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Abstract

:

Poor solubility is the major challenge involved in the formulation development of new chemical entities (NCEs), as more than 40% of NCEs are practically insoluble in water. Solid dispersion (SD) is a promising technology for improving dissolution and, thereby, the bioavailability of poorly soluble drugs. This study investigates the influence of a pH-sensitive acrylate polymer, EPO, on the physicochemical properties of rosuvastatin calcium, an antihyperlipidemic drug. In silico docking was conducted with numerous polymers to predict drug polymer miscibility. The screened-out polymer was used to fabricate the binary SD of RoC in variable ratios using the co-grinding and solvent evaporation methods. The prepared formulations were assessed for physiochemical parameters such as saturation solubility, drug content and in vitro drug release. The optimized formulations were further ruled out using solid-state characterization (FTIR, DSC, XRD and SEM) and in vitro cytotoxicity. The results revealed that all SDs profoundly increased solubility as well as drug release. However, the formulation RSE-2, with a remarkable 71.88-fold increase in solubility, presented 92% of drug release in the initial 5 min. The molecular interaction studied using FTIR, XRD, DSC and SEM analysis evidenced the improvement of in vitro dissolution. The enhancement in solubility of RoC may be important for the modulation of the dyslipidemia response. Therefore, pharmacodynamic activity was conducted for optimized formulations. Our findings suggested an ameliorative effect of RSE-2 in dyslipidemia and its associated complications. Moreover, RSE-2 exhibited nonexistence of cytotoxicity against human liver cell lines. Convincingly, this study demonstrates that SD of RoC can be successfully fabricated by EPO, and have all the characteristics that are favourable for superior dissolution and better therapeutic response to the drug.
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1. Introduction


The oral route has been found to be the most convenient route for taking medications, owing to ease of administration and flexibility in the design of dosage systems [1]. It is frequently documented that nearly 40% of newly discovered drugs have low solubility and reduced bioavailability, regardless of their high permeability [2].This poor solubility of drugs at various pH levels of the gastrointestinal fluid is a gigantic challenge in attaining the desired therapeutic response. Thus, formulation scientists are constantly putting dynamic efforts into developing strategies to advance the dissolution and/or apparent solubility of poorly soluble drugs into orally bioavailable drugs [3].



Numerous formulation schemes—such as liposomes, nanoparticles [4], self-emulsifying drug delivery systems (SMEDDS) [5], hydrotrophy [6], cyclodextrin complexation [7], cosolvency [8], micronization [9,10], chemical modification [11], solid lipid nanoparticles [12] and amorphous solid dispersion (ASD) [13,14,15,16] are utilized in research to address the problems of poorly soluble drugs. Currently, the fast-tracked progression of FDA-approved drugs has decisively made solid dispersion (SD) an established technology for the design of hydrophobic drugs. SD consists of at least two different components: generally, a hydrophilic matrix that is either crystalline or amorphous, and a hydrophobic drug that is dispersed either as a discrete molecule or as an amorphous/crystalline particle [17]. The enhanced dissolution rate of drugs from SDs may be reinforced by the reduction in particle size to a molecular level, improved wettability and increased porosity [18]. SD can be prepared using numerous methods such as fusion [19], precipitation [20], trituration [21], solvent evaporation [22], kneading [23], spray drying [24], hot-melt extrusion [25], lyophilization [20] and electrospinning [26].



Rosuvastatin calcium (RoC) is the most effective antihyperlipidemic drug that competitively inhibits hydroxymethyl glutaryl coenzyme A (HMG-CoA) reductase and decreases the biosynthesis of cholesterol. It is mainly designated for the treatment of dyslipidemia. Unlike other statins, it is considered to be highly potent and well tolerated in humans for the management of hyperlipidemia [27]. However, being a BCS Class II drug, RoC mainly exhibits poor oral bioavailability of 20% due to low aqueous solubility of 0.01 mg/mL [28]. This reduced solubility of RoC influences its dissolution rate and, in turn, its bioavailability. Therefore, there is a need for a system that can augment the dissolution and oral bioavailability of RoC [29].



The appropriate selection of a hydrophilic carrier for SDs has a significant impact on the release of drugs in the upper part of the GIT. Eudragit® EPO (MW: 100,000–250,000 g/mol) is basically a cationic terpolymer based on methyl methacrylate, N-N-dimethyl aminoethyl methacrylate and butyl methacrylate monomers in the ratio of 1:2:1. EPO was selected because the tertiary amine groups that ionize at an acidic pH make it highly soluble up to pH 5. Additionally, it is also swellable and permeable in the GIT above pH 5. These features make it a successful candidate for augmenting the solubility of hydrophobic drugs [30,31,32].



The intent of this study was to use the SD technique to improve the solubility, as well as the dissolution, of BCS Class II rosuvastatin calcium (RoC) in the upper part of the GIT by using pH-dependent methacrylate polymer (EPO). Additionally, the uniqueness of this study lies in the fact the EPO-based SDs were first investigated for the improvement of anti-hyperlipidemic activity. To achieve the goal line, the study was thoroughly characterized and evaluated to meet a set level of improvement in terms of bioavailability and dyslipidemia.




2. Results


2.1. Saturation Solubility Studies


RoC has low aqueous solubility of 0.051 mg/mL and 0.421 mg/mL in distilled water and 0.1 N HCl, respectively (Figure 1). The study of solubility conducted in bio-relevant media shows a drastic increase of 4054.76, 4059.52, 6531.14, 5942.86, 5647.62, 4080.95, 7100, 6773.80, 5611.90 and 4647.62% for RoC-1, RoC-2, RoC-3, RoC-4, RoC-5, RSE-1, RSE-2, RSE-3, RSE-4, and RSE-5, respectively (p < 0.05). Thus, the hydrophilic carrier (EPO) had a significant role in enhancing the solubility of the pure drug (RoC) in the upper part of the GIT. The maximum and significant (p < 0.05) solubility is found to be for RoC-3 (27.88 mg/mL) and RSE-2 (32.4 mg/mL) using the CG (co-grinding) and SE (solvent evaporation) methods, respectively.




2.2. Gibb’s Free Energy Calculation


Gibb’s free energy is basically an indicator of the spontaneous solubilization behavior of a drug. The values for the Gibbs free energy are negative and in the range of 13,034.50 to 11,309.70. The higher negative Gibbs energy values of −12,385.67 and −12,627.16 are revealed by RoC-3 and RSE-2, respectively.




2.3. Percentage Yield and Drug Loading


The prepared formulations were assessed for product yield and drug content (Table 1) to govern the efficiency of the used methods. It is found that all the formulations demonstrated good product yields ranging from 63 ± 0.84 to 96.87 ± 0.18%. The drug content is in the range of 90.01 ± 0.29 to 98.50 ± 0.88 which is within accepted pharmacopeia limits. RSE-2 confines the highest amount (98.50 ± 0.88%) of RoC in contrast to RSE-1 and RoC-5. Based on the saturation solubility, Gibbs energy, percentage yield and percentage drug content, RoC-3 and RSE-2 were selected for further studies, including FTIR, XRD, DSC, SEM and PD.




2.4. FTIR Analysis


FTIR analysis is a procedure broadly utilized for the determination of chemical contact between drugs and excipients. The FTIR spectrum of RoC (Figure 2a) exhibits evidence of quite a lot of characteristic peaks at 1546.6 cm−1 (aromatic C–N stretching vibrations), 1507.3 cm−1 ( C–C stretching in aromatic ring), 1383.6 cm−1 (aromatic C–F stretching vibration), 1322.9 cm−1 (sulfone asymmetric stretching) and 1223.45 cm−1 (C=O stretch in carbonyl group). The intense broad bands at 3339.1 cm−1 are due to carboxylic OH stretching and are suggestive of H-bonding between two molecules of RoC.



The FTIR spectrum of EPO (Figure 2b) shows weak hydroxyl (O–H) stretching at 3437.43 cm−1, a strong aromatic C–H stretching band at 2954.81cm−1, a strong band of alkene C–H stretching at 2814.88 cm−1, an intermediate alkene C=C stretching bend at 1449 cm−1, a strong bend of C–O stretching of the ester group at 1389.21 cm−1 and a strong bend of C–C stretching at 1149.19 cm−1. The sharp peak at 1721 cm−1 is indicative of the occurrence of carbonyl groups in EPO polymer. Moreover, the characteristic functional group peak for dimethyl amino groups is observed between 2770 and 2824 cm−1.



The significant similarities are perceived in the spectra of pure RoC with reference to physical mixture (1:1), RoC-3 and RSE-2 (Figure 2c–e). There is insignificant alteration in the peak pattern of RoC in RoC-3 and RSE-2, which confirms the lack of chemical interaction within the components of SDs.




2.5. Thermal Analysis


The thermal behavior and possible physicochemical interaction between the ingredients were further investigated using DSC to foresee the shifting and disappearance of peaks in SDs. A DSC thermogram (Figure 3) of pure RoC shows multiple onsets of glass transition peaks in the ranges of 123–170 °C, and one deep endothermic peak at 219.89 °C corresponding to its fusion and degradation. This predicts the semi-crystalline structure of pure RoC. The pure hydrophilic polymer (EPO) does not show a melting endotherm because of its amorphous nature. The DSC curves of RoC-3 and RSE-2 (also presented in enlarged form in Figure S1) are seen to be flattened, corresponding to the strong molecular dispersion and entrapment of RoC inside the EPO polymeric matrix. The TGA thermograms, Supplementary Figure S2, showed that onset of decomposition was delayed in both RoC-3 and RSE-2. Moreover, thermal stability was found much better in RSE-2 in contrast to the pure drug (RoC).




2.6. PXRD Analysis


The PXRD spectra of pure drug, EPO and SDs (RoC-3 and RSE-2) are presented in Figure 4. The pure drug indicates a semi-crystalline nature, with characteristic peaks at 8.05°, 12.95° and 22.2° (depicted by arrows). Halo patterns are obtained for EPOs with no intrinsic peaks. The complete disappearance of diffractogram peaks, such as 8.05°, 12.95° and 22.2° in the optimized SDs, may be attributed to transformation into an amorphous state with no crystallization during the formulation stages. This confirms that both the drug and the polymer existed in an amorphous state in both RoC-3 and RSE-2.




2.7. SEM Analysis


A micrograph of the pure RoC (Figure 5a) depicts well-defined crystals with rectangular dimensions and rough edges, which is quite typical of the semi-crystalline nature. The microphotograph of physical mixture (Figure 5b) revealed differentiation in the manner as smaller particles of EPO were seemed to be adhered to the bigger particles of RoC. The SEM of RoC-3 (Figure 5c) exposed amorphous structure with irregular surface edges whereas the SEM image of RSE-2 (Figure 5d) revealed more asymmetrical and amorphous features that is quite typical of the lack of original shape of RoC.




2.8. In Vitro Dissolution Study


The dissolution profiles of pure RoC and SDs in dissolution media maintained under sink conditions are illustrated in Figure 6 and Figure 7. In the initial 5 min, pure RoC exhibits the slowest release rate of only 16%, and more than 40% of the drug is released from each of the SDs (Figure 6). At 60 min, when the dissolution rate of the pure RoC is approximately 48.02%, the release rates for RoC-1, RoC-2, RoC-3, RoC-4 and RoC-5 are 88.78%, 89.74%, 96.91%, 92.99% and 91.19%, respectively. RoC-3 has the highest dissolution rate of 80.03% in the first 5 min (p < 0.05) among all of the dissolution profiles using the CG method.



In case of the SE method, dissolution rates are 90.91%, 99.68%, 98.33%, 96.51%, and 93.81% for RSE-1, RSE-2, RSE-3, RSE-4 and RSE-5, respectively, at 60 min (Figure 7). Out of all the formulations, RSE-2 exhibits the maximum percentage of drug release (92%) within the initial 5 min (p < 0.05). It is evident that the dissolution rates of all the SDs significantly differ from that of the pure RoC (p < 0.05). The dissolution profile and statistical analysis suggest domineeringly favorable effects on the dissolution rate of RoC by RoC-3 and RSE-2, and therefore, were designated for PD studies.




2.9. Docking Studies for In Silico Prediction of Solubility


The result (Figure 8) demonstrats that complexes with the lowest binding affinity represent the most stable conformation. The docking gold score (binding affinity) presents interaction in the order of RoC-EPO (−7.82 Kcal·mol−1) > RoC-Kollidon (−2.74 Kcal·mol−1) > RoC-PEG (−1.41 Kcal·mol−1). These negative values show that EPO could effectively interact, owing to H-bonding with RoC, and could have the potential to prevent crystal formation of RoC. Moreover, the hydrophobic interaction reveals the entrenchment of drug RoC in the carrier (EPO). This prediction of a better interaction of EPO with RoC is practically confirmed in this study by its enhanced solubility and improved bioavailability.




2.10. Pharmacodynamic Studies


2.10.1. Influence on the Gain of Body Weight and Liver Index


The animals in the NC (normal control) group did not show any significant gain (p < 0.05) in body weight during the entire experimental period, as they were fed a normal diet. The most common cause for the induction of obesity with hyperlipidemia in rat models is the consumption of a high-fat diet. As is clearly evident in Figure 9, the consumption of a DRF (diet rich in fat) for 6 weeks led to significant gain (p < 0.05) of 230.87%, 208.01%, 204.10% and 204.72% in the body weight of rats in the HC (hyperlipidemia control) groups—Group I, Group II and Group III, respectively—compared to the NC group. After the treatment period of 4 weeks, a total increase of 286.56% was observed in the body weight of the HC group, which was found to be statistically significant (p < 0.05) in contrast to the NC group (186.06%). During the end of treatment period, the elevated body weights of Group I, Group II and Group III, respectively, presented drastic declines of 24.44%, 57.09% and 66.50%, in contrast to the HC group. The hyperlipidemia-induced rats treated with RoC-3 (Group II) and RSE-2 (Group III), respectively, attained more significant reductions (p < 0.05) of 28.45% and 42.06% in their body weight gain in contrast to those who received pure RoC (Group I). Interestingly, among all the treatment groups, Group III appeared to be much more successful at weight gain reduction.



Likewise, the weight of the liver was significantly increased (p < 0.001) in the HC group in contrast to the NC group, as graphed by the liver index (Figure 10). The calculated value of the liver index of the HC group was 4.71 ± 0.45 and is comparable to the 2.71 ± 0.08 NC value of the NC group. In contrast, the hyperlipidemic rats treated with pure RoC and SDs (RoC-3, RSE-2) showed a significant decline (p < 0.05) of 24.46%, 31.06% and 39.57%, respectively, in liver index, compared to the HC group. The liver index of RoC-3 and RSE-2 was 3.24 ± 0.07 and 2.84 ± 0.15. Thus, it is confirmed that RSE-2 appears to be more effective than ROC-3 and pure RoC (p < 0.05) in controlling the liver weight and index.




2.10.2. Biochemical Analysis of Serum Lipid Levels


The measurement of serum lipid levels (Figure 11) reveals a significant (p < 0.001) increase in TC (total cholesterol), TG (triglycerides), LDL-C, and VLDL-C levels (115.75 ± 5.73, 187.15 ± 4.98, 94.82 ± 1.37, 37.43 ± 1.98), and a reduction in the HDL-C level (32.05 ± 1.90) of the HC group in comparison to the NC group (74.75 ± 5.84, 70.27 ± 1.94, 52.22 ± 1.36, 37.43 ± 1.22 and 51.11 ± 1.16), respectively. These disturbed levels of lipids in the sera of rats are indicative of dyslipidemia. The hyperlipidemic rats showed improvement in dyslipidemia after the administration of pure RoC and SDs (RoC-3 and RSE-2), simultaneously with DRF, for 4 weeks. The intergroup comparison revealed that RSE-2 causes significant (p < 0.05) improvement in the serum lipid levels of TC, TG, LDL-C, VLDL-C and HDL-C to almost normal values of 76.25 ± 6.70, 70.70 ± 3.90, 52.35 ± 5.25, 14.14 ± 1.78 and 49.10 ± 3.07, respectively, contrary to therapy with pure RoC and RoC-3.



The elevated levels of cholesterol and LDL-C and the decreased value of HDL-C have prominent roles in the progression of atherosclerosis, while the anti-hyperlipidemic drugs have the potential to reduce the atherogenic index (A.I) and cardiovascular complications in diabetics with hypercholesterolemia (Figure 12). All the treated groups (I, II, III) reveal a significant (p < 0.001) decline of 46.95%, 56.60% and 65.22%, respectively, in the occurrence of atherosclerosis (Figure 12a) compared to HC group (4.1 ± 0.26). There is an insignificant difference (p < 0.05) between the A.I of the NC group (1.29 ± 0.029) and group III (1.43 ± 0.14), while the A.I of groups I (2.19 ± 0.19) and II (1.79 ± 0.07) differ significantly (p < 0.05), contrary to the NC group. Likewise, both groups (II & III) show a significant (p < 0.05) decline in A.I compared to group I. This improved dyslipidemia suggests that EPO-based SDs have the potential to overcome severities, even those prompted by the simultaneous consumption of DRF.



A TG/HDL-C ratio value greater than 3 is an indicator of insulin resistance (I.R), as well as metabolic syndrome, whereby the risk factor for heart disease, diabetes and stroke increases. The results (Figure 12b) indicate the worst TG/HDL-C ratio in the HC group (5.8 ± 0.25) and, thus, present the lowest I.R. All the treatment groups (I, II, III) exhibit a significant (p < 0.05) decline in I.R compared to the HC group. Similarly, both groups (II & III) show a significant (p < 0.05) decline in I.R compared to group I. The TG/HDL-C ratio for group III (1.45 ± 0.16) is very much similar (p < 0.05) to that of the NC group (1.37 ± 0.04).




2.10.3. Biochemical Analysis of Liver Functions (LFTs)


The main organ for lipid metabolism is the liver, so injury and damage to hepatocytes can be estimated by observing elevated levels of liver enzymes. In the present study, the increased levels of ALT and ALP (Figure 13) in the serum of HC rats were the indicator for liver injury. Treatment with ROC and SDs (RoC-3 & RSE-2) significantly (p < 0.05) decreased the elevated liver markers compared to the HC group, while group III (DRF + RSE-2) down regulated the elevated levels of ALT and ALP and revealed an insignificant (p < 0.05) difference to the NC group.




2.10.4. Macroscopic and Microscopic Examination of Liver


The liver of the NC group (Figure 14a) appeared reddish brown, which is a sign of a healthy liver. Despite this, the liver of hyperlipidemic rats (HC group) appeared enlarged and discolored (Figure 14b) due to consecutive consumption of DRF for 10 weeks. After the treatment period, the visual appearance of the liver transformed from very pale red to more reddish in the order of group III > group II > group I, which was clear evidence of recovery to a healthy red liver (Figure 14c–e).



The histology of normal liver tissues presented hepatocytes with centrally located nuclei and intact cytoplasmic structures (depicted by arrow a) along with no noticeable steatosis (Figure 15a). On the other hand, certain degrees of hepatosteatosis, illustrated by the displacement of nuclei to eccentric position; some ballooning (indicated by arrow b & c, respectively); and slight activation of Kupffer cells (Kc) (Figure 15b), an indication of progressive non-alcoholic fatty liver disease (NAFLD), were observed in rat models of the HC group. All the treatment groups presented reduction in the area of hepatic steatosis and ballooning degeneration, contrary to the HC group. The liver samples of group I (Figure 15c) displayed moderate hepatic degeneration with less vesicular steatosis and fat accumulation. Likewise, these pathological anomalies induced by DRF were almost shifted towards less eccentric nuclei, along with intact cytoplasm and no vesicular ballooning in the order of group III (Figure 15d) is better than group II (Figure 15e).





2.11. Cell Viability Assay


A cell viability assay (Figure 16) showed no significant difference between the cytotoxicity of pure RoCa, RSE-2, and the control (p < 0.05), suggesting that RoC, along with the polymer (EPO) used, has excellent viability against the human hep G2 cell line. Thus, these finding clearly indicate the non-toxicity and biocompatibility of RSE-2 in the formulation.





3. Discussion


A number of trials were conducted to finalize the formulation by varying the quantity of the solvent, the time for solvent removal and its solubility in the presence of varying concentrations of polymer. The selection criteria to obtain an optimized formulation were set based on the percentage of drug content, solubility in bio-relevant media, and in vitro release performance. The suitability of SD systems was suggested by the increasingly negative value of ΔG [33]. The established SDs exposed the intensification in the solubility of RoC by both methods, which might be ascribed by intermolecular H-bonding between the carbonyl group of EPO and the hydroxyl group of RoC. Moreover, this improved solubility is thought to be due to reduced particle size and augmented surface area [34]. It was also witnessed that the concentration of polymers played a vital role in the solubility and drug content. The solubility was increased to twice the amount of polymer, and after that, a reduction in solubility was noticed with increasing amounts of polymer. This behavior exhibited by EPO was also noticed with the SDs of curcumin [35] and valsartan [9] Saturation solubility studies conducted in phosphate buffer (pH 6.8) presented a reduction in solubility with increasing amounts of EPO, which is also evidence of the pH-dependent attribute of EPO (data not shown). The good drug content has been suggested to be due to the higher concentration of EPO in SDs [36]. SDs (RSE-2), carrying acetone as a solvent, have been seen to retain the maximal quantity (98.50 ± 0.88%) of RoC, probably due to the better solubility of RoC in acetone [37,38]. These findings suggest an enhancement in solubility and dissolution that can be more clearly seen in optimized SDs (RoC-3 and RSE-2). A computer simulation predicted the strength of the interaction between the drug and the excipients and directed that binding energy, with a higher negative value being suggestive of a lack of phase separation with better stability of the system. Thus, this superlative negative binding energy of EPO for RoC has the potential to form strong H-bonds [39]. These results of docking were found to be in excellent agreement with FTIR results.



The occurrence of peaks at the same wavenumber in the FTIR spectra confirmed the compatibility between the drug and the excipients, with no chemical interactions. The complete absence of a characteristic peak due to O–H bending at 1435.48 cm−1, and the shifting of the characteristic peaks of RoC from 3339.1 cm−1 to 3127.13 cm−1, confirmed the complete entrapment of RoC inside the EPO polymer [40]. The complete disappearance of the melting point peak of the drug in RoC-3 and RSE-2 is suggestive of diminished crystallinity and superior complexation of the hydrophilic polymer (EPO) with the drug. It was established that the heat of fusion of the semi-crystalline RoC was diminished when they were processed by CG and SE techniques [41]. The presence of amorphous polymer EPO in SDs may be an indicator of the conversion of RoC to an amorphous form. The absence of characteristic diffractions peaks in RoC-3 and RSE-2 confirmed that change in the crystal habitat of RoC might be the reason for the enhanced solubility and dissolution. The outcomes of the PXRD studies were proven to be consistent with the DSC studies [42]. The asymmetrical and irregular appearance of the drug in SEM images indicated that SDs had formed drug-loaded milieus with noticeable reduction in the drug crystallinity. This loss of crystallinity of the pure drug was also supported by the perception that the SDs of RoC with the methacrylate polymer (EPO) boosted its solubility and dissolution [43]. The dissolution of orally administered drugs having poor aqueous solubility is an essential consideration in terms of bioavailability. The dissolution behavior of RoC-loaded SDs exhibited better and immediate release compared to that of the pure drug. This intensification in the release of the drug from SDs may originate from numerous mechanisms such as reduced particle size (depicted for RoC-3 and RSE-2 in Figure S3 of Supplementary file), enhanced surface area and the conversion of a semi-crystalline form to a more thermodynamically stable amorphous form. The rise in dissolution might also be due to the pH-dependent attribute of the hydrophilic carrier, which immediately dissolves and instantly exposes the drug to dissolution medium in the form of fine particles, as there is no lattice energy to overcome unlike crystalline material [35,37].



Anti-hyperlipidemic agents were recommended as a targeted approach for the treatment of patients with NAFLD, as approximately 70% of them have coexisting dyslipidemia [40] Additionally, literature has also reported the superior behavior of RoC over other statins in tailoring the dyslipidemia and its associated complications of diabetic dyslipidemia and coronary heart diseases. The current study also took into consideration the impact of the developed formulation on dyslipidemia and its associated complications. The superiority of anti-hyperlipidemic activity [27] and connected I.R (TG/HDL ratio) and A.I of RoC-3 and RSE-2, unlike the pure drug, was probably due to their reduced size, facilitating their uptake and transport across the fenestrae of the liver sinusoids. The better gross appearance and recovery of the enzyme levels of the liver were suggestive of a lack of hepatic deterioration and hepatoprotection [12]. The underlying justification again relies on the diminished size of the particles [44]. Thus, the better performance of RSE-2 compared to the pure drug and RoC-3, from the standpoint of improved hepatic steatosis, biochemical analysis and liver index, was suggestive of an advancement in physicochemical features of RoC; this might be a reason for its improved therapeutic efficiency. Moreover, RSE-2 was found to be bio-safe against the human liver cell line. This was found to be in accordance with the phospholipid-based self-nanoemulsifying systems of RoC with the Caco2 cell line [42].




4. Materials and Methods


4.1. Materials


Rosuvastatin calcium (RoC, 98.5% pure) was generously supplied by Saffron Pharmaceutical Pvt. limited Faisalabad, Pakistan. Eudragit® EPO (Tg = 48 °C) was donated by Evonik industries (Piscataway, NJ, USA). Methyl alcohol and acetone of HPLC grade from Daejung chemicals & metals co., Ltd., Shiheung, South Korea were procured by Musaji Adam & Sons, Karachi, Pakistan. Freshly prepared distilled water was consumed throughout the work. All other solvents, chemicals and reagents used in this study were of analytical grade.




4.2. In Silico Docking Studies


Computational docking [45] was used to probe drug and polymer interactions at the molecular level and to predict the impact of the selected polymer at the binding site of target proteins. A 3D structure of the receptor HMG-COA reductase (1HWL) was retrieved from the protein databank (PDB). The grid box size for the receptor, and the exhaustiveness were set to 12. Consequently, the difference in the position and root-mean-square deviations (RMSDs) less than 2 Å were clustered together. The energy minimization (EM), a desirable feature prior to docking, for individual as well as drug–polymer structurewas performed, to have the nethermost energy conformations of the complexes. All other parameters remained at default [46]. Then, docking was conducted using GOLD docking software (Version 5.3.0) for monomer units of PEG, Kollidon and EPO. Finally, Discovery Studio Visualizer ver. 19.1.0 (BIOVIA, San Diego, CA, USA) was used for visualization of the protein–ligand complexes, with the objective of optimizing the positions of the drug in the polymer complex. The polymer with the superlative conformation and minimum binding affinity was designated for preparation and evaluation by the SD system.




4.3. Methods for Preparation of SDs


Solid dispersions, in different ratios, were prepared using co grinding (CG) and solvent evaporation (SE) methods, as shown in Table 2.



In CG method, the definite amounts of drug and carrier polymer (EPO) were triturated and blended with a mortar and pestle for a period of 30 min. The resulting formulations were milled, passed through a sieve of mesh size 60, and stored in a desiccator until further investigation. The solvent evaporation (SE) method was also used for the preparation of SDs (Figure 17). The required amount of drug and hydrophilic polymer were accurately weighed and dissolved separately into acetone to have a clear solution. The resultant solutions were poured into a 250 mL round-bottom flask and evaporation was carried out below 50 °C using a rotary evaporator (RE-100 Pro, Scilogex, CT, USA). Then the viscous semisolid residue was dried at room temperature over a period of 24 h. The dried mass was pulverized with the aid of a pestle and mortar and passed through a sieve of mesh size 60 to obtain SDs. All the prepared formulations were stored in an air-tight container in a desiccator until further evaluation [35,47].




4.4. Saturation Solubility Studies


Saturation solubility was determined by employing a shake-flask method using two different media: distilled water and 0.1 N HCl (pH 1.2). An excess amount of pure drug/SD was added into the 3 mL of media in a 15 mL tube. The tube was vigorously vortexed for 5 min and subjected to shaking for 72 h at 37 ± 0.5 °C in a shaking water bath (SWB 15, Thermo-scientific, Waltham, MA, USA) at a speed of 75 rpm. Afterwards, the mixtures were centrifuged at 6000 rpm for 20 min, filtered through a syringe filter (nylon, 0.45 μm) and assayed using a UV–Vis spectrophotometer (CE-7400S, Cecil, Cambridge, UK) at 240 nm. All solubility measurements were performed in triplicate [48].




4.5. Gibbs-Free-Energy (ΔG°tr) Analysis


This is the utilization of energy formed after an insoluble drug under goes through phase transformation into soluble form [49].The ΔG°tr values of pure RoC and RoC SDs were calculated using the following equation:


  Δ G ° TR =  {  − 2.303  RT    ÷   LogS  o  /  S s   }   








where So is the solubility of pure RoC in water and Ss is the solubility of RoC SD systems in water. The R is a universal gas constant with a value of 8.31 J/K mol, and T is the temperature in Kelvin [50,51].




4.6. Determination of Percentage Yield and Drug Content


All prepared SD powders were weighed, and the yield was calculated in percentage by the following equation [52];


   Yield     ( % )  =    weight   of   dried   solid   dispersion     weight   of   pure   RoC  + EP 0   × 100  











20 mg of the sample was accurately weighed and dissolved in 10 mL of methanol. The absorbance of the solution, filtered through 0.45 μm nylon syringe filters, was recorded at 240 nm using a UV–visible spectrophotometer (CE-7400S Cecil, Cambridge, UK) after dilution with acidic buffer media. The drug content was calculated by following equation [53]:


   Drug   content  =    Absorbance   of   sample   containg    20    mg   of   RoC   in   formulation     Absorbance   of    20    mg   of   pure   RoC    × 100  












4.7. FTIR for Structural Analysis


FTIR spectra were acquired from Agilent Cary 360 FTIR spectrometer (Agilent scientific Instruments, Santa Clara, CA, USA) in KBr discs over a range of 500 cm−1 to 4000 cm−1 at a resolution of 2 cm−1. Data collected in the transmission mode were analyzed using an Essential FTIR [54], to evaluate the interaction of excipients with the drug.




4.8. DSC Analysis


The thermograms of samples were recorded using a thermal analyzer (SDT Q600, V20.9 Build 20, TA instruments, New Castle, DE, USA) by sealing samples in an aluminum pan. Analysis was carried out at a heating rate of 10 °C/min with a temperature range of 25 to 400 °C, under a nitrogen purging rate of 20 mL/min [55].




4.9. PXRD Analysis


The diffraction patterns of samples were obtained using an X-ray powder diffractometer (D8 Advance, Bruker Corporation, Billerica, MA, USA). A sample (10 mg) was packed in an aluminum sample container to obtain the diffraction pattern, by setting the machine to a voltage of 30 kV, a current of 30 mA, from 5° to 60° and at the angular speed of 2θ/min [56].




4.10. Scanning Electron Microscopy (SEM)


The shape and surface morphology of the pure RoC and optimized SDs were examined at various magnifications using a Nova-Nano-450 (FEI, Hillsboro, OR, USA) SEM with the aid of a TLD detector at a voltage of 10 kV [13].




4.11. In Vitro Drug Release


The dissolution behavior of the pure drug and SDs was determined using USP apparatus II (DT 70, Pharma Test, Hainburg, Germany). Accurately weighed quantities of pure RoC and SDs equivalent to 20 mg were placed in vessels containing 900 mL of freshly prepared 0.1 N HCl. The dissolution studies were performed by keeping the temperature of a water bath at 37 ± 0.5 °C and a stirring rate of 100 rpm. Aliquots of 5 mL with replacements of fresh medium were withdrawn at predefined intervals of 5, 10, 15, 30, 45 and 60 min. Samples were filtered and analyzed for the dissolved drug, in triplicate, at a wavelength of 241 nm using a UV–Vis spectrophotometer [57].




4.12. Pharmacodynamics (PD) Study in Rats


4.12.1. Experimental Animals


Thirty male Wistar rats, weighing about 140 ± 20 g, with ages ranging from 4–5 weeks were purchased from the animal house of the Government College University, Faisalabad, Pakistan. The animals were kept in a tidy and well-ventilated room at a controlled temperature of 25 ± 2 °C, with 60 ± 5% relative humidity, over 12 h light/dark cycles. Compulsory arrangements were maintained for free access to food and water for all animals. The animal experiments were conducted according to international and institutional guidelines after approval by the Institutional Review Committee, Government College University Faisalabad (Ref No. GCUF/ERC/2068, Study No. 19669, IRB No. 669, 5 September 2019).




4.12.2. Experimental Protocol


In vivo studies were carried out on five groups each comprised of six rats. The experimental protocol (Table 3) was conducted for ten weeks, split into two periods. The initial period comprised of six weeks and was used for the induction of hyperlipidemia with the diet enriched in fat [58]. At the end of dyslipidemia period, the treatment phase with suspension of pure RoC, RoC-3 and RSE-2 was initiated and continued for four weeks. During this time frame, the pure drug and SDs were administrated daily via gastric lavage at a dose of 20 mg/kg of RoC.



The weights of all animals were noted on a weekly basis for the entire period to predict the effect of the fatty diet, as well as treatment, on the body weights of the animals.




4.12.3. Sample Collection


The animals were kept in a fasting state overnight with water provided ad libitum. Blood samples from sacrificed animal were taken and centrifuged at 6000 rpm for 15 min to separate the serum layer. The serum was then stored at −20 °C until further analysis of the lipid and liver profiles. Additionally, the livers were excised, washed with normal saline, and blotted between layers of filter paper for the removal of surface water. Then, the liver index was estimated from the weight of the liver, and the total body weight using the given equation [59].


   liver   index     ( % )  =    weight   of   liver     ( g )     weight   of   animal     ( g )    × 100  












4.12.4. Serum Biochemical Analysis


The serum, prepared from fasted blood samples, was analyzed to detect the concentration of triglycerides (TG), total cholesterol (TC), high-density lipoprotein (HDL-C) cholesterol and low-density lipoprotein (LDL-C) cholesterol by employing enzymatic colorimetric methods using commercially available kits (Giesse diagnostics, Guidonia, RM, Italy). The assay was performed according to the guidelines of the manufacturer using an auto-analyzer (Microlab 300, Merck, NJ, USA). The very low-density lipoprotein (VLDL-C) cholesterol was calculated as VLDL = TC/5 [60]. The TG/HDL-C ratio, a marker of insulin resistance, was also calculated in obese models. Moreover, an Atherogenic index (A.I) to estimate the risk of atherosclerosis was calculated using the following formula, as reported in literature [61].


  A .  I    =   LDL − C + VLDL − C   HDL − C    











Additionally, the biomarkers for LFTs were determined for levels of alanine transaminase (ALT) and alkaline phosphatase (ALP) in the sera using commercial diagnostic kits (Giesse diagnostics, Guidonia, Rome, Italy) to foresee hepatic protection.




4.12.5. Histopathological Examination


For histological examination, the removed livers were fixed in 10% neutral-buffered formaldehyde (NBF) solution. After fixation, the tissue sections were embedded in a paraffin block, segmented at 5 μm, and stained with hematoxylin and eosin (H&E). The microscopic images were captured via Capta Vision software (ACCU-SCOPE 3000, Commack, NY, USA) for the examination of any pathological changes and/or improvement in the individual liver as a result of HFD and/or formulations.




4.12.6. Statistical Analysis


All data obtained from the six rats were expressed as the mean ± standard deviation of the mean. One-way-AVOVA and two way-ANOVA, followed by post-hoc Tuckey test, were performed for the pairwise comparison of columns using Graphpad prism software ver. 5.01 (Graphpad Software, San Diego, CA, USA). Any differences among the groups were considered statistically significant at p values less than 0.05.





4.13. In Vitro Cell Viability Assay


The in vitro cytotoxicity was assessed by employing an MTT assay using human liver cell line. The Hep G2 cell line was seeded in 96-well plates and incubated at 37 °C for 48 h before treatment with samples. Then, the prepared cells were incubated with pure RoC suspension, and RSE-5 at 37 °C for 48 h with conservation of 5% CO2 and 95% fresh air during the whole period. Afterwards, 10 µL of MTT (5 mg/mL stock) solution was added in each well and incubated for next 4 h at 37 °C. The media were aspirated, followed by the addition of DMSO (150 µL) to solubilize the formazan crystals. Finally, the absorbance was measured at 490 nm using an ELIZA plate reader (Type 357, Thermo Fisher Scientific, Shanghai, China), and cell viability was calculated [62] using the following equation:


   Percentage   cell   viability  =    Absorbance   of   treated   cell     Absorbance   of   control   cell    × 100  













5. Conclusions


In this study, we successfully prepared SDs of RoC using the CG and SE method. SE showed more promising results than CG in RoC-based SDs. The most satisfactory results were presented by RSE-2 for enhanced solubility with an asymmetrical surface. The in vitro release profiles indicated an immediate release of RoC from the SDs. Our findings present an enhanced vision of pharmacodynamics studies and prove the ameliorative effect of RSE-2 in dyslipidemia, in contrast to the pure drug. Thus, it is concluded that the prepared EPO-based SD is not only safe for the human hep G2 cell line, but also has the potential to improve the solubility of the hydrophobic drug (RoC) and the existence of the associated anti-hyperlipidemic effect.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph15040492/s1, Figure S1: DSC of pure RoC, EPO and optimized formulations (RoC-3 and RSE-2).; Figure S2: TGA thermogram of pure drug/RoC and optimized formulations (RoC-3 and RSE-2).; Figure S3: average particle size of RoC-3 and RSE-2.





Author Contributions


Conceptualization, S.I. and M.I.; methodology, S.I.; software, S.I., S.A. and H.A.A.-T.; validation, M.I., N.u.a.L. and M.S.I.; formal analysis, H.K.S.; investigation, S.I., M.I and S.A.; resources, H.K.S., I.U.K. and M.S.I.; data curation, M.S.I.; writing—original draft preparation, S.I.; writing—review and editing, M.I. and I.Z.; visualization, S.-U.-D.K.; supervision, M.I.; project administration, M.I.; funding acquisition, A.K. and M.A.S.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Committee, Government College University Faisalabad (Ref No. GCUF/ERC/2068, Study No. 19669, IRB No. 669, 5 September 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article and Supplementary Material.




Acknowledgments


The authors would like to acknowledge the Taif University Researchers Supporting Project number (TURSP-2020/68), Taif University, Taif, Saudi Arabia. The authors would like to thank the Deanship of scientific research at Umm Al-Qura University for supporting this work, grant code (22UQU4290565DSR14).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baghel, S.; Cathcart, H.; O’Reilly, N.J. Polymeric Amorphous Solid Dispersions: A Review of Amorphization, Crystallization, Stabilization, Solid-State Characterization, and Aqueous Solubilization of Biopharmaceutical Classification System Class II Drugs. J. Pharm. Sci. 2016, 105, 2527–2544. [Google Scholar] [CrossRef] [PubMed]

	



Giri, T.K.; Kumar, K.; Alexander, A.; Ajazuddin; Badwaik, H.; Tripathi, D.K. A novel and alternative approach to controlled release drug delivery system based on solid dispersion technique. Bull. Fac. Pharmacy, Cairo Univ. 2012, 50, 147–159. [Google Scholar] [CrossRef]

	



Singh, A.; Worku, Z.A.; Van Den Mooter, G. Oral formulation strategies to improve solubility of poorly water-soluble drugs. Expert Opin. Drug Deliv. 2011, 8, 1361–1378. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.G.; Li, J.J.; Williams, G.R.; Zhao, M. Electrospun amorphous solid dispersions of poorly water-soluble drugs: A review. J. Control. Release 2018, 292, 91–110. [Google Scholar] [CrossRef] [PubMed]

	



Verma, R.; Kaushik, A.; Almeer, R.; Habibur Rahman, M.; Abdel-Daim, M.M.; Kaushik, D. Improved pharmacodynamic potential of rosuvastatin by self-nanoemulsifying drug delivery system: An in vitro and in vivo evaluation. Int. J. Nanomed. 2021, 16, 905–924. [Google Scholar] [CrossRef]

	



Van Ngo, H.; Nguyen, P.K.; Van Vo, T.; Duan, W.; Tran, V.T.; Tran, P.H.L.; Tran, T.T.D. Hydrophilic-hydrophobic polymer blend for modulation of crystalline changes and molecular interactions in solid dispersion. Int. J. Pharm. 2016, 513, 148–152. [Google Scholar] [CrossRef]

	



Al-Heibshy, F.N.S.; Başaran, E.; Arslan, R.; Öztürk, N.; Vural, İ.; Demirel, M. Preparation, characterization and pharmacokinetic evaluation of rosuvastatin calcium incorporated cyclodextrin-polyanhydride nanoparticles. Drug Dev. Ind. Pharm. 2019, 45, 1635–1645. [Google Scholar] [CrossRef]

	



Miyako, Y.; Khalef, N.; Matsuzaki, K.; Pinal, R. Solubility enhancement of hydrophobic compounds by cosolvents: Role of solute hydrophobicity on the solubilization effect. Int. J. Pharm. 2010, 393, 48–54. [Google Scholar] [CrossRef]

	



Pradhan, R.; Kim, S.Y.; Yong, C.S.; Kim, J.O. Preparation and characterization of spray-dried valsartan-loaded Eudragit® E PO solid dispersion microparticles. Asian J. Pharm. Sci. 2016, 11, 744–750. [Google Scholar] [CrossRef]

	



Sarfraz, R.M.; Ahmad, M.; Mahmood, A.; Minhas, M.U.; Yaqoob, A. Development and Evaluation of Rosuvastatin Calcium Based Microparticles for Solubility Enhancement: An In Vitro Study. Adv. Polym. Technol. 2017, 36, 433–441. [Google Scholar] [CrossRef]

	



Tekade, A.R.; Yadav, J.N. A review on solid dispersion and carriers used therein for solubility enhancement of poorly water soluble drugs. Adv. Pharm. Bull. 2020, 10, 359–369. [Google Scholar] [CrossRef]

	



Dudhipala, N.; Veerabrahma, K. Improved anti-hyperlipidemic activity of Rosuvastatin Calcium via lipid nanoparticles: Pharmacokinetic and pharmacodynamic evaluation. Eur. J. Pharm. Biopharm. 2017, 110, 47–57. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Zou, M.; Piao, H.; Liu, Y.; Tang, B.; Gao, Y.; Ma, N.; Cheng, G. Characterization and pharmacokinetic study of aprepitant solid dispersions with soluplus®. Molecules 2015, 20, 11345–11356. [Google Scholar] [CrossRef] [PubMed]

	



Alshehri, S.; Imam, S.S.; Hussain, A.; Altamimi, M.A.; Alruwaili, N.K.; Alotaibi, F.; Alanazi, A.; Shakeel, F. Potential of solid dispersions to enhance solubility, bioavailability, and therapeutic efficacy of poorly water-soluble drugs: Newer formulation techniques, current marketed scenario and patents. Drug Deliv. 2020, 27, 1625–1643. [Google Scholar] [CrossRef]

	



Tambe, A.; Pandita, N. Enhanced solubility and drug release profile of boswellic acid using a poloxamer-based solid dispersion technique. J. Drug Deliv. Sci. Technol. 2018, 44, 172–180. [Google Scholar] [CrossRef]

	



Das, T.; Mehta, C.H.; Nayak, U.Y. Multiple approaches for achieving drug solubility: An in silico perspective. Drug Discov. Today 2020, 25, 1206–1212. [Google Scholar] [CrossRef]

	



Vo, C.L.N.; Park, C.; Lee, B.J. Current trends and future perspectives of solid dispersions containing poorly water-soluble drugs. Eur. J. Pharm. Biopharm. 2013, 85, 799–813. [Google Scholar] [CrossRef]

	



Zhai, X.; Li, C.; Lenon, G.B.; Xue, C.C.L.; Li, W. Preparation and characterisation of solid dispersions of tanshinone IIA, cryptotanshinone and total tanshinones. Asian J. Pharm. Sci. 2017, 12, 85–97. [Google Scholar] [CrossRef]

	



Van Drooge, D.J.; Hinrichs, W.L.J.; Visser, M.R.; Frijlink, H.W. Characterization of the molecular distribution of drugs in glassy solid dispersions at the nano-meter scale, using differential scanning calorimetry and gravimetric water vapour sorption techniques. Int. J. Pharm. 2006, 310, 220–229. [Google Scholar] [CrossRef]

	



Mai, N.N.S.; Nakai, R.; Kawano, Y.; Hanawa, T. Enhancing the Solubility of Curcumin Using a Solid Dispersion System with Hydroxypropyl-β-Cyclodextrin Prepared by Grinding, Freeze-Drying, and Common Solvent Evaporation Methods. Pharmacy 2020, 8, 203. [Google Scholar] [CrossRef]

	



Bennett, R.C.; Brough, C.; Miller, D.A.; O’Donnell, K.P.; Keen, J.M.; Hughey, J.R.; Williams, R.O.; McGinity, J.W. Preparation of amorphous solid dispersions by rotary evaporation and KinetiSol Dispersing: Approaches to enhance solubility of a poorly water-soluble gum extract. Drug Dev. Ind. Pharm. 2015, 41, 382–397. [Google Scholar] [CrossRef] [PubMed]

	



Ziaee, A.; O’Dea, S.; Howard-Hildige, A.; Padrela, L.; Potter, C.; Iqbal, J.; Albadarin, A.B.; Walker, G.; O’Reilly, E.J. Amorphous solid dispersion of ibuprofen: A comparative study on the effect of solution based techniques. Int. J. Pharm. 2019, 572, 118816. [Google Scholar] [CrossRef] [PubMed]

	



Islam, N.; Irfan, M.; Abbas, N.; Syed, H.K.; Iqbal, M.S.; Khan, I.u.; Rasul, A.; Inam, S.; Hussain, A.; ul Amin Mohsin, N.; et al. Enhancement of solubility and dissolution rate of ebastine fast-disintegrating tablets by solid dispersion method. Trop. J. Pharm. Res. 2020, 19, 1797–1805. [Google Scholar] [CrossRef]

	



Smeets, A.; Koekoekx, R.; Clasen, C.; Van den Mooter, G. Amorphous solid dispersions of darunavir: Comparison between spray drying and electrospraying. Eur. J. Pharm. Biopharm. 2018, 130, 96–107. [Google Scholar] [CrossRef]

	



Gala, U.; Chauhan, H. Principles and applications of Raman spectroscopy in pharmaceutical drug discovery and development. Expert Opin. Drug Discov. 2015, 10, 187–206. [Google Scholar] [CrossRef]

	



Kalani, M.M.; Nourmohammadi, J.; Negahdari, B.; Rahimi, A.; Sell, S.A. Electrospun core-sheath poly(vinyl alcohol)/silk fibroin nanofibers with Rosuvastatin release functionality for enhancing osteogenesis of human adipose-derived stem cells. Mater. Sci. Eng. C 2019, 99, 129–139. [Google Scholar] [CrossRef]

	



Hirpara, M.R.; Manikkath, J.; Sivakumar, K.; Managuli, R.S.; Gourishetti, K.; Krishnadas, N.; Shenoy, R.R.; Jayaprakash, B.; Rao, C.M.; Mutalik, S. Long circulating PEGylated-chitosan nanoparticles of rosuvastatin calcium: Development and in vitro and in vivo evaluations. Int. J. Biol. Macromol. 2018, 107, 2190–2200. [Google Scholar] [CrossRef]

	



Beg, S.; Raza, K.; Kumar, R.; Chadha, R.; Katare, O.P.; Singh, B. Improved intestinal lymphatic drug targeting via phospholipid complex-loaded nanolipospheres of rosuvastatin calcium. RSC Adv. 2016, 6, 8173–8187. [Google Scholar] [CrossRef]

	



Alshora, D.H.; Ibrahim, M.A.; Elzayat, E.; Almeanazel, O.T.; Alanazi, F. Rosuvastatin calcium nanoparticles: Improving bioavailability by formulation and stabilization codesign. PLoS ONE 2018, 13, e0200218. [Google Scholar] [CrossRef]

	



Weerapol, Y.; Limmatvapirat, S.; Nunthanid, J.; Konthong, S.; Suttiruengwong, S.; Sriamornsak, P. Development and characterization of nifedipine-amino methacrylate copolymer solid dispersion powders with various adsorbents. Asian J. Pharm. Sci. 2017, 12, 335–343. [Google Scholar] [CrossRef]

	



Guo, S.; Wang, G.; Wu, T.; Bai, F.; Xu, J.; Zhang, X. Solid dispersion of berberine hydrochloride and Eudragit® S100: Formulation, physicochemical characterization and cytotoxicity evaluation. J. Drug Deliv. Sci. Technol. 2017, 40, 21–27. [Google Scholar] [CrossRef]

	



Xie, T.; Gao, W.; Taylor, L.S. Impact of Eudragit EPO and hydroxypropyl methylcellulose on drug release rate, supersaturation, precipitation outcome and redissolution rate of indomethacin amorphous solid dispersions. Int. J. Pharm. 2017, 531, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Fule, R.; Meer, T.; Sav, A.; Amin, P. Solubility and dissolution rate enhancement of lumefantrine using hot melt extrusion technology with physicochemical characterisation. J. Pharm. Investig. 2013, 43, 305–321. [Google Scholar] [CrossRef]

	



Butt, S.; Hasan, S.M.F.; Hassan, M.M.; Alkharfy, K.M.; Neau, S.H. Directly compressed rosuvastatin calcium tablets that offer hydrotropic and micellar solubilization for improved dissolution rate and extent of drug release. Saudi Pharm. J. 2019, 27, 619–628. [Google Scholar] [CrossRef]

	



Kerdsakundee, N.; Mahattanadul, S.; Wiwattanapatapee, R. Development and evaluation of gastroretentive raft forming systems incorporating curcumin-Eudragit® EPO solid dispersions for gastric ulcer treatment. Eur. J. Pharm. Biopharm. 2015, 94, 513–520. [Google Scholar] [CrossRef]

	



Li, J.; Lee, I.W.; Shin, G.H.; Chen, X.; Park, H.J. Curcumin-Eudragit® e PO solid dispersion: A simple and potent method to solve the problems of curcumin. Eur. J. Pharm. Biopharm. 2015, 94, 322–332. [Google Scholar] [CrossRef]

	



Gangurde, A.B.; Kundaikar, H.S.; Javeer, S.D.; Jaiswar, D.R.; Degani, M.S.; Amin, P.D. Enhanced solubility and dissolution of curcumin by a hydrophilic polymer solid dispersion and its insilico molecular modeling studies. J. Drug Deliv. Sci. Technol. 2015, 29, 226–237. [Google Scholar] [CrossRef]

	



Chen, Y.; Huang, W.; Chen, J.; Wang, H.; Zhang, S.; Xiong, S. The Synergetic Effects of Nonpolar and Polar Protic Solvents on the Properties of Felodipine and Soluplus in Solutions, Casting Films, and Spray-Dried Solid Dispersions. J. Pharm. Sci. 2018, 107, 1615–1623. [Google Scholar] [CrossRef]

	



Zhang, Q.; Pu, Y.; Wang, B.; Wang, Y.; Dong, T.T.; Guo, T.; Zhang, T.; Cai, Z.; Chaparala, A. Characterization, molecular docking, and in vitro dissolution studies of solid dispersions of 20(S)-protopanaxadiol. Molecules 2017, 22, 274. [Google Scholar] [CrossRef]

	



Al-Shdefat, R.; Anwer, M.K.; Fayed, M.H.; Alsulays, B.B.; Tawfeek, H.M.; Abdel-Rahman, R.F.; Soliman, G.A. Preparation and evaluation of spray dried rosuvastatin calcium-PVP microparticles for the improvement of serum lipid profile. J. Drug Deliv. Sci. Technol. 2020, 55, 101342. [Google Scholar] [CrossRef]

	



Pawar, J.N.; Shete, R.T.; Gangurde, A.B.; Moravkar, K.K.; Javeer, S.D.; Jaiswar, D.R.; Amin, P.D. Development of amorphous dispersions of artemether with hydrophilic polymers via spray drying: Physicochemical and in silico studies. Asian J. Pharm. Sci. 2016, 11, 385–395. [Google Scholar] [CrossRef]

	



Beg, S.; Alam, M.N.; Ahmad, F.J.; Singh, B. Chylomicron mimicking nanocolloidal carriers of rosuvastatin calcium for lymphatic drug targeting and management of hyperlipidemia. Colloids Surfaces B Biointerfaces 2019, 177, 541–549. [Google Scholar] [CrossRef] [PubMed]

	



Mehmood, H.Q.; Faran, S.A.; Chaudhry, M.A.; Khalid, S.H.; Khan, I.U.; Hassan, W.; Ashfaq, R.; Asghar, S. An assessment of bioavailability of acrylate based pH-sensitive complexes of lovastatin. Pak. J. Pharm. Sci. 2019, 32, 1129–1136. [Google Scholar] [PubMed]

	



El-Nahas, A.E.; Allam, A.N.; Abdelmonsif, D.A.; El-Kamel, A.H. Silymarin-Loaded Eudragit Nanoparticles: Formulation, Characterization, and Hepatoprotective and Toxicity Evaluation. AAPS PharmSciTech 2017, 18, 3076–3086. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.; Zhou, J.Y.; Chang, J.H.; Liu, X.G.; Xue, H.F.; Wang, R.X.; Li, Z.S.; Li, C.S.; Wang, J.; Liu, C.Z. Soluplus-mediated diosgenin amorphous solid dispersion with high solubility and high stability: Development, characterization and oral bioavailability. Drug Des. Devel. Ther. 2020, 14, 2959–2975. [Google Scholar] [CrossRef]

	



Wang, R.; Zhou, H.; Siu, S.W.I.; Gan, Y.; Wang, Y.; Ouyang, D. Comparison of three molecular simulation approaches for cyclodextrin-ibuprofen complexation. J. Nanomater. 2015, 16, 267. [Google Scholar] [CrossRef]

	



Guan, J.; Liu, Q.; Zhang, X.; Zhang, Y.; Chokshi, R.; Wu, H.; Mao, S. Alginate as a potential diphase solid dispersion carrier with enhanced drug dissolution and improved storage stability. Eur. J. Pharm. Sci. 2018, 114, 346–355. [Google Scholar] [CrossRef]

	



Veseli, A.; Žakelj, S.; Kristl, A. A review of methods for solubility determination in biopharmaceutical drug characterization. Drug Dev. Ind. Pharm. 2019, 45, 1717–1724. [Google Scholar] [CrossRef]

	



Linn, M.; Collnot, E.M.; Djuric, D.; Hempel, K.; Fabian, E.; Kolter, K.; Lehr, C.M. Soluplus® as an effective absorption enhancer of poorly soluble drugs in vitro and in vivo. Eur. J. Pharm. Sci. 2012, 45, 336–343. [Google Scholar] [CrossRef]

	



Fule, R.; Meer, T.; Amin, P.; Dhamecha, D.; Ghadlinge, S. Preparation and characterisation of lornoxicam solid dispersion systems using hot melt extrusion technique. J. Pharm. Investig. 2014, 44, 41–59. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, Y.; Luo, Y.; Yao, Q.; Zhong, Y.; Tian, B.; Tang, X. Extruded Soluplus/SIM as an oral delivery system: Characterization, interactions, in vitro and in vivo evaluations. Drug Deliv. 2016, 23, 1902–1911. [Google Scholar] [CrossRef] [PubMed]

	



Kamel, A.O.; Mahmoud, A.A. Enhancement of human oral bioavailability and in vitro antitumor activity of rosuvastatin via spray dried self-nanoemulsifying drug delivery system. J. Biomed. Nanotechnol. 2013, 9, 26–39. [Google Scholar] [CrossRef]

	



Sarfraz, R.M.; Ahmad, M.; Mahmood, A.; Minhas, M.U.; Yaqoob, A. Fabrication and evaluation of rosuvastatin calcium fast-disintegrating tablets using β-cyclodextrin and superdisintegrants. Trop. J. Pharm. Res. 2015, 14, 1961–1968. [Google Scholar] [CrossRef]

	



Shamma, R.N.; Basha, M. Soluplus®: A novel polymeric solubilizer for optimization of Carvedilol solid dispersions: Formulation design and effect of method of preparation. Powder Technol. 2013, 237, 406–414. [Google Scholar] [CrossRef]

	



Patil-Gadhe, A.; Pokharkar, V. Pulmonary targeting potential of rosuvastatin loaded nanostructured lipid carrier: Optimization by factorial design. Int. J. Pharm. 2016, 501, 199–210. [Google Scholar] [CrossRef] [PubMed]

	



Jung, H.J.; Ahn, H.I.; Park, J.Y.; Ho, M.J.; Lee, D.R.; Cho, H.R.; Park, J.S.; Choi, Y.S.; Kang, M.J. Improved oral absorption of tacrolimus by a solid dispersion with hypromellose and sodium lauryl sulfate. Int. J. Biol. Macromol. 2016, 83, 282–287. [Google Scholar] [CrossRef]

	



Zhang, X.; Rao, Q.; Qiu, Z.; Lin, Y.; Zhang, L.; Hu, Q.; Chen, T.; Ma, Z.; Gao, H.; Luo, D.; et al. Using Acetone/Water Binary Solvent to Enhance the Stability and Bioavailability of Spray Dried Enzalutamide/HPMC-AS Solid Dispersions. J. Pharm. Sci. 2021, 110, 1160–1171. [Google Scholar] [CrossRef]

	



Faran, S.A.; Asghar, S.; Khalid, S.H.; Khan, I.U.; Asif, M.; Khalid, I.; Gohar, U.F.; Hussain, T. Hepatoprotective and renoprotective properties of lovastatin-loaded ginger and garlic oil nanoemulsomes: Insights into serum biological parameters. Medicina 2019, 55, 579. [Google Scholar] [CrossRef]

	



Jahangiri, A.; Barzegar-Jalali, M.; Garjani, A.; Javadzadeh, Y.; Hamishehkar, H.; Asadpour-Zeynali, K.; Adibkia, K. Evaluation of physicochemical properties and in vivo efficiency of atorvastatin calcium/ezetimibe solid dispersions. Eur. J. Pharm. Sci. 2016, 82, 21–30. [Google Scholar] [CrossRef]

	



Behiry, E.G.; El Nady, N.M.; AbdEl Haie, O.M.; Mattar, M.K.; Magdy, A. Evaluation of TG-HDL Ratio Instead of HOMA Ratio as Insulin Resistance Marker in Overweight and Children with Obesity. Endocrine Metab. Immune Disord.-Drug Targets 2019, 19, 676–682. [Google Scholar] [CrossRef]

	



Shukr, M.H.; Ismail, S.; Ahmed, S.M. Development and optimization of ezetimibe nanoparticles with improved antihyperlipidemic activity. J. Drug Deliv. Sci. Technol. 2019, 49, 383–395. [Google Scholar] [CrossRef]

	



Rasul, A.; Riaz, A.; Wei, W.; Sarfraz, I.; Hassan, M.; Li, J.; Asif, F.; Adem, Ş.; Bukhari, S.A.; Asrar, M.; et al. Mangifera indica Extracts as Novel PKM2 Inhibitors for Treatment of Triple Negative Breast Cancer. Biomed. Res. Int. 2021, 2021. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 15 00492 g001 550] 





Figure 1. Saturation solubility of pure drug (RoC) and formulations [mean ± S.d; n = 3]. 
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Figure 2. FTIR spectra of (a) pure RoC, (b) EPO, (c) physical mixture, (d) RoC-3 and (e) RSE-2. 
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Figure 3. DSC of (a) pure RoC, (b) EPO, (c) RoC-3 and (d) RSE-2. 
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Figure 4. PXRD of (a) pure RoC, (b) EPO, (c) RoC-3 and (d) RSE-2. 
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Figure 5. SEM images of (a) pure RoC (b) physical mixture (c) RoC-3 and (d) RSE-2. 
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Figure 6. In vitro release profile from pure RoC and SDs prepared using the CG method. 
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Figure 7. In vitro release profile of pure RoC and SDs prepared using the SE method. 






Figure 7. In vitro release profile of pure RoC and SDs prepared using the SE method.



[image: Pharmaceuticals 15 00492 g007]







[image: Pharmaceuticals 15 00492 g008a 550][image: Pharmaceuticals 15 00492 g008b 550] 





Figure 8. Molecular docking Of RoC with (a) PEG, (b) Kollidon and (c) EPO at the receptor site: 1(a–c) depict the bonding of monomers shown as yellow colored ligand at the RoC receptor (HMGCOA-reductase); 2(a–c) present magnified views of 1(a–c), respectively; and 3(a–c) depicts amino acids involved in H-bonding. The green dotted lines in 3(a–c) are symbolic of H-bonding, and pink dotted lines are indicators of hydrophobic interaction. 
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Figure 9. Impact on % body weight of hyperlipidemia-induced rat models (n = 6) after oral administration of DRF (6 weeks) and DRF + RoC-loaded SDs (4 weeks). 
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Figure 10. Influence of pure RoC and SDs on the liver index of rats (n = 6) fed DFR: α indicates statistically significant difference (p < 0.05) to NC group; β indicates statistically significant difference (p < 0.05) to HC group; and η indicates statistically significant difference (p < 0.05) to Group I (DRF + Pure RoC). 
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Figure 11. Influence of pure RoC and SDs on the serum lipid levels of rats (n = 6) fed DFR: α indicates statistically significant difference (p < 0.05) to NC group; β indicates statistically significant difference (p < 0.05) to HC group; η indicates statistically significant difference (p < 0.05) to Group I (DRF + Pure RoC); and ϕ indicates statistically significant difference (p < 0.05) to Group II (DRF + RoC-3). 
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Figure 12. Influence of pure RoC and SDs on the A.I and TG/HDL-C ratio of rats (n = 6) fed on DRF: where α indicates statistically significant difference (p < 0.001) to NC group; β indicates statistically significant difference (p < 0.05) to HC group; η indicates statistically significant difference (p < 0.05) to Group I (DRF + Pure RoC); and ϕ indicates statistically significant difference (p < 0.05) to Group II (DRF + RoC-3), (a) Effect of pure drug (RoC) and optimized SDs on the Atherogenic index (A.I), (b) Effect of pure drug (RoC) and optimized SDs on the TG/HDL-C ratio (an insulin resistance marker). 
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Figure 13. Influence of pure RoC and SDs on the levels of liver enzymes ALT and ALP in rats (n = 6) fed on DRF: where α indicates statistically significant difference (p < 0.001) to NC group; β indicates statistically significant difference (p < 0.05) to HC group and η indicates statistically significant difference (p < 0.05) to Group I (DRF + Pure RoC); (a) Effect of pure drug (RoC) and optimized SDs on the levels of liver functioning enzyme alanine transaminase (ALT), (b) Effect of pure drug (RoC) and optimized SDs on the levels of liver functioning enzyme alkaline phosphatase (ALP). 
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Figure 14. Visual appearance of the liver tissues: (a) NC group; (b) HC group; (c) Group I (DRF + RoC); (d) Group II (DRF + RoC-3); and (e) Group III (DRF + RSE-2). 
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Figure 15. Microscopic images of liver tissues at 40× magnification (H & E staining): (a) NC group; (b) HC group; (c) Group I (DRF + RoC); (d) Group II (DRF + RoC-3); and (e) Group III (DRF + RSE-2). 
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Figure 16. Percent cell viability of control, pure drug and optimized formulation (RSE-2). 
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Figure 17. Diagrammatic presentation for the manufacturing process of solid dispersion of RoC using SE technique. 
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Table 1. Gibbs energy, percent yield and drug loading of SDs.
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	Formulation Code
	Gibbs Energy
	Yield (%)
	Drug Content (%)





	RoC-1
	−12,327.79
	90.96 ± 0.42
	90.01 ± 0.29



	RoC-2
	−12,337.81
	95.91 ± 0.28
	90.69 ± 0.89



	RoC-3
	−12,385.67
	96.87 ± 0.18
	91.38 ± 0.83



	RoC-4
	−11,949.02
	95.75 ± 0.21
	92.88 ± 1.02



	RoC-5
	−11,309.71
	95.21 ± 0.56
	95.48 ± 1.32



	RSE-1
	−13,034.54
	75.73 ± 0.14
	96.17 ± 2.13



	RSE-2
	−12,627.16
	79.75 ± 0.35
	98.50 ± 0.88



	RSE-3
	−12,114.25
	72.27 ± 0.09
	95.89 ± 1.09



	RSE-4
	−11,846.16
	68.75 ± 0.07
	96.03 ± 1.04



	RSE-5
	−11,528.73
	63.06 ± 0.84
	95.62 ± 1.22
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Table 2. Composition of solid dispersion formulations.
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	Formulation Code
	RoC-1
	RoC-2
	RoC-3
	RoC-4
	RoC-5
	RSE-1
	RSE-2
	RSE-3
	RSE-4
	RSE-5





	Ratio of drug
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1



	Ratio of EPO
	0.5
	1
	2
	3
	4
	0.5
	1
	2
	3
	4
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Table 3. Animal grouping for experimental protocol.
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	Groups
	Hyperlipidemia Induction Period

(0–6 Weeks)
	Treatment Period (7–10 Weeks)





	Group NC
	SCF
	SCF



	Group HC
	DRF
	DFR



	Group I
	DRF
	DFR + pure RoC suspended in 1.33% of CMC solution



	Group II
	DRF
	DRF + RoC-3 (equivalent 20 mg) suspended in 1.33% of CMC solution



	Group III
	DRF
	DRF + RSE-2 (equivalent 20 mg) suspended in 1.33% of CMC solution







NC = normal control; HC = hyperlipidemia control; SCF = standard chow feed; DRF = diet rich in fat (SCF + 35% beef tallow fat); CMC = carboxy methyl cellulose.
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