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Abstract

:

Rheumatoid arthritis is an autoimmune disease characterized by chronic synovitis that leads to tissue dysfunction as well as loss of complete function. There are several synthetic NSAIDs, glucocorticoids and biological drugs that are commonly used to treat arthritis. These drugs have severe life-threatening side effects. The use of a bioactive compound (Apigenin) could be an alternative to synthetic conventional delivery systems. It is a poorly water-soluble drug having a wide range of pharmacological activities. It has been reported for potential anti-inflammatory and anti-arthritic activity. In the present study, Apigenin (APG) solid lipid nanoparticles were prepared using the solid lipid (glyceryl mono stearate, GMS), surfactant (d -α-Tocopheryl polyethylene glycol 1000 succinate, TPGS) and sonication time (ST). The optimized APG SLNs showed a particle size of 161.7 nm and encapsulation efficiency of 80.44 ± 4.11%. It was further coated with 0.1% w/v chitosan (APG-CH-SLNs) and showed the particle size, PDI and zeta potential of 185.4 nm, 0.45 + 26.7 mV, respectively. The significant (p < 0.001) enhancement in drug release, permeation and mucoadhesive study was observed after chitosan coating. The antioxidant study results depicted an increase in antioxidant property. Finally, the anti-arthritic biochemical parameters revealed marked changes in the results in comparison to arthritic control animals. From the study, it was concluded that APG-loaded mucoadhesive lipid nanoparticles are an alternative to the synthetic oral delivery systems.
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1. Introduction


Rheumatoid arthritis (RA) is a chronic systemic inflammatory disorder characterized by synovitis. In RA, there is localized damage that takes place on the articular cartilage, tendon, ligament and bone which gives loss of function [1]. It occurs in all age groups and the maximum affected persons are in the age group of 35–50 years. It affects around ~1% of the world total population, and women are more affected than men [2]. There is an increase in proinflammatory cytokines [Tumor necrosis factor (TNF-α), Interleukin 6 (IL-6), Interleukin (IL-1β)] and a decrease in anti-inflammatory cytokines mainly IL-4 and IL-6. There are many nonsteroidal anti-inflammatory drugs, steroids, anti-rheumatic drugs that are commonly used to control the disease. These drugs give symptomatic relief but the major drawback of these drugs is the severe side effects like ulcer, hypertension gastrointestinal disturbance and stroke [3]. To overcome the effects of synthetic drugs the use of herbal bioactive compounds gives a better alternative to drug-resistant, side effects and reduced toxicity.



The use of a bioactive drug has been widely used to treat local and systemic diseases. APG is a flavonoid found in various fruits, flowers, vegetables and tea. It has been reported for different biological activity such as anti-inflammatory, antidiabetic anti-tumour, antiarthritic, and antioxidant activities [4,5]. APG has also shown the antiarthritic activity by inhibiting the colleganse activity involved in RA. It inhibits the proteolytic activity, secretion, and gene expression of matrix metalloproteinase-3 (MMP-3) which help in effective treatment in arthritis [6] and suppress the excess production of cytokines induced by tumour necrosis factor (TNFά) in mice [7]. The clinical application is limited due to its poor aqueous solubility and bioavailability. It belongs to BCS class II drug and has a reported aqueous solubility <2 μg/mL [8]. Poor aqueous solubility is one of the factors that is leading to poor absorption in gastro-intestinal tract (GIT). It has been metabolized after oral administration. So, there is a need to prepare novel formulation to overcome these drawbacks.



The application of nanoformulations have shown multidisciplinary use in the diagnosis and treatment of different diseases. It can easily target the affected inflamed area by controlling the release of the therapeutic drug. It can protect the drug from degradation and modulate the drug release [1]. Among different nanoformulations, the use of solid lipid nanoparticles (SLNs) has found to be a potential oral delivery system. It has provided high drug load, stability and prolonged drug release. It is prepared with biodegradable lipids and provides greater solubility and bioavailability [9,10].



There are several oral SLNs formulations that are prepared with different types of lipids and functions as enhancers in gastrointestinal region (GIT), and this helps to enhance the oral bioavailability. The lipids used to prepare SLNs are recognized as safe with no or minimal toxicity [11,12]. The loading of drugs into SLNs alter the intestinal permeability after oral absorption. Drugs absorb to the systemic circulation via the lymphatic system through M cells of Peyer’s patches found in the ileum [13]. SLNs are absorbed lymphatically and also bypass the first pass circulation via the liver [14]. However, nanoparticles can also be cleared quickly by macrophages in the reticuloendothelial system (RES) and obstruct the drug to reach the inflamed joints. The enhanced drug penetration gives enhanced drug absorption as well as distribution to tissues and bones. It helps to reach a high concentration in the synovium joint, and also helps to get increased anti-inflammatory response [15,16].



Chitosan (CH) is a cationic, nontoxic, natural polysaccharide polymer obtained from chitin [17]. It is biocompatible, biodegradable and widely used to enhance the mucoadhesive property. It is also used as a permeation enhancer as well as reported for antioxidant activity [18]. The cationic charge on the chitosan surface binds to the negatively charged cell membranes and helps to disrupt the plasma membrane, reduces the trans-epithelial electric resistance and increases the transcellular as well paracellular diffusion of the drugs [19,20]. Due to the enhanced mucoadhesive property the residence time of the loaded drug increases and gives high drug absorption [21]. The chitosan-coated SLNs showed higher therapeutic efficacy due to the greater surface area available for drug absorption. The presence of chitosan on the outer surface of SLNs gives enhanced bio adhesion to the gut wall, prolonged APG uptake from SLNs lipid, and protect from enzymatic degradation.



The present study aimed to prepare and optimize APG solid lipid nanoparticles (APG-SLNs) using Box Behnken design. The selected optimized formulation was coated with chitosan to enhance the mucoadhesion and permeation. The drug release study, mucoadhesive study and permeation study were performed to check the difference in the formulation performance. Finally, the selected chitosan-coated SLNs were assessed for anti-arthritic activity on the suitable animal model.




2. Material and Methods


2.1. Materials


Apigenin was purchased from Beijing Mesochem Technology Co. Ltd. Beijing, China. GMS and TPGS were procured from Gattefosse (Saint-Priest, France) and Sigma-Aldrich, Saint Louis, MO, USA. Milli Q water was used for the study and other ingredients and solvents were used of analytical grade. Dialysis bag (Molecular weight cut off 1,20,000 KDa) and standard 2,2-diphenyl-1-picrylhydrazyl (DPPH) kit was purchased from Sigma-Aldrich, Saint Louis, MO, USA. The biochemical assay kits purchased from Dhiti diagnostics, New Delhi, India. The animals were procured from animal house HSK college of Pharmacy, Karnataka. The animals were housed in standard condition, food and water were provided. The study was approved from institutional animal ethics committee, HSK college of Pharmacy (HSKCP/IAEC-2B) dated 07/09/20.




2.2. Methods


2.2.1. HPLC Method


HPLC method was performed as per the reported procedure with slight modification [6]. The method was developed on HPLC equipment (Waters 2695, Massachusetts, USA) connected with UV detector (Waters 2475 Multi lambda). The column (C18-Hypersil, ODS, 250mm × 4.6 mm × 5 µm) and mobile phase used for this study was acetonitrile and HPLC grade water (50:50, v/v). The flow rate 1 mL/min was maintained with injection volume of 10 µL. The detection was done at 340 nm using Empower software. The retention time was found to be 4.5 min.




2.2.2. Optimization


The prepared APG-SLNs were optimized using the three-factors at three-level Box Behnken Design (Design Expert 9.0.3.1 software) [22,23]. The factors GMS (A), TPGS (B) and ST (C) were taken as independent factors for the study. Their effects were observed on the particle size (PS, Y1) and entrapment efficiency (EE, Y2). The design showed 15 formulation runs with three common compositions termed as a center point. The obtained data were used for statistical optimization using ANOVA. The different statistical model equations were generated to evaluate the interaction terms [24]. The model equations, contour plots and 3D surface plots for each response was used to assess the impact of formulation variables on PS and EE. The predicted R2, experimental R2, and p values were also used to evaluate the validity of the data [25]. The formulation factors with low, middle and high value of independent variables are shown in Table 1.




2.2.3. Method of Preparation


APG-SLNs were prepared by the reported melt emulsification and ultra-sonication method with slight modification [26]. The different levels of the independent variables used to prepare the SLNs are shown in Table 1. Accurately weighed quantity of GMS as solid lipid was first melted in a porcelain dish at 85 °C. APG was added to the lipid phase for complete solubilization. Separately, TPGS solution in double distilled water was prepared and added drop-wise into the lipid phase at same temperature with stirring to prepare the primary emulsion. The prepared primary emulsion was probe sonicated using an ultrasonic probe for 4 to 8 min with a 3 s pulse-on and pulse-off period in cold conditions at 4 °C. The obtained nano emulsion was further cooled in ice condition for 30 min to form lipid nanoparticles (APG-SLNs). The prepared anionic solid lipid nanoparticles were coated with a cationic polymer of chitosan [27]. The prepared NPs were added to chitosan solution (0.1% w/v) with continuous stirring for an hour. The chitosan solution was prepared by dissolving chitosan in acetic acid (1% v/v). The prepared APG-SLNs was added dropwise to the ice-cooled chitosan solution in an ice bath with continuous homogenization for 45 min until the formation of the coated APG-CH-SLNs.




2.2.4. Particle Characterization


The particle characterization (PS, PDI, ZP) of prepared APG-SLNs and APG-CH-SLNs was evaluated by Zeta sizer (Malvern Instruments Ltd., Malvern, UK). The samples were diluted (100-fold) in double-distilled water and evaluated. ZP was assessed to check the surface charge on the particles. The optimized sample was evaluated for surface morphology using transmission electron microscopy. The diluted sample was taken on a carbon grid and the excess was removed. Finally, the sample was examined under a high-resolution microscope to capture the image.




2.2.5. Entrapment Efficiency


APG entrapment efficiency was assessed by evaluating the free APG in the prepared SLNs. The formulations were centrifuged at 10,000 rpm using a high-speed centrifuge (Sigma laboratory, Osterode, Germany). The supernatant was collected, diluted and unentrapped APG content was calculated at 330 nm by using a UV spectrophotometer. DL and EE were calculated by the below equations:


   % EE  =      Total   APG  −  Free   APG       Total   APG    × 100  



(1)








2.2.6. Mucoadhesion Study


The prepared formulations were assessed for mucoadhesive study to check the effect of chitosan coating on the SLNs. APG, APG-SLNs and APG-CH-SLNs (1 mL) were collected and mixed with mucin solution (1 mg/mL). The mixtures were incubated at 37 °C for 2 h and then centrifuged at 10,000 rpm for 60 min. The supernatant was collected, diluted and mucin content was evaluated at 258 nm using a UV spectrophotometer. The below equation was used to calculate the mucoadhesion efficiency:


  ME =     Ci − Cf   Ci     × 100  



(2)




Ci: Initial mucin concentration; Cf: Final mucin concentration.




2.2.7. Release Study


The release study was performed to check the release pattern of APG from the prepared SLNs. The selected formulations (APG-SLNs and APG-CH-SLNs) and APG dispersion contained ~2 mg of APG was filled in the dialysis bag. The study was performed in phosphate buffer saline (pH 7) with ethanol (20% v/v) at a temperature of 37 ± 0.5 °C. At a specific interval, the released content was removed and replenished with the fresh release media to mimic the same condition. The release content was diluted, filtered and the drug content at each time point was measured at 330 nm [28].




2.2.8. Permeation Study


The permeation study of the prepared three samples (APG dispersion, APG-SLNs and APG-CH-SLNs) was assessed for the permeation across the goat intestine. The diffusion cell (effective area 1 cm2) was used to study the permeation study. The intestine was collected from a local slaughterhouse and stored at −18 °C for use. The intestine was flushed with a physiological solution for 2 h at room temperature to remove the intestinal contents [29]. The samples which contain 2 mg of APG were filled into the donor compartment of the diffusion cell. The membrane was fixed between the two cells and donor compartment covered with the parafilm. The receptor cell filled with permeation media (volume 50 mL) and temperature was fixed at 37 ± 0.5 °C. The donor compartment was magnetically stirred, after a specific interval (up to 6 h) the permeated content was collected and replaced with fresh media. The released content was analyzed with the reported HPLC method [8].




2.2.9. Antioxidant Study


APG is a flavonoid and has potential antioxidant activity. The change in colour from dark brown to colorless leads to the reduction in absorbance and indicates the antioxidant potential. The comparative studies of APG, APG-SLNs and APG-CH-SLNs were performed as per the reported method [30]. From each sample, a different concentration (0.1 mL) was mixed with DPPH solution (0.9 mL). The samples were incubated for 1 h in dark condition at room temperature. DPPH solution with methanol was considered as blank and the samples were assessed at 517 nm using a UV spectrophotometer. The change in the colour of the DPPH methanolic solution was quantified as reduction in absorbance, which gives the antioxidant potential. The antioxidant compound neutralizes the DPPH radical by the donation of an electron, which leads to a direct reduction. The DPPH radical scavenging activity of each sample was performed in triplicate and calculated by below equation:


   Inhibition     %  =   Control −   Treated   Control      ×    100  



(3)




where, Ai: Absorbance of control; Af: absorbance of test.




2.2.10. Anti-Arthritic Activity


Experimental Design


The study was performed with five groups of rats (n = 6). The groups were divided as Normal control rats (Group 1), Ccomplete Freund’s adjuvant (CFA) induced arthritic model rats (Group 2), APG-CH-SLNs treated rats (50 mg/kg, Group 3), pure APG treated rats (50 mg/kg, Group 4) [31], Indomethacin treated group (5 mg/kg, Group 5). On the first day, arthritis was induced in every group (except the normal control group) via intradermal injection of CFA (0.1 mL) at the right hind footpad. The rats in group III, IV and V were orally administered with APG-CH-SLNs, APG dispersion and Indomethacin through intragastric gavage, for 28 successive days following induction of arthritis. The paw swelling was evaluated at 7-day intervals for 28 days, using a plethysmometer. On completion of the experiment, the rats were sedated with isoflurane and euthanized using cervical dislocation.




Biochemical Estimation


Blood and ankle joint samples were obtained for biochemical studies. Samples of blood withdrawn from the femoral artery were placed at room temperature to coagulate and then centrifuged for 15 min at 3000 rpm. The serum samples obtained were subjected to being assayed for pro-inflammatory cytokines i.e., TNF-α and IL-1β using commercial ELISA assay kits in line with the manufacturer’s guidelines. Tissues from excised ankle joints were homogenized in ice-cold 10% phosphate buffer, pH 7.4, and centrifuged at 4 °C for 30 min at 10,000 rpm. The supernatants were used for assay of the antioxidant enzymes SOD and CAT, as well as levels of MDA using standard assay kits (Sigma Aldrich), according to the kit instructions.




Paw Edema


The carrageenan-induced paw edema model was used to assess the prepared formulation potential. The rats were injected with carrageenan (0.1 mL) in normal saline into the sub planter area of the right hind paw [32]. The dose was given orally 1 h before injection and paw volume was measured by using plethysmograph at 0, 1, 3, 6, 12 and 24 h.




Writhing Study


The writhing study was performed to check the number of writhing in a specific time with all treated groups as per the reported procedure [33]. The intraperitoneal injection of acetic acid (0.8% in distilled water) was given to induce writhing. The number of counts counted after 30 min of injection and the calculation was performed for the treated groups with the below equation:


   Inhibition     %  =   Control −   Treated   Control      ×    100  



(4)









2.2.11. Statistical Analysis


The data are expressed as mean ± SEM (n = 6). All the treatment groups compared with control group using one way ANOVA followed by Tukey- Kramer test. All statistical analyses were done using SPSS version 22.0. The significance of differences was assumed at p < 0.05 at different level.






3. Results and Discussion


3.1. Optimization


APG-SLNs were optimized by three factors at three levels of Box Behnken design. The independent factors GMS (X1) in the concentration range of 250 mg (low level) to 350 mg (high level), TPGS (X2) in the concentration range of 175 mg (low level) to 225 mg (high level) and ST (X3) of 4 min (low level) to 8 min (high level) were taken to prepare APG–SLNs (Table 1). The design showed 15 formulation compositions to prepare APG-SLNs. There are three common compositions shown by the software to check the error in the results. The effect of GMS (A), TPGS (B) and ST (C) was assessed on the PS (Y1) and EE (Y2). The study design showed a 3D response surface plot to evaluate the independent and combined effects of each variable. The data were fitted to different kinetics models; and the best-fitted model was found to be quadratic model. The equations showed low p-value (p < 0.05) and good correlation coefficient (R2 > 0.9). It indicates that the quadratic polynomial model is highly significant to represent the interaction between the independent variables. The positive sign in the polynomial equation gives a synergistic effect on the response. It means as the level of independent variables increases their response favours the optimization. The negative sign indicates an antagonistic effect on the dependent variables. Analysis of variance (ANOVA) was carried out for the polynomial equations and the significant effect on the variables was assessed by high F value and low p-value (p ˂ 0.05). Finally, the results demonstrated that GMS, TPGS and ST has shown a significant effect on PS and EE. The results of the actual value were found much closer to the predicted value, as depicted in Table 2.




3.2. Effect of GMS, TPGS and ST on Particle Size (PS)


PS of the prepared APG-SLNs was found in the range of 100.13–202.41 nm. There was a significant (p < 0.05) difference in PS that was observed between the formulation (F1) and formulation (F8). The difference in the independent variable from low range to high range showed a significant effect on PS. Response surface plot (Figure 1) and polynomial equation Equation (1) were used to evaluate the effect of variables on the PS. GMS (A) has shown a positive effect on the size. As the concentration of lipid increases the PS also increases. At high lipid content, the viscosity increases and a resistance in the flow of oil drop takes place. Due to high viscosity, the oil droplet does not break into smaller size and gives a larger PS [13,34]. At a high concentration of the lipid, the available surfactant is not sufficient to coat the surface of NPs and the collision of particles takes place faster than the adsorption of surfactant on the surface of NPs. There was a formation of larger particles due to aggregation and agglomeration of NPs due to hydrophobic interaction [35]. The presence of an optimum concentration of TPGS (B) reduces the PS. The available TPGS can adsorb the surface of NPs and prevents agglomeration and aggregation of particles. The third factor ST (C) has also shown a negative effect on the PS. As the ST increases, the PS decreases due to the breakdown of particles from sonication waves. However, as the ST increases from 6 min to 8 min, the PS decreases [36]. At high ST, there may be a chance of formation of aggregation of particles. From the polynomial equation, the negative effects were observed from the combination of GMS (A) and TPGS (B). The combined effect of GMS (A) and ST (C) showed a positive effect on the PS. Whereas, TPGS (B) and ST (C) had a negative effect on the size.




3.3. Effect of GMS, TPGS and ST on the Encapsulation Efficiency (EE)


EE of the prepared APG-SLNs was found in the range of 48.27–85.02%. There was a significant (p < 0.05) difference in EE that was observed between the formulation (F1) and formulation (F10). The difference in the lower range and higher range of each independent variable showed a significant effect on the formulation. Response surface plot (Figure 2) and polynomial Equation (2) obtained from optimization showed the effect of independent variables on the EE. The increase in GMS (A) gave a positive effect on EE. As the concentration of the GMS increased, there was a gradual increase in EE observed. At a higher concentration of GMS, there was a greater space available to accommodate the highly lipophilic drug APG in the lipid. The concentration of TPGS (B) also showed a positive effect on EE. The increase in TPGS concentration gave a gradual increase in EE. At a high concentration of surfactant, the greater amount of emulsifier available in the surface and prevented the leakage of the drug by forming a layer on the aqueous phase [27]. TPGS helps to solubilize the lipophilic drug (APG) by reducing interfacial tension. The third factor ST (C) showed a negative effect on the EE. As the ST (C) increased a reduction in EE was found. The increase in ST (C) gave a reduction in EE due to the leaching of the drug.




3.4. Point Prediction


The design showed optimized formulation (APG-CH-SLNs) composition of GMS (320 mg), TPGS (220 mg), and ST (5 min). This selected composition showed a PS of 161.7 ± 3.8 nm with an EE of 80.44 ± 4.11%. The practical value of the study was found to be very close to the predicted value. The overall desirability was found to be closer to one.



There was no significant (p > 0.05) difference was observed for PS and EE between the actual and predicted value (Figure 3). From the study, it was concluded that the response surface model proved to have good agreement between the actual and predicted values (Table 3).




3.5. Particle Characterization


The particle characterization (PS, PDI, ZP) of APG-SLNs were evaluated and showed the PS range from 100.1 nm (F1) to 204.2 nm (F8). The optimized APG-SLNs showed a PS of 161.7 ± 3.8 nm (Figure 4A), PDI value of 0.34 and ZP of −16.9 mV (Figure 4B). APG-CH-SLNs showed increased PS and positive ZP. These changes were observed due to the coating of chitosan (0.1% w/v). APG-CH-SLNs depicted a PS of 185.4 nm (Figure 4C) with a ZP value + 26.7 mV (Figure 4D). From the particle characterization results, the prepared APG-SLNs and APG-CH-SLNs were in the target range for oral delivery. TEM study result revealed the spherical size particles with a smooth and uniform surface (Figure 5).




3.6. Release Study


The studies of APG-SLNs, APG-CH-SLNs, and APG dispersion were performed to compare the release behaviour (Figure 6). APG dispersion showed poor release of 20.98 ± 2.1% in 12 h. APG-SLNs and APG-CH-SLNs showed a highly significant (**p < 0.001) enhancement in APG release of 73.32 ± 2.6% and 61.81 ± 3.4%, respectively. There was a significant (* p ˂ 0.01) difference in drug release that was also observed between APG-SLNs and APG-CH-SLNs. The difference in release rate can be attributed to the increased solubility and wettability of APG in the presence of surfactant. The formulations showed biphasic release behaviour with an initial fast release in the first 2 h. After that, the release was found slower up to 12 h. The sustained pattern was found due to the release of APG from the inner core of the lipid matrix, which releases slowly by diffusion. The presence of chitosan coating on the SLNs further slows APG release. The other possible reason for the slow release is that CH hinders the diffusion and desorption of APG. It also interacts with the stomach lipids which gives limited release.




3.7. Permeation Study


The comparative studies of APG dispersion, APG-SLNs, and APG-CH-SLNs were performed. APG dispersion showed poor permeation flux (11.24 ± 1.1 µg/cm2/h) due to its poor solubility. The very low amount of APG crossed the intestinal membrane. In the case of APG-SLNs, a significantly (p < 0.05) higher amount of APG permeated and showed a higher flux value (20.34 ± 2.3 µg/cm2/h). The enhancement in the permeation flux (1.9 -fold) is due to the enhanced solubility of APG in used lipid in the presence of surfactant. The entrapped drug can be supported for uptake by the M cells in the intestinal epithelium. The nano-sized particles also may be the reason for the enhanced permeation. It can easily penetrate deeper and crosses the mucosal site of the intestine. APG-CH-SLNs showed significantly higher permeation flux (29.36 ± 1.9 µg/cm2/h) than APG-SLNs and APG dispersion. The enhancement was found to be 1.4-fold and 2.6-fold higher than APG-SLNs and APG dispersion. The significant enhancement in the permeation may be due to the presence of chitosan on the outer surface, which helps to open the tight junction and also facilitates the paracellular transport of APG from the intestinal membrane.




3.8. Antioxidant Study


The flavonoid (APG) has been reported for excellent antioxidant activity [37]. The prepared formulations (APG-SLNs and APG-CH-SLNs) were also evaluated to check the antioxidant potential of APG after encapsulation into SLNs. The activity of APG-SLNs and APG-CH-SLNs was compared with the pure APG (Figure 7). The presence of antioxidant molecules accepted the electron and paired with hydrogen molecules. The activity has been evaluated at different concentration (10 µg/mL to 100 µg/mL) for all the samples. As the concentration of APG increases the antioxidant activity also gradually increases. The maximum activity was achieved at the highest concentration (100 µg/mL of APG) in all the samples. The pure APG showed the antioxidant activity of 78.4 ± 3.54%, whereas APG-SLNs and APG-CH-SLNs depicted 84.11 ± 3.6 and 89.43 ± 3.22%. There was non-significant enhancement in the activity was observed for APG-SLNs compared to pure APG, whereas APG-CH-SLNs showed significant (p < 0.05) enhancement.



The presence of chitosan on the outer surface also enhances the antioxidant property. The enhancement in the activity was achieved due to nano-particle size and greater solubility. The nano-meter size particles showed greater activity than coarse suspension due to greater surface area available for the DPPH reaction [38]. From the results, it can be concluded that the prepared coated and uncoated NPs do not interfere with APG antioxidant property.




3.9. Mucoadhesive Efficiency


The mucoadhesive activity was evaluated to check the mucoadhesion of the mucin on prepared delivery systems [APG-SLNs (56.22 ± 1.3%), APG-CH-SLNs (79.84 ± 2.6%) and APG dispersion (34.2 ± 1.9%)]. It is expressed as the amount of mucin deposited on the surface of the NPs. APG-SLNs and APG dispersion showed lesser mucoadhesive property due to negative charge on the lipid particles and poor solubility. There was significant (p ˂ 0.05) enhancement in the mucoadhesive activity that was achieved with the formulation APG-CH-SLNs. The presence of chitosan on the outer surface gives a positive charge which helps to exhibit enhanced mucoadhesive properties over negatively charged particles [39]. The coated particles showed higher binding efficiency to mucin due to the electrostatic interaction between mucin and chitosan. It gives higher mucoadhesive properties but also promotes the internalization rate, cellular uptake, prolonged residence time and therapeutic efficacy than negatively and neutrally charged NPs [40].




3.10. Anti-Arthritic Activity


Biochemical Estimation


In the arthritis model TNF-α and IL-1β have an important role in the inflammatory cells. TNF-α is a key to the cytokine cascade in rheumatoid arthritis. It can promote the formation of many other inflammatory cytokines [41]. The therapeutic effects of the different treated groups were evaluated on the important cytokines’ TNF-α and IL-1β (Table 4). The arthritic group showed significant (p < 0.001) enhancement in the levels of TNF-α and IL-1β (138.19 ± 12.19 and 193.2 ± 16.27) compared to the normal control rats (55.16 ± 4.27 and 121.72 ± 10.26). These two cytokines promote the formation of osteoclasts, synthesis of collagenase and prostaglandins. These are the important mediators of inflammatory pain in synovial as well as cartilage cells [42]. In case of standard indomethacin group, the value was significantly (p ˂ 0.001) reduced near normal value (65.29 ± 5.37 and 127.41 ± 10.05). The prepared APG-CH-SLNs also showed significant (p < 0.001) effect on the TNF-α and IL-1β (61.73 ± 6.83 and 130.04 ± 10.51) than arthritic group. TNF-α value was found be slightly greater for the indomethacin treated group than APG-CH-SLNs group. The enhancement in TNF-α value due to gastrointestinal disturbance and lead to gastrointestinal ulcer [43]. The pure APG dispersion also reduces the TNF-α level (p < 0.01) and IL-1β level (p < 0.05) (102.83 ± 8.04 and 157.26 ± 12.66) than the arthritic control group. The lesser reduction in the cytokines level was observed for the pure APG may be due poor solubility which may lead to poor absorption. APG-CH-SLNs showed higher therapeutic efficacy is due to the nano-sized particles, enhanced solubility in presence of TPGS and presence of chitosan coating. The chitosan promotes the mucoadhesion, tissue permeation and therapeutic efficacy [44].



Further, the prepared formulations were evaluated for antioxidant parameters MDA, SOD, and CAT on experimental rats (Table 4). The normal control animals showed the MDA (8.36 ± 0.89 U/mg protein), SOD value (38.17 ± 2.17 U/mg protein) and CAT (19.05 ± 1.04 U/mg protein). The arthritic control group showed a significant (p < 0.001) changes in the MDA level (15.27 ± 1.21 nmol/mg protein), SOD level (12.94 ± 1.82 U/mg protein) as well as CAT level (7.16 ± 0.21 U/mg). These are important confirmatory biochemical changes observed in the arthritis. The animal groups treated with APG-CH-SLNs showed the MDA level 9.26 ± 1.04, SOD level 33.2 ± 2.04 and CAT level 16.2 ± 1.21 U/mg). The standard indomethacin treated group showed the MDA level 9.04 ± 0.43, SOD level 36.26 ± 2.71 and CAT level of 18.31 ± 1.61 U/mg. There were highly significant (p < 0.001) changes observed in both the treatment groups. The treated groups showed the values closer to the normal group animals. APG dispersion treated group also showed significant (p < 0.01) changes in the tested parameters of MDA level 12.21 ± 1.2, SOD level 27.79 ± 1.6, CAT 12.05 ±1.05 U/mg. APG-CH-SLNs and indomethacin treated group showed a significant difference in the result than pure APG treated groups. The difference in the results were observed due to nano-size particles lead to enhanced solubility of APG in the SLNs. Thus, APG-CH- SLNs were available in systemic circulation for a prolonged period due to enhanced drug permeation to the systemic circulation. The maximum drug reached blood level and gets greater drug distribution into different tissues and bones [15].





3.11. Paw Volume


CFA model is the most common and widely used model to evaluate the arthritis. It shows the number of clinical, immunological and chronic parameters similar to the human arthritis. The local inflammation in the joints starts in the first 2–4 days and that leads to few weeks (28 days) [45,46]. The paw volume of the tested groups from 0 day to 28th day was evaluated and results were shown in Figure 8. The results showed a significant (p ˂ 0.001) increase in the paw volume up-to 28th days in the arthritic control group than the normal control group. The animals treated groups with standard indomethacin and APG-CH-SLNs showed highly significant (p ˂ 0.01, p ˂ 0.001) control over the increase in paw volume on the 7th, 14th, 21st and 28th day. The results of indomethacin and APG-CH-SLNs treated groups are very closer to each other and the difference was found to be non-significant. The standard indomethacin has been used as first choice drug due to its action on COX and PGE2. The use of this drug is limited due to the GIT irritation, diarrhoea, skin and rectal rashes [47]. The paw swelling mainly caused by the inflammatory cytokines. There is overproduction of cytokines takes place in the synovial cells, monocytes and lymphocytes. The prepared APG CH-SLNs blocks the excess production of cytokines after administration and lead to better therapeutic efficacy [48,49]. In case of animal group treated with pure APG dispersion depicted non-significant effect in initial 7th and 14th days after that it showed the slight significant (p ˂ 0.001) effect. The animals treated with APG-CH-SLNs showed prolonged control over the paw volume than APG dispersion treated group animals. The nano-sized particles also support the enhanced therapeutic efficacy of the APG due to the greater surface area available for drug absorption.




3.12. Paw Edema Study


The animals were also tested for the paw edema test for 24 h and results are depicted in Figure 9. The carrageenan induced rats showed enhanced paw edema in compare to the normal control group. The animals treated with pure APG, APG-CH-SLNs, and indomethacin showed marked control over the paw volume in the 24 h study. The result of APG-CH-SLNs and indomethacin treated group showed a closer result. There was a highly significant (p < 0.001) control of paw edema observed at different time point (1 h and 3 h) and significant (p < 0.01) effect at 6h as well as 12 h from APG-CH-SLNs treated formulations. APG has shown suppressive effect on carrageenan induced paw edema correlated well with the inhibition of NF-κB activations as reported by Tago et al., 2011 [31]. The pure APG treated group showed lesser effect in controlling the paw volume than APG-CH-SLNs.




3.13. Writhing Study


The acetic acid-induced writhing test is responsive to the drugs having a mechanism due to the nonspecific nociceptive stimulus induced by the acetic acid [50]. The study results revealed a significant difference in the number of writhing counts from the different treated groups. The control animals group showed that the number of writhing is 49 ± 2.74. The treated group with pure APG showed the number writhing is 21 ± 1.20, which is significantly (p ˂ 0.01) lower than the control group. The treated group with APG-CH-SLNs and indomethacin reduces the writhing count to a more highly significant (p < 0.001) level than control. In this test, the acetic acid stimulates the nociceptive neurons and enhance the release of histamine and cytokines in the peritoneum fluid [51].





4. Conclusions


APG -loaded solid lipid nanoparticles (APG-SLNs) were prepared and optimized by using GMS, TPGS and ST. The optimized SLNs (APG-SLNs) showed the nano-metric particle size and high encapsulation efficiency. The selected APG-SLNs was further coated with chitosan (APG-CH-SLNs) to enhance the mucoadhesion and permeation. APG-CH-SLNs showed a higher permeation and mucoadhesive property than uncoated SLNs (APG-SLNs). The surface morphology showed spherical particle size with a uniform surface. The comparative antioxidant activity results revealed higher activity with APG-CH-SLNs than APG-SLNs and pure APG. Finally, the anti-arthritic study was performed and the result showed a marked enhancement in the anti-arthritic as well as biochemical parameters in rat model.
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Figure 1. Effect of independent variables on the particle size optimization. 
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Figure 2. Effect of independent variables on the encapsulation efficiency optimization. 
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Figure 3. Actual and predicted response of the independent variables. 
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Figure 4. Particle size and zeta potential image of APG-SLNs (A,B) and APG-CH-SLNs (C,D). 
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Figure 5. TEM image of APG-CH-SLNs. 
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Figure 6. Drug release study profile of APG dispersion, APG CS-SLNs, and APG-SLNs. Data showed as mean ± SD, (n = 3). All the treatment groups compared using one-way ANOVA followed by Tukey- Kramer test, compared with pure APG p < 0.001, compared with APG-SLNs p < 0.01. 
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Figure 7. Comparative antioxidant potential of different groups. Data showed as mean ± SD, (n = 3). All the treatment groups compared with control group using one way ANOVA followed by Tukey- Kramer test, * compared with pure APG group (* p < 0.05). 
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Figure 8. Comparative paw volume study of different treatment groups. Data showed as mean ± SEM, (n = 6). All the treatment groups compared with control group using one way ANOVA followed by Tukey- Kramer test, x compared with normal control group, a, b and c compared with arthritic control group, x p < 0.001; a p < 0.05; b p < 0.01, c p < 0.001 and ns = non-significant. 
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[image: Coatings 11 00548 g008]







[image: Coatings 11 00548 g009 550] 





Figure 9. Paw edema results of animals treated with different formulations. Data showed as mean ± SEM, (n = 6). All the treatment groups compared with control group using one way ANOVA followed by Tukey- Kramer test, a, b and c compared with arthritic control group, x p < 0.001; a p < 0.05; b p < 0.01, c p < 0.001 and ns = non-significant. 
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Table 1. Experimental variables used to prepare Apigenin solid lipid nanoparticles (APG-SLNs).
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Independent

Variables

	
Level

	
Dependent

Variables

	
Target




	
Low

	
Medium

	
High






	
GMS

(mg)

	
250

	
300

	
350

	
Particle size (nm)

	
100–250 nm




	
TPGS

(mg)

	
175

	
200

	
225

	
Encapsulation efficiency (%)

	
50–80%




	
Sonication time (min)

	
4

	
6

	
8

	
-

	
-
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Table 2. Formulation design of Apigenin solid lipid nanoparticles with their results.
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Formulations

	
GMS

	
TPGS

	
Sonication Time

	
Particle Size (nm)

	
Encapsulation Efficiency (%)




	

	
mg

	
mg

	
min

	
Actual

	
Predicted

	
Actual

	
Predicted






	
1

	
250

	
175

	
6

	
100.13

	
103.84

	
48.27

	
52.28




	
2

	
350

	
175

	
6

	
160.31

	
164.58

	
67.32

	
69.26




	
3

	
250

	
225

	
6

	
115.69

	
111.42

	
71.18

	
75.24




	
4

	
350

	
225

	
6

	
140.88

	
137.16

	
66.83

	
68.82




	
5

	
250

	
200

	
4

	
166.59

	
160.60

	
76.49

	
72.54




	
6

	
350

	
200

	
4

	
180.90

	
187.35

	
80.66

	
83.77




	
7

	
250

	
200

	
8

	
129.10

	
122.65

	
66.94

	
61.83




	
8

	
350

	
200

	
8

	
202.41

	
211.40

	
77.21

	
75.16




	
9

	
300

	
175

	
4

	
156.91

	
164.19

	
69.31

	
66.25




	
10

	
300

	
225

	
4

	
180.08

	
171.26

	
85.02

	
81.91




	
11

	
300

	
175

	
8

	
175.20

	
179.74

	
66.87

	
69.98




	
12

	
300

	
225

	
8

	
148.09

	
147.81

	
73.79

	
70.85




	
13

	
300

	
200

	
6

	
146.12

	
152.12

	
68.10

	
65.43




	
14

	
300

	
200

	
6

	
147.21

	
151.12

	
68.80

	
65.43




	
15

	
300

	
200

	
6

	
148.32

	
145.12

	
68.38

	
64.43
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Table 3. Statistical parameters of Apigenin solid lipid nanoparticles.






Table 3. Statistical parameters of Apigenin solid lipid nanoparticles.





	
Statistics

	
PS

	
EE

	
Coefficient of Determination

	
PS

	
EE






	
Std. Dev.

	
0.8

	
0.25

	
R-Squared

	
0.9997

	
0.9997




	
Mean

	
153.13

	
70.34

	
Adj R-Squared

	
0.9991

	
0.9991




	
CV %

	
0.52

	
1.68

	
Pred R-Squared

	
0.9975

	
0.9983




	
PS = + 147.00 + 21.62 × A − 0.96 × B − 3.72 × C − 8.75 × A × B + 14.75 × A × C − 12.50 × B × C −6.50 × A2 − 11.25 × B2 + 29.25 × C2

EE = + 68.43 + 3.64 × A + 5.63 × B − 3.33 × C − 5.85 × A × B + 1.53 × A × C − 2.20 × B × C − 1.72 × A2 − 3.30 × B2 + 8.62 × C2
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Table 4. Comparative biochemical estimation results of different treatment groups. Data showed as mean ± SEM, (n = 6). All the treatment groups compared using one way ANOVA followed by Tukey- Kramer test, x compared with normal control group, a, b and c compared with arthritic control group, x p < 0.001; a p < 0.05; b p < 0.01, c p < 0.001 and ns = non-significant.






Table 4. Comparative biochemical estimation results of different treatment groups. Data showed as mean ± SEM, (n = 6). All the treatment groups compared using one way ANOVA followed by Tukey- Kramer test, x compared with normal control group, a, b and c compared with arthritic control group, x p < 0.001; a p < 0.05; b p < 0.01, c p < 0.001 and ns = non-significant.





	Groups
	TNF-α (pg/mL)
	IL-1β

(pg/mL)
	MDA

(nmol/mg Protein)
	SOD

(U/mg Protein)
	CAT

(U/mg Protein)





	Normal Control
	55.16 ± 4.27
	121.72 ± 10.26
	8.36 ± 0.89
	38.17 ± 2.17
	19.05 ± 1.04



	Arthritic Control
	138.19 ± 12.19 x
	193.20 ± 16.27 x
	15.27 ± 1.21 x
	12.94 ± 1.82 x
	7.16 ± 0.21 x



	APG-CH-SLNs
	61.73 ± 6.83 c
	130.04 ± 10.51 c
	10.26 ± 1.04 c
	33.20 ± 2.04 c
	16.20 ± 1.21 b



	APG
	102.83 ± 8.04 b
	157.26 ± 12.66 a
	12.21 ± 1.20 a
	27.79 ± 1.60 b
	12.05 ± 1.05 a



	Indomethacin
	65.29 ± 5.37 c
	127.41± 10.05 c
	9.04 ± 0.43 c
	36.26 ± 2.71 c
	18.31 ± 1.61 c
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