA-approved biocompatible and biodegradable synthetic polymer extensively used in the delivery of a variety of chemotherapeutic agents for the management of different solid tumors [6,7,8]. PLGA-nanoparticles (NPs) can enhance aqueous solubility, penetration of drugs from gastrointestinal mucosa, bioavailability, plasma half-life, and therapeutic efficacy of a variety of chemotherapeutic agents. In addition, PLGA-NPs significantly reduce the serious adverse effects by selective targeting of the drug to the target site [8,9]. PLGA produces spherical NPs and negative charge on the surface of NPs, which provides stability to the NPs from hostile pH of the biological system. Furthermore, it releases the encapsulated drugs slowly from the NPs by polymer hydrolysis. However, oral delivery of drugs through PLGA-NPs is still not very successful due to the lack of mucoadhesiveness [10]. Apart from that, the negatively charged surface of PLGA-NPs can obstruct the interaction with intestinal mucosa, which has a negative charge on the surface that results in limited intestinal uptake and bioavailability of encapsulated drugs [10,11].



Chitosan (CS), a natural, non-toxic, biodegradable, and biocompatible cationic polymer, is an extensively used biomaterial for improved oral delivery of a variety of therapeutic drugs due to the unique physicochemical characteristics such as its mucoadhesiveness as well as intestinal permeability enhancing properties. In addition, it has excellent stability in hostile gastrointestinal fluids [12,13]. Surface modification of PLGA-NPs with CS offers various unique advantages such as it provides a positive charge to the NPs, which enhances adhesion of NPs to the intestinal mucosa and also increases the retention on the target site [14]. Therefore, CS coating of PLGA-NPs significantly increases the residence time of NPs at the target site, which leads to enhanced bioavailability of encapsulated drugs, decreases the dose of the drug, reduces dosing frequency, and decreases adverse effects [15].



Therefore, the current study was planned to formulate effective chitosan-coated TQ-PLGA-NPs. The formulation was optimized by using three factors at three levels of Box–Behnken design (BBD). The optimized TQ-CS-PLGA-NPs were further evaluated for in vitro release, mucoadhesion study, and the results compared with uncoated TQ-PLGA-NPs. Finally, antioxidant study and anticancer cell line activity (MDA-MB-231 and MCF-7) were performed to analyze the potential TQ-PLGA-NPs and TQ-CS-PLGA-NPs and free TQ.




2. Materials and Methods


2.1. Materials


Thymoquinone (TQ), chitosan (MW 100,000–300,000), polyvinyl alcohol (PVA, MW 31,000–50,000 Da), TPGS was procured from Sigma-Aldrich, Saint Louis, MO, USA. PLGA (50:50, viscosity 0.8–1.2 dL/g) was provided by Evonik India Pvt Ltd., Mumbai, India, as a gift sample. The experiment was performed with Milli Q water obtained from the laboratory. All other chemicals and reagents used were of AR grade.




2.2. Cell Lines


The cell line study was performed on MDA-MB-231 and MCF-7 breast cell lines. The cells were procured from the National Centre for Cell Science, Pune India. The cells were cultured in streptomycin (100 mg/mL) with Dulbecco’s modified Eagle medium (DMEM), FBS (10%), penicillin 100 U·mL−1 in a specific condition. The cells were subcultured to obtain 80%–90% growth for the experiments.




2.3. Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC) Technique


The RP-HPLC technique was reproduced as per the procedure reported by Gilani et al. [16]. The RP-HPLC system (Waters 2695) connected with a UV detector (Waters 2475 Multi Lambda) was used for the study. The RP-HPLC system consists of a binary pump (model 1525; Milford, CT, USA), and the column used for the study is C18 (150 mm × 3.9 mm × 5 μm). The mobile phase composition water: 2-propanol:methanol (50:45:5 v/v/v) with a flow rate of 1 mL/min was used for the study. The mobile phase was degassed and filtered before use. The injection volume was 20 μL and the detection of the sample was completed at 255 nm. The data acquisition was carried out using Empower software.




2.4. Experimental Design


In the present study, the NPs were optimized by the 33-BBD technique to obtain a robust composition of excipients without undergoing trial and error. The software (Design Expert® 12.0; Stat-Ease Inc., Minneapolis, MN, USA) was used to optimize the prepared NPs (i.e., TQ-CS-PLGA-NPs) [17,18]. The three independent factors used for the study were PLGA (X1; 2%–4%), PVA (X2; 1.5%–2.5%), and sonication time (X3; 2–4 min) as depicted in Table 1. A significant impact of all 3 independent variables was examined on all 3 dependent variables (particle size (PS as Y1 in nm), polydispersibility index (PDI; Y2), and entrapment efficiency (EE; Y3 in %)). The formulation design showed 15 total experimental compositions with three center points, as depicted in Table 2. The point prediction method was used to select the optimized TQ-CS-PLGA-NPs on the basis of minimum particle size (PS), PDI, and maximum EE. The statistical analysis was used to assess the independent variables affecting the responses as well as the interaction between the factors.




2.5. Formulation of TQ-CS-PLGA-NPs


TQ-NPs were formulated by the single-emulsion solvent evaporation technique as per the procedure reported by Abd El Hady et al. [19]. The two different solutions were prepared to formulate TQ-PLGA-NPs. In methylene chloride (organic phase 4 mL), TQ (20 mg), and PLGA (2%–4% w/v, low to high) was dissolved. Separately, the aqueous phase was prepared with the addition of PVA (1.5%–2.5% w/v, low to high), and TPGS (0.25% w/v). The organic solution was transferred into the aqueous solution and sonicated (Hielscher, Ultrasound UP-50H, Teltow, Germany) for 2–4 min (low to high) to obtain a primary emulsion. The organic phase was evaporated with continuous magnetic stirring (Heidolph, IL, USA). The prepared TQ-PLGA-NPs were separated by centrifugation at 10,000 rpm for 1 h followed by washing with water.



Chitosan-coated PLGA nanoparticles were prepared by adding CS (0.1% w/v) in acetic acid (2% v/v) solution to TQ-PLGA-NPs and then incubated for 2 h. Finally, the prepared TQ-CS-PLGA-NPs were reconstituted by centrifugation (Sigma 3K30, Osterode am Harz, Germany) at 10,000 rpm for 1 h and washed three times with Milli Q water. In the end, NPs were lyophilized by adding mannitol (2.5% w/v) as a cryoprotectant for further characterization.




2.6. Characterization


2.6.1. Particle Characterization


The prepared TQ-PLGA-NPs and TQ-CS-PLGA-NPs were characterized for PS, PDI, and zeta potential (ZP). The diluted samples (100-fold) of NPs were measured in a zeta sizer. ZP of optimized NPs was assessed to determine the charge on NPs’ surface [20]. The surface morphology of TQ-PLGA-NPs and TQ-CS-PLGA-NPs was evaluated on TEM (TEM-2100, JEO, Tokyo, Japan) at 160 kV voltage [21]. The samples were coated with phosphotungstic acid and visualized under the microscope at high resolution. The micrographs were captured and visualized with the help of image viewing software.




2.6.2. Entrapment Efficiency


The prepared formulations were evaluated for encapsulation efficiency by estimating the free TQ in the supernatant. The prepared formulations were centrifuged at 10,000 rpm and the supernatant was collected. The unentrapped TQ was diluted further to quantify TQ by UV spectrophotometer at 255 nm. The blank NPs supernatant was used to evaluate the samples [19]. Then, %EE was calculated with the use of the below equation:


   % EE  =    Amount   of   TQ  −  Amount   of   free   TQ     Amount   of   TQ        × 100  



(1)









2.7. In Vitro Gastrointestinal Stability Study


The prepared optimized formulation (TQ-CS-PLGA-NPs) was evaluated for gastrointestinal stability as per the published procedure [22,23]. The stability was assessed in simulated intestinal fluid (SIF) and gastric fluid (SGF). TQ-CS-PLGA-NPs (0.1 mL) were withdrawn and diluted up to 5 mL (1 in 50) in SIF and SGF and incubated at 37 °C. After specific time intervals (0, 2, 4, 8, 12 h), the sample was evaluated for PS, PDI, and EE.




2.8. Colloidal Stability


The colloidal stability of optimized TQ-CS-PLGA-NPs was conducted as per the previously published method with a minor modification [23]. The freeze-dried TQ-CS-PLGA-NPs were stored at 4 °C for 90 days (three months). TQ-CS-PLGA-NPs were taken at the time points of 0, 1, and 3 months, and dispersed in phosphate buffer saline pH 7.4 for determination of PS, PDI, and %EE.




2.9. TQ Release Study


The comparative TQ release study was conducted between TQ-PLGA-NPs, TQ-CS-PLGA-NPs, and TQ suspension (control) in release medium SIF (500 mL, pH 6.8) at 37 °C. Weighed content of prepared NPs (~5 mg of TQ) was placed in the dialysis bag (MW 12,000 D) and dipped into release medium with stirring speed of 100 rpm. At specific time points, the released content (5 mL) was withdrawn and replaced with the same volume. The collected samples were filtered, diluted, and analyzed to quantify TQ content using a UV spectrophotometer at 255 nm. Further, the released data fitted into various kinetic models to analyze the mechanism of TQ release from the NPs [24].




2.10. Mucoadhesion Study


TQ-PLGA-NPs, TQ-CS-PLGA-NPs, and TQ suspension were evaluated for mucoadhesion study to check the adsorption of mucin on the NPs [25]. The mucin solution (1 mg/mL) was prepared and mixed with the prepared formulations in 1:1 ratio. The mixture was incubated at 37 °C for 2 h and then centrifuged at 13,000 rpm for 60 min. The supernatant was taken, diluted appropriately, and analyzed spectrophotometrically at 258 nm to calculate the free mucin content. The formula used to calculate is given below [26].


   Mucoadhesive   efficiency  =    C 0  −    C   f     C 0    × 100  



(2)




where C0 = initial mucin content and Cf = free mucin content.




2.11. Antioxidant Activity


The activity performed for TQ-PLGA-NPs, TQ-CS-PLGA-NPs, and TQ suspension to check the antioxidant activity was the reported procedure with a slight modification [27]. The stock solution (10 mg/mL) was prepared for all three samples in ethanol and further diluted to make 25–300 µg/mL concentration range. All the samples (500 µL) were taken and transferred to DPPH solution (0.02% in ethanol). The samples were shaken for complete reaction and placed in the dark at 25 °C for 1 h. The reaction took place between violet color DPPH and antioxidants. The violet color of the solution turns colorless after the completion of the reaction. Similarly, this experiment was repeated for placebo NPs. The samples were examined spectrophotometrically at 517 nm, and calculation was completed using the formula:


   Radical   Scavenging     %  =    Absorbance   of   control  −  Absorbance   of   test     Absorbance   of   control    × 100  



(3)








2.12. Cell Viability Assay


MTT assay of TQ-PLGA-NPs, TQ-CS-PLGA-NPs, and TQ suspension was performed to check the cell viability [28]. This test works on the mechanism of the formation of yellow tetrazolium salt to insoluble purple formazan crystals [29]. Both MDA-MB-231 and MCF-7 cells were seeded 24 h before the study. The cell counts 1 × 105/well were taken for the study, and a different concentration of each sample was incubated for 24 h and 48 h, respectively. After that, the cells were incubated with MTT (20 µL, 5 mg/mL in PBS) in fresh medium for 4 h under CO2 incubator. The formed formazan crystal was solubilized in DMSO (150 µL/well). The absorbance was noted at 570 nm on a microplate reader.




2.13. Intestinal Permeation Study


The permeation experiment of TQ-PLGA-NPs, TQ-CS-PLGA-NPs, and TQ suspension was conducted to determine the amount of drug permeated at specific times. The study was performed on the goat intestine by the reported procedure with slight modification [30,31]. The fresh goat intestine was collected from the local slaughterhouse at an abattoir in a sterile beaker and washed with Kreb’s solution to remove the food residues. The formulations (~5 mg of TQ) were carefully placed in the intestinal sac, and both ends were ligated tightly. The samples were placed in a beaker containing Kreb’s solution (250 mL) and regularly oxygenated with 95% oxygen using an aerator. The released content (2 mL) was taken at a specific time point and replaced with the same volume. The samples were filtered, diluted, and quantified by using the RP-HPLC technique at 255 nm [16]. The permeation flux and apparent permeability coefficient (APC; Papp) were determined for the formulations by the following equation:


  APC =    Permeation   flux     Surface   area  ×  Initial   TQ   content    cm / min  



(4)








2.14. Statistical Analysis


Experiments were conducted 3 times, and their findings were represented as average ± SD. The statistical analysis was performed with GraphPad prism (version 7). Furthermore, the data were analyzed statistically using ANOVA and Tukey’s test with the help of GraphPad Prism, version 7. The data were considered statistically significant when p < 0.05.





3. Results and Discussion


3.1. Optimization


The developed TQ-CS-PLGA-NPs were statistically optimized with 33-BBD. The impact of independent variables (X1, X2, and X3) on the dependent variables (Y1, Y2, and Y3) was evaluated by 3D response surface plot (Figure 1), and contour plot (Figure 2). The polynomial equations obtained from the software were used to assess the individual, as well as the combined, impact of all three independent variables. The quadratic model is commonly used for studying the major impact because this model uses the selected variables individually, as well as combinedly.



The independent variables PLGA (%, X1); PVA (%, X2) and ST (%, X3) were taken at three levels (low (−1), medium (0), and high (+1)) to optimize TQ-CS-PLGA-NPs as shown in Table 1. The concentration ranges taken to develop TQ-CS-PLGA-NPs were PLGA (X1) as 2% (−1) to 4% (+1), PVA (X2) as 1.25% (−1) to 2.5% (+1) and ST 2 min (−1) to 4 min (+1). The BBD represented 15 formulations with three center points to analyze any errors in the results of the same three compositions. The minimal PS (Y1) was observed to be 126.03 nm (F9), and the maximal PS was observed to be 196.71 nm (F1). The PDI (Y2) was obtained in the range of 0.118 (F12) to 0.205 (F3), and the %EE (Y3) was obtained in the range 62.75% (F9) to 92.17% (F1). The results obtained from the experiment, i.e., actual value, were observed to be much closer to the predicted value, as represented in Table 2.



3.1.1. Effect of PLGA (X1), PVA (X2), and ST (X3) on PS (Y1)


The polynomial equation indicating the relationship between the factors on PS (Y1) is presented as follows:


  Particle   size      Y 1    = + 158.38   +   21.42  X 1  −   4.09  X 2  −   14.12  X 3  −   1.54  X 1   X 2  +   3.21  X 1   X 3  −   4.25  X 2   X 3  +   1.50  X 1    2  +   7.37  X 2    2  +   6.60  X 3    2   











The impact of all the three independent variables (X1, X2, and X3) has been illustrated in the 3D plot (Figure 1A) and contour plot (Figure 2A). As per the polynomial equation and Figure 1A and Figure 2A, a considerable impact of each independent variable on PS (Y1) can be observed. Gradual increment in the PS was observed with the increase in PLGA (X1) concentration. Higher polymer concentration increases the viscosity of the formulation, which leads to the enhancement of PS [32]. In addition, high viscosity decreases the diffusion of the drug from NPs, which is another factor for enhanced PS [33]. The variable PVA (X2) showed a strong negative impact on the PS. Increment in the concentration of PVA from 1.5% to 2.5% significantly (p < 0.05) decreased the PS. PVA is a surfactant and stabilizer that helps in the emulsification of polymer in the aqueous phase and prevents aggregation of NPs [34]. Another probable elucidation for such reduction in the PS might occur from ST (X3), which has a direct and strong negative impact on PS, which is an essential step for reduction in PS during the development of TQ-CS-PLGA-NPs [35].




3.1.2. Effect of PLGA (X1), PVA (X2), and ST (X3) on PDI (Y2)


The polynomial equation indicating the relationship between the factors on PDI (Y2) is presented as follows:


  Polydispersity   index      Y 2    = + 0.145   +   0.0215  X 1  −   0.0104  X 2  +   0.0074  X 3  +   0.0005  X 1   X 2  +   0.0085  X 1   X 3  +   0.0073  X 2   X 3   +   0.0141  X 1    2  −   0.0086  X 2    2  +   0.0119  X 3    2   











The impact of all the three independent variables (X1, X2, and X3) has been illustrated in the 3D plot (Figure 1B) and contour plot (Figure 2B). As per the polynomial equation and Figure 1B and Figure 2B, a considerable impact of each independent variable on PDI (Y2) was observed. As the concentration of PLGA (X1) increased, PDI also increased insignificantly. In other words, a very little positive impact was noticed with an increment in PLGA concentration. Moreover, PVA (X2) showed a strong negative impact on the PDI. The surfactants decreased the interfacial tension between the aqueous and organic phase and led to the development of uniform primary emulsion during the development of CS-PLGA-NPs [36]. The third variable, ST (X3), is further responsible for a significant increment in the PDI.




3.1.3. Effect of PLGA (X1), PVA (X2), and ST (X3) on EE (Y3)


The polynomial equation indicating the relationship between the factors on %EE (Y3) is presented as follows:


  Entrapment   efficiency      Y 3    =   + 79.46   +   9.32  X 1  +   2.53  X 2  −   5.25  X 3  +   0.1  X 1   X 2  −   1.24  X 1   X 3  +   0.0925  X 2   X 3  −   1.13  X 1    2  +   0.3304  X 2    2   −   1.29  X 3    2   











The impact of all the three independent variables (X1, X2, and X3) has been illustrated in the 3D plot (Figure 1C) and contour plot (Figure 2C). As per the polynomial equation and Figure 1C and Figure 2C, a considerable impact of each independent variable on PDI (Y2) was observed. Gradual increment in the %EE was observed with the increase in PLGA (X1) concentration. The impact of a polymer depended on the miscibility of the drug in the organic phase as well as the polymer–drug interaction. Furthermore, the maximum solubility of drugs in the polymer solution is due to its better emulsification properties [20,36]. Similarly, an increment in the PVA (X2) concentration gradually improved the %EE. The concentration of PVA concentration led to an increase in the tendency of the drug to become entrapped in the polymeric matrix, which resulted in improved %EE [37,38]. Furthermore, an increase in ST (X3) decreased %EE significantly due to the reduction in PS.




3.1.4. Optimization by Point Prediction


The optimized TQ-CS-PLGA-NPs were selected on the criteria of small PS, PDI, and high EE among 15 compositions, upon “trading off” different responses (Y1, Y2, and Y3) using the numerical desirability function. As per our criteria of low particle size, PDI, and high encapsulation efficiency, the selected optimized formulation has shown a desirability value closer to one and this indicates that the method is strong (Table 3). The ideal desirability range exists between 0 and 1. A value closer to zero means the method is not strong and a value closer to one means the method is strong [39]. Minimization of the particle is desired for the delivery systems because of the higher surface area available for dissolution and drug absorption. There are many pieces of literature that have reported a significant increase in solubility and dissolution with reduced particle size. According to the Noyes–Whitney equation, the reduction in particle size leads to a significant increase in the dissolution rate of the drug, which in turn can lead to substantial increases in the bioavailability [40]. The optimized formulation composition (TQ-CS-PLGA-NPs) prepared with PLGA (X1; 3%), PVA (X2; 2%), and ST (X3; 3 min) exhibited the particle size of 152.36 ± 5.74 nm, PDI of 0.133 ± 0.014, and EE of 77.56% ± 5.48%, respectively. It was further used for in vitro characterization and cell line study. The software examined an analysis of variance (ANOVA) for all three responses (Y1, Y2, and Y3), and the obtained data indicated that the quadratic model was well fitted (Table 3). Figure 3 represents the quantitative comparison of the responses of the experimental values with the predicted values.





3.2. Characterization


3.2.1. Particle Characterization


The PS, PDI, and ZP of the optimized TQ-CS-PLGA-NPs were observed to be 152.36 ± 5.74 nm, 0.133 ± 0.014, and +12.24 ± 2.32 mV, respectively (Figure 4A,B), while uncoated TQ-PLGA-NPs showed the PS of 141.64 ± 6.56 nm, PDI of 0.142 ± 0.012, and ZP of –16.42 ± 3.21 mV, respectively. The small PS and PDI of NPs are two of the crucial properties for improved oral delivery. The low PDI indicates the remarkable homogeneity of NPs. An insignificant increase in PS was noticed while developing TQ-CS-PLGA-NPs due to the CS coating. Furthermore, the CS coating leads to positive ZP from the negative ZP because of the cationic nature of CS, which was used as a coating agent to provide cohesiveness to the NPs (Figure 4B). Coating of NPs with CS is a well-established technique to improve oral delivery of drugs [41]. TEM also confirmed that the PS of uncoated PLGA-NPs is found to be smaller than TQ-CS-PLGA-NPs (Figure 4C,D).




3.2.2. Entrapment Efficiency (%EE)


TQ-CS-PLGA-NPs showed significantly higher %EE compared to uncoated TQ-PLGA-NPs due to coating with CS. The optimized TQ-CS-PLGA-NPs and uncoated TQ-PLGA-NPs showed an encapsulation efficiency of 77.56% ± 5.48% and 70.78% ± 62%, respectively. An acceptable %EE is due to the typical polymeric matrix of NPs. Coating with CS forms a layer around the NPs and inhibits the diffusion of TQ from the CS-PLGA-NPs.





3.3. In Vitro Gastrointestinal Stability Study


The potential impact of SGF and SIF on the stability of TQ-CS-PLGA-NPs is depicted in Figure 5A,B. The results of the stability study of TQ-CS-PLGA-NPs in SIF demonstrated excellent stability with insignificant (p > 0.05) fluctuations in PS, PDI, and %EE (Figure 5A). However, slightly greater changes in PS, PDI, and %EE were observed in SGF after 12 h (Figure 5B). In CS-PLGA-NPs, TQ could be continuously released or accumulated in the intestine region of gastrointestinal tract, which might lead to an increase in epithelial permeability [42].




3.4. Colloidal Stability


After 3 months of storage at 4 °C, the visual clarity and phase separation of TQ-CS-PLGA-NPs did not change significantly. The PS, PDI, and EE of TQ-CS-PLGA-NPs are depicted in Figure 5C. The only insignificant increases in PS and PDI were increases from 152.36 ± 5.74 nm to 177.84 ± 10.96 nm and 0.133 ± 0.014 to 0.138 ± 0.029, respectively, while the %EE was still higher than 70% and was still in an acceptable range. These results indicate that the TQ-CS-PLGA-NPs are capable of maintaining good physical stability at 4 °C for 3 months.




3.5. TQ Release Study


The release profiles of TQ from different formulations are depicted in Figure 6A. Both of the NPs, i.e., TQ-CS-PLGA-NPs, as well as TQ-PLGA-NPs, revealed a biphasic release. Significantly rapid release in 4 h after that, a sustained TQ release up to 24 h were observed. The rapid TQ release in the initial 4 h could be because of the faster dissolution of TQ adsorbed on the NPs’ surface [43]. The sustained release after 4 h to 24 h was due to the TQ encapsulated in the inner core of the polymeric matrix, which was released slowly by slow diffusion. Furthermore, TQ-CS-PLGA-NPs showed a much-delayed TQ release in comparison with uncoated TQ-PLGA-NPs due to the coating of NPs with CS, possibly because of the protection of the drug from desorption and diffusion [44]. The release of TQ from the TQ suspension was found to be only 27.345% ± 5.56% after 24 h of study. This can be explained by the fact that TQ is a water-insoluble drug and its dissolution is limited due to poor solubility [26]. The nanoparticulate delivery systems have reported the enhanced solubility and dissolution of poorly soluble drugs [5]. The release study was performed in identical conditions and due to the poor solubility of TQ, its release was limited.



The mechanism of TQ release was analyzed by fitting the data into the different release kinetic models, and different graphical representations are depicted in Figure 6B. The Korsmeyer–Peppas model showed the highest correlation coefficient (R2 = 0.9605). Therefore, the Korsmeyer–Peppas kinetic model was considered as the best-fitted model to explain the kinetics of TQ release from CS-PLGA-NPs. Moreover, the exponent “n” of release mechanism from the Korsmeyer–Peppas kinetic model was calculated and the value was found 0.282, which demonstrates the Fickian diffusion mechanism from CS-PLGA-NPs.




3.6. Mucoadhesion Study


As expected, TQ-CS-PLGS-NPs revealed the highest mucoadhesive efficiency (62.58% ± 2.42%) compared to TQ-PLGA-NPs (18.74% ± 3.28%) and TQ suspension (12.64% ± 2.36%). The coating of NPs with CS provided a significantly higher binding efficiency to mucin because of the electrostatic interactions between the positive charged CS and negatively charged mucin. Furthermore, hydrogen bonding as well as hydrophobic interactions between CS and mucin are also responsible for improved binding efficiency [45]. The higher mucoadhesive nature of NPs also proved a long gastrointestinal residence time.




3.7. Antioxidant Activity


DPPH is utilized to assess the antioxidant potential of a variety of drugs and drug delivery systems [46]. The DPPH changes the color to violet when it reacts with proton donor groups. Figure 7 represents the comparative antioxidant activity of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ. The antioxidant potential of all the samples is directly dependent upon the TQ concentration. As the concentration of TQ increases, the antioxidant potential of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ also increases statistically. TQ-CS-PLGA-NPs showed a maximum activity of 96.24% ± 6.78%, while TQ-PLGA-NPs and pure TQ depicted 81.58% ± 5.78% and 69.26% ± 4.84%, respectively. As per the observation, TQ-CS-PLGA-NPs represented statistically (p < 0.05) elevated antioxidant activity in comparison to both uncoated TQ-PLGA-NPs and pure TQ. However, uncoated TQ-PLGA-NPs also showed excellent antioxidant activity compared to pure TQ. The higher antioxidant activity achieved by TQ-CS-PLGA-NPs and TQ-PLGA-NPs was due to the higher solubility of TQ in PLGA, CS, and TPGS present in the NPs.




3.8. Cell Viability Assay


The potential outcomes of the cytotoxicity study in MDA-MB-231 and MCF-7 cells are represented in Figure 8, which clearly demonstrates that TQ-CS-PLGA-NPs and TQ-PLGA-NPs showed statistically higher concentrations and time-dependent cytotoxicity compared to pure TQ at 24 h and 48 h of study. The IC50 value of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ was found to be 4.36 µM, 5.42 µM, and 8.24 µM, respectively, after 24 h of treatment against MDA-MB-231 cells (Figure 8A). After 48 h of treatment, the IC50 value of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ was found to be 3.12 µM, 4.26 µM, and 6.58 µM, respectively (Figure 8B). The IC50 value of the TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ was found to be 52.54 µM, 58.16 µM, and 63.78 µM, respectively, after 24 h of treatment in MCF-7 cells (Figure 8C). After 48 h of treatment, the IC50 value of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure TQ was found to be 47.72 µM, 49.94 µM, and 54.67 µM, respectively (Figure 8D). As per the MTT assay results, a much better result was found in TQ-CS-PLGA-NP-treated cells. This can be explained by the fact that the CS-PLGA-NPs revealed significantly higher delayed TQ release compared to TQ-PLGA-NPs, which produces an excellent cellular response [47]. Among the two cancerous cell lines used in the study, the obtained IC50 values indicated that TQ-CS-PLGA-NPs and TQ-PLGA-NPs were most potent towards both tested cell lines. Our results are corroborated by a previously published report [48].




3.9. Ex Vivo Intestinal Permeation Study


Figure 9A,B clearly reveal that a significantly higher quantity of TQ permeated and transported through the intestinal sac from optimized TQ-CS-PLGA-NPs and TQ-PLGA-NPs in comparison to TQ suspension. As per our findings, TQ-CS-PLGA-NPs exhibited about 1.92- and 3.15-fold higher    P  app     compared to TQ-PLGA-NPs and TQ suspension. The reason for the enhancement in    P  app     was due to the presence of TPGS in the NPs as an excipient, which is a potent P-glycoprotein efflux pump inhibitor that was present on the mucous membrane of GIT [49]. Furthermore, the mucoadhesive nature of TQ-CS-PLGA-NPs also led to the disruption and/or modulation of tightness in the tight junctions of the gastrointestinal mucosa. Due to the positive charge due to coating with CS, NPs interact with negatively charged gastrointestinal mucosa that leads to the opening of tight junctions. Therefore, a significantly higher quantity of drug permeated across the mucosa [26].





4. Conclusions


TQ-CS-PLGA-NPs were fabricated successfully for improved TQ delivery and efficacy against breast cancer cells. The PS and PDI of the developed TQ-CS-PLGA-NPs were satisfactory, and the %EE of TQ in the NPs was observed to be greater than 78%. The TQ-CS-PLGA-NPs showed excellent gastrointestinal as well as colloidal stability. The TEM micrograph showed a spherical shape with uniform particle distribution and smooth surface. The CS coating provided modulation in TQ release from the NPs and exhibited a sustained release profile up to 24 h. The TQ-CS-PLGA-NPs showed significantly higher antioxidant activity compared to TQ-PLGA-NPs and pure TQ. Furthermore, TQ-CS-PLGA-NPs exhibited much higher intestinal permeation compared to the uncoated TQ-PLGA-NPs and pure TQ suspension. Therefore, our developed TQ-CS-PLGA-NPs represents an excellent mucoadhesive nanoformulation to combat the challenges of TQ for improved delivery and in vitro efficacy against breast cancer.
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Figure 1. Response surface plots showing the influence of PLGA (X1), PVA (X2), and ST (X3) on response parameters: (A) PS (Y1), (B) PDI (Y2), and (C). EE (Y3) of TQ-CS-PLGA-NPs. 
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Figure 2. Contour response surface plots showing the influence of PLGA (X1), PVA (X2), and ST (X3) on response parameters: (A) PS (Y1), (B) PDI (Y2), and (C) EE (Y3) of TQ-CS-PLGA-NPs. 
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Figure 3. Actual and predicted graph showing linear correlation (A) PS, (B) PDI, (C) EE. 
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Figure 4. (A,B). Image showing (A) particle size and particle size distribution, (B) zeta potential of optimized TQ-CS-PLGA-NPs and TQ-PLGA-NPs. (C,D). TEM analysis of (C) optimized TQ-PLGA-NPs, and (D) TQ-CS-PLGA-NPs. 
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Figure 5. (A–C). Bar graphs showing (A) in vitro gastrointestinal stability study of TQ-CS-PLGA-NPs in SGF, (B) SIF, (C) colloidal stability of TQ-CS-PLGA-NPs. Results are expressed as percentage mean ± SD (n = 3). 
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Figure 6. (A) Comparative in vitro release profiles of TQ-PLGA-NPs and TQ-CS-PLGA-NPs. Results are expressed as percentage mean ± SD (n = 3). (B) In vitro release kinetics model to evaluate the mechanism of drug release from TQ-CS-PLGA-NPs. 






Figure 6. (A) Comparative in vitro release profiles of TQ-PLGA-NPs and TQ-CS-PLGA-NPs. Results are expressed as percentage mean ± SD (n = 3). (B) In vitro release kinetics model to evaluate the mechanism of drug release from TQ-CS-PLGA-NPs.



[image: Coatings 11 00006 g006]







[image: Coatings 11 00006 g007 550] 





Figure 7. Comparative antioxidant activity of TQ-CS-PLGA-NPs, TQ-PLGA-NPs, and pure thymoquinone (TQ). Results are expressed as percentage mean ± SD (n = 3). * and ** represent significant and highly significant difference to different groups. 
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Figure 8. Comparative cytotoxicity study of TQ-Cs-PLGA-NPs, TQ-PLGA-NPs, and pure TQ against (A) MDA-MB-231 cells after 24 h; (B) MDA-MB-231 cells after 48 h; (C) MCF-7 cells after 24 h; (D) MCF-7 cells after 48 h. Results are expressed as percentage mean ± SD (n = 3), * and ** represent significant and highly significant difference to different groups. 
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Figure 9. Ex vivo intestinal permeation study result showing: (A) cumulative amount of drug permeated (μg) vs. time, (B) cumulative drug transported (μg cm−2) vs. time. 
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Table 1. Various independent and dependent variables used in the Box–Behnken design for the preparation of TQ-CS-PLGA-NPs.
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Independent Variables

	
Levels Used

	
Dependent Variables




	

	
Low

	
Medium

	
High

	






	
X1 = PLGA concentration (%)

	
2

	
3

	
4

	
Y1 = Particle size (nm)




	
X2 = PVA concentration (%)

	
1.5

	
2

	
2.5

	
Y2 = Polydispersity index




	
X3 = Sonication time (min)

	
2

	
3

	
4

	
Y3 = Entrapment efficiency (%)
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Table 2. Observed Box–Behnken experimental runs of TQ-CS-PLGA-NPs with their actual and predicted experimental values of Y1, Y2, and Y3.
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Runs

	
Independent Variables

	
Dependent Variables




	
X1

	
X2

	
X3

	
Y1

	
Y2

	
Y3




	

	
Actual

	
Predicted

	
Actual

	
Predicted

	
Actual

	
Predicted






	
F1

	
4

	
2

	
2

	
196.71

	
196.91

	
0.178

	
0.176

	
92.17

	
92.03




	
F2

	
3

	
2

	
3

	
156.94

	
156.48

	
0.139

	
0.145

	
78.23

	
78.64




	
F3

	
4

	
2

	
4

	
174.84

	
175.1

	
0.205

	
0.208

	
79.34

	
79.05




	
F4

	
4

	
1.5

	
3

	
192.59

	
192.4

	
0.182

	
0.181

	
84.21

	
84.54




	
F5

	
3

	
2.5

	
2

	
184.65

	
184.72

	
0.12

	
0.123

	
85.32

	
85.36




	
F6

	
3

	
2

	
3

	
153.46

	
156.48

	
0.136

	
0.145

	
78.84

	
78.64




	
F7

	
4

	
2.5

	
3

	
181.42

	
181.15

	
0.164

	
0.162

	
89.69

	
89.79




	
F8

	
3

	
1.5

	
2

	
184.42

	
184.41

	
0.157

	
0.158

	
80.68

	
80.49




	
F9

	
2

	
2

	
4

	
126.03

	
125.83

	
0.147

	
0.148

	
62.75

	
62.89




	
F10

	
3

	
1.5

	
4

	
164.74

	
164.67

	
0.162

	
0.158

	
69.85

	
69.81




	
F11

	
3

	
2.5

	
4

	
147.98

	
147.99

	
0.154

	
0.152

	
74.86

	
75.05




	
F12

	
2

	
2.5

	
3

	
141.19

	
141.38

	
0.118

	
0.118

	
71.27

	
70.94




	
F13

	
2

	
1.5

	
3

	
146.21

	
146.48

	
0.138

	
0.139

	
66.19

	
66.09




	
F14

	
3

	
2

	
3

	
157.42

	
156.48

	
0.148

	
0.145

	
78.84

	
78.64




	
F15

	
2

	
2

	
2

	
160.74

	
160.48

	
0.154

	
0.15

	
70.62

	
70.91








X1 = concentration of poly(d,l-lactide-co-glycolide) (PLGA) (%); X2 = concentration of PVA (%); X3 = sonication time (min); Y1 = particle size (nm); Y2 = polydispersity index; Y3 = entrapment efficiency (%).













[image: Table] 





Table 3. Summary of the regression analysis for responses Y1, Y2, and Y3 for fitting data to different models.
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	Model
	R2
	Adjusted R2
	Predicted R2
	SD
	Desirability





	Response (Y1)
	
	
	
	
	0.987



	Linear
	0.9215
	0.9001
	0.8666
	6.47
	



	2F1
	0.9425
	0.8993
	0.8393
	6.49
	



	Quadratic
	0.9999
	0.9998
	0.9988
	0.2965
	



	Response (Y2)
	
	
	
	
	



	Linear
	0.7002
	0.6184
	0.3938
	0.0139
	0.932



	2F1
	0.7703
	0.5980
	0.4724
	0.0143
	



	Quadratic
	0.9917
	0.9767
	0.8671
	0.0034
	



	Response (Y3)
	
	
	
	
	0.973



	Linear
	0.9817
	0.9767
	0.9649
	1.28
	



	2F1
	0.9881
	0.9791
	0.9532
	1.21
	



	Quadratic
	0.9992
	0.9978
	0.9912
	0.39
	







Y1 = particle size (nm); Y2 = polydispersity index; Y3 = entrapment efficiency (%); R2 = coefficient of correlation.
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