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Abstract

:

The purpose of this study was to develop a drug delivery system for paliperidone (PPD) in order to provide a more effective therapeutic strategy for patients with acute schizophrenia. PPD-loaded Soluplus®/TPGS mixed micelles (PPD-S/T-MM) were prepared using the thin-film hydration method. The critical micelle concentration (CMC) of blank S/T-MM was 4.77 × 10−2 mg/mL. PPD presented much higher solubility in PPD-S/T-MM formulation than that in pure water. The particle size of blank or drug loaded S/T-MM was around 60 nm. The polydispersity index (PDI) was less than 0.1. PPD-S/T-MM presented a nearly spherical shape under transmission electron microscopy. The encapsulation efficiency (EE%) of PPD-S/T-MM was higher than 94%. Based on the analysis of XRD and DSC, it was proved that PPD was incorporated in the core of the mixed micelles as amorphous dispersion or solid solution. PPD-S/T-MM were stable when they were undergoing dilution with water and the change of environmental pH. Although PPD-S/T-MM showed lower rates to release PPD than those from PPD raw material in acidic solution, they provided faster release rates in neutral conditions than those from PPD raw material who only showed modest dissolution in the same neutral condition. This proves that PPD-S/T-MM can release PPD in a more controlled manner. After oral administration of PPD-S/T-MM (dose of PPD, 6 mg/kg) in rats, the plasma concentration of PPD increased rapidly: Tmax was 0.83 ± 0.29 h, and Cmax was 844.33 ± 93.73 ng/mL. Oral administration of PPD suspension resulted in longer Tmax and lower Cmax. The relative oral bioavailability was about 158% for PPD-S/T-MM over PPD suspension. These findings confirm that PPD-S/T-MM can provide faster release in neutral conditions and better oral absorption in rats than those from PPD raw material, which should potentially benefit patients with acute schizophrenia.
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1. Introduction


Schizophrenia is characterized by significant impairments in the way reality is perceived and is associated with a considerable disability that may affect all areas of life including personal, family, social, educational, and occupational functioning [1]. This mental disease affects approximately 24 million people or 1 in 300 people (0.32%) worldwide [1]. The prevalence rate of this disease can reach 6.55‰ in China [2]. Acute schizophrenia is a kind of schizophrenia with acute onset and short course, which is mainly characterized by positive symptoms, such as delusions, hallucinations, behavior disorders and agitation [3]. Patients with acute schizophrenia are often destructive and dangerous to themselves and others [4]. At present, a few atypical antipsychotics are clinically used to treat schizophrenia given to better therapeutic efficacies to manage positive symptoms and improve the cognitive function of the patients with schizophrenia. Moreover, it has less incidence of extrapyramidal symptoms and endocrine related adverse events [5].



Paliperidone (PPD, Figure 1) is one of the atypical antipsychotics, which is also known as 9-hydroxyrisperidone—an active metabolite of risperidone. PPD rebalances dopamine and serotonin to improve thinking, mood, and behavior hence it has been used clinically to treat schizophrenia and schizoaffective disorder. To date, marketed PPD formulations are extended-release tablets and long-acting injectables (Table 1). These formulations successfully address the issue of noncompliance with long-term maintenance treatment in schizophrenic patients by reducing the frequency of the drug administration on one hand; however, they could also encounter limitations in the acute setting or where patients have adherence issues on the other hand. There is no fast release formulation of PPD marketed. Meanwhile, fast release formulations, such as orally-disintegrating tablets of risperidone and olanzapine, and orally-disintegrating film of loxapine have been clinically used to address acute schizophrenia. The technologies to develop fast release formulations of antipsychotics have been reported elsewhere in recent years. Besides the abovementioned orally-disintegrating tablets or films, for example, engineered nanoparticles prepared by the acid-alkali neutralization method can significantly enhance the dissolution rate of risperidone [6]. Moreover, nanocrystals of aripiprazole incorporated into buccoadhesive chitosan films could also provide a rapid drug delivery to the systemic circulation [7]. Intranasal administration of PPD nanoemulsion and Tween 80—based micelles was reported to reduce the locomotor activity of mice more rapidly than that after administration of PPD suspension [8].



Polymeric micelles are formed by self-assembly of amphiphilic polymers, with a hydrophobic core as a reservoir for lipophilic drugs. Depending on the physicochemical properties of the drug and those of the polymer chains forming the micellar structure, the core of polymeric micelles can solubilize considerable amounts of hydrophobic drug molecules which otherwise would precipitate in the gastrointestinal fluids. Nevertheless, polymeric micelles formed from single copolymers often lack stability, exhibit unsatisfactory drug loading capacity, or have broad size distribution, primarily due to limitations in the number of available building blocks [9]. Conversely, the mixed micellar nanocarriers offer significant improvements with regard to carrier stability and improved drug encapsulation efficacy [10]. Therefore, they have been widely investigated to enhance dissolution rates and oral bioavailability of poorly water-soluble drugs [11].



PPD presented moderate absolute oral bioavailability in female (78 %) and male (46%) rats [12]; however, its bioavailability in humans is much poorer (~23%) [13]. Its water solubility was as low as 0.003% (w/v) [12], and it is classified as a BCS II drug [14]. The aim of this study was to develop mixed micelles based on two biocompatible copolymers of polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol (Soluplus®) and D-α-tocopheryl polyethylene-glycol 1000 succinate (TPGS), to improve the aqueous solubility, dissolution rates and oral bioavailability of PPD.




2. Materials and Methods


2.1. Materials


PPD raw materials (purity ˃ 98.0%) were purchased from Widely Chemicals (Wuhan, China). Soluplus® (batch No. 66458088Q0) was kindly gifted from BASF (Ludwigshafen, Germany). D-α-Tocopherol polyethylene glycol 1000 succinate (TPGS) was purchased from Hongxin Ruiyu Fine Chemicals (Wuhan, China). HPLC-grade methanol was supplied by Merck KGaA (Darmstadt, Germany). All aqueous solutions were prepared using Milli-Q® water (resistivity ˃ 18 MΩ·cm). All other chemicals used were at least of analytical grade.




2.2. Animals


Male Sprague-Dawley (SD) rats (B.W. 220 ± 20 g) were supplied by the Laboratory Animal Center of Nantong University. All the animals were in a 12-h dark-light cycle animal facility with controlled temperature and humidity and had free access to regular chow and water except for test sessions. The study was approved by the Laboratory Animal Ethics Committee of Nantong University. All animal experimental protocols were performed according to the NIH (National Institutes of Health USA) (2011) Guide for the Care and Use of Laboratory Animals (protocol code S20210317-501).




2.3. Preparation of the Mixed Micelles


The mixed micelles of PPD were prepared by the thin-film hydration method [15,16,17]. Briefly, Soluplus® (230 mg) and PPD (2 mg, 5 mg or 10 mg) were added into a flask (50 mL) and dissolved in acetone (10 mL) with the aid of an ultrasonic bath, followed by evaporation of acetone using a rotary evaporator to yield a thin film. Then, TPGS (19.2 mg) was dissolved in water (5 mL) to form an aqueous solution and subsequently added to the flask with the thin film. The materials were spontaneously assembled into micelles upon magnetic stirring. Finally, slightly opalescent PPD-loaded Soluplus®/TPGS mixed micellar formulations (PPD-S/T-MM) with the theoretical PPD concentrations at 0.4 (PPD-S/T-MM-0.4), 1.0 (PPD-S/T-MM-1.0) and 2.0 (PPD-S/T-MM-2.0) mg/mL were obtained (Figure 2). Blank S/T-MM were prepared using the same procedure without the addition of PPD. To achieve lyophilized products, 5 mL of blank S/T-MM, PPD-S/T-MM-0.4, PPD-S/T-MM-1.0 and PPD-S/T-MM-2.0 were subjected to initial freezing (−20 °C for 2 h), deep freezing (−80 °C for 12 h) and lyophilizing (−40 °C for 24 h at 5 Pa) to yield white lyophilizates accordingly.




2.4. Characterization of the Mixed Micelles


2.4.1. Critical Micelle Concentration (CMC)


CMC was determined by ultraviolet-visible (UV-Vis) spectroscopy [17]. Briefly, the KI/I2 stock solution was prepared by dissolving 0.5 g of iodine (I2) and 1 g of potassium iodide (KI) in 50 mL of water. The lyophilized blank S/T-MM sample was dissolved in water and the sample was further diluted into a series of working solutions with polymer concentrations varied from 0.01 μg/mL to 0.5 mg/mL; 25 μL of KI/I2 working solution was added to micellar formulations. Prior to measurement, the mixtures were incubated in dark for 12 h at room temperature. The absorbance was measured at 366 nm for three times. The absorbance was plotted against the logarithm of the polymer concentration. The CMC value corresponded to the concentration of the polymer where the absorbance dramatically increased.




2.4.2. Particle Size, Polydispersity Index (PDI) and Zeta Potential Analysis


The particle size, PDI and zeta potential of the mixed micelles were determined by a particle size analyzer (NanoBrook 90Plus, Brookhaven Instruments; Holtsville, NY, USA). Blank S/T-MM, PPD-S/T-MM-0.4, PPD-S/T-MM-1.0 and PPD-S/T-MM-2.0, obtained by dissolving corresponding lyophilizates into 5 mL of water, were diluted 5-fold with water before the measurement. The measurement was performed in triplicate at 25 °C.




2.4.3. Encapsulation Efficiency and Drug Loading Efficiency


An aliquot (1 mL) from blank S/T-MM, PPD-S/T-MM-0.4, PPD-S/T-MM-1.0, or PPD-S/T-MM-2.0, obtained by dissolving corresponding lyophilizates into 5 mL of water, was placed into a 2 mL of EP tube and centrifuged at 4000 r/min for 10 min [17]. Then, an aliquot of the supernatant (0.5 mL) was added to a 10 mL volumetric flask, diluted with methanol, and treated with a KQ-500VDE ultrasonic cleaner (Shumei Ultrasonic Instruments; Kunshan, China) for 20 min to release the encapsulated PPD. The concentration of PPD in the obtained solution was determined using HPLC-UV without further dilution (see Section 2.8). From the concentration of PPD determined, the weight of PPD encapsulated in the micelles can be determined. The encapsulation efficiency (EE%) and drug loading efficiency (DL%) can be calculated using the following equations. The experiments were performed in triplicates.


   EE %  =    weight   of   drug   in   micelles     weight   of   drug   added    × 100 %  










   DL %  =    weight   of   drug   in   micelles        weight   of   excipients   added       + weight   of   drug   added       × 100 %  












2.4.4. Differential Scanning Calorimetry (DSC)


Appropriate amounts of PPD raw materials, Soluplus®, TPGS, physical mixture (PPD, Soluplus® and TPGS mixed physically within the same proportions as preparing PPD-S/T-MM-2.0), and the lyophilizates of PPD-S/T-MM-2.0 were subjected to DSC analysis (DSC 8000, PerkinElmer, Shelton, CT, USA), respectively. Each sample was sealed in an aluminum plate and heated from 25 °C to 300 °C at a heating rate of 10 °C /min [18].




2.4.5. X-ray Diffraction (XRD)


Appropriate amounts of PPD raw materials, Soluplus®, TPGS, physical mixture (PPD, Soluplus® and TPGS mixed physically within the same proportions as preparing PPD-S/T-MM-2.0), and the lyophilizates of PPD-S/T-MM-2.0 were subjected to XRD analysis (SmartLab SE, Rigaku, Tokyo, Japan), respectively. The measuring voltage was 40 kV, and the current was 25 mA. The scanning was carried out at a rate of 0.9°/min within the scanning angle ranged from 5° to 40° [18].




2.4.6. Transmission Electron Microscopy (TEM)


A drop of sample from PPD-S/T-MM-2.0, obtained by dissolving its lyophilizates into 5 mL of water, was placed on a copper mesh and stained with 2% (w/v) phosphotungstic acid solution. After the sample was dried at room temperature, its morphology was observed under TEM (JEM-2100, JEOL Ltd., Tokyo, Japan) using an acceleration voltage of 120.0 kV [19].





2.5. Stability Studies


2.5.1. Dilution Stability


PPD-S/T-MM-1.0 or PPD-S/T-MM-2.0, obtained by dissolving corresponding lyophilizates into 5 mL of water, were diluted 5, 50 or 100-fold with physiological saline, respectively. The particle size and PDI were measured. The dilution stability study was carried out in triplicates.




2.5.2. pH Stability


Simulated gastric fluid (SGF, pH 1.0) and simulated intestinal fluid (SIF, pH 6.8) was prepared: 1 L of SGF was composed of 0.2% w/w NaCl and 0.0825 mol/L HCl, and the pH value was adjusted to 1.0 [20]; 1 L of SIF was composed of 6.805 g of NaH2PO4 and 0.896 g of NaOH, and the pH value was adjusted to 6.8 [21]. Enzymes were not added in order to avoid the influence of their catalytic activity on the micellar components; 0.5 mL of sample from PPD-S/T-MM-1.0 or PPD-S/T-MM-2.0, obtained by dissolving corresponding lyophilizates into 5 mL of water, was diluted to 10 mL with SGF or SIF, respectively. The samples were placed in a 37 °C water bath and stirred at 120 r/min [22]. Samples were taken at 0, 2, and 4 h to determine whether the particle size changed. The pH stability study was carried out in triplicates.





2.6. In Vitro Drug Release


Two milliliters of sample from PPD-S/T-MM-1.0 or PPD-S/T-MM-2.0, obtained by dissolving corresponding lyophilizates into 5 mL of water, were placed into a dialysis bag (MWCO = 3500 Da), respectively [23]. Then, the dialysis bag was immersed into a release medium (200 mL) under magnetic stirring (100 r/min) [15]. SGF (pH 1.0) and PBS (pH 7.4) containing 0.5% Tween 80 (w/v) were used as the release media, respectively; 1 mL of aliquot was taken from the release media at the predetermined time intervals (15, 30, 60, 120, 180, 240, 360 and 480 min). After sampling, 1 mL of fresh release media solution was supplemented. The PPD raw materials were used as a control, which was prepared by suspending 2.0 or 4.0 mg of PPD raw materials in 2 mL of water, respectively. The release profiles were then investigated in the same way. All samples were measured by HPLC-UV (see Section 2.8), and the percentages of the cumulative release at different time points were calculated. The experiments were performed in triplicate.




2.7. Pharmacokinetic Study


SD rats were fasted for 12 h with free access to water before the experiment. CMC-Na (0.5 g) was dissolved in water (100 mL) to prepare a 0.5% CMC-Na solution. An appropriate amount of PPD raw materials was added to the solution and was magnetically stirred overnight to obtain PPD suspension with the final PPD concentration at 2 mg/mL. PPD-S/T-MM-2.0 was obtained by dissolving its lyophilizates into 5 mL of water right before the oral administration. SD rats were randomly divided into two groups (n = 3), and each group was administered intragastrically with either PPD suspension or PPD-S/T-MM-2.0 at a dose of 6 mg/kg [24], respectively. Blood samples withdrawn from the orbital venous plexus were collected into heparinized tubes at 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h. The samples were immediately centrifuged at 10,000 r/min for 10 min to separate the plasma. The plasma was stored in a refrigerator at −20 °C before further analysis.



Prior to analysis, the plasma samples were thawed at room temperature; 100 μL of plasma sample was mixed with 50 μL of internal standard solution (risperidone, RIS, 100 ng/mL, in methanol) and 100 μL of acetonitrile. The mixtures were vortexed to mix evenly, then centrifuged for 10 min at 4 °C at 15,000 r/min; 100 μL of the supernatant was subjected to analysis (see Section 2.8).




2.8. Quantification of PPD


Quantification of PPD concentrations in non-plasma samples was carried out on a high-performance liquid chromatography, equipped with an LC-10AT VP pump and an SPD-10A VP ultraviolet-visible detector (HPLC-UV, Shimadzu Corporation; Kyoto, Japan). Isocratic separation was performed using a 150 × 4.6 mm Diamonsil® column packed with 5 μm C18 end-capped silica reversed-phase particles. The mobile phase consisted of methanol/phosphate buffer (20 mM H3PO4; pH 3.1) (40/60, v/v) with a flow rate of 1.0 mL/min. The column temperature was kept at 30 °C, and the injection volume was 20 μL. The detection wavelength was set at 237nm [25]. Data were collected and processed by Labsolution workstation. The method for quantification of PPD was linear over a range of 2~200.0 μg/mL. The method was validated with three replicates at 5, 50 and 200 μg/mL and showed good precision and accuracy for both intra-and inter-day analyses. The limit of detection (LOD) of PPD, defined as three times over the baseline noise, was 25 ng/mL. The limit of quantitation (LOQ) of PPD, defined as 10 times over the baseline noise, was 50 ng/mL.



Quantification of PPD plasma concentrations was performed on an Acquity® ultra-performance liquid chromatography coupled with Quattro Premier XE tandem mass spectrometer (UPLC-MS/MS, Waters Corporation, Milford, CT, USA). The chromatographic separation was achieved using an Acquity® UPLC BEH C18 column (50 mm × 2.1 mm, 1.7 μm). The mobile phase consisted of solvent (A, methanol) and solvent (B, 0.01 mol/L ammonium formate solution, pH 3.5). The following parameters for gradient elution were used: the percentage of solvent B decreased linearly from 70% to 10% over the first 1.5 min; then held at 10% for 1 min; then increased to 70% linearly between 2.5 and 2.6 min; then hold on at 70% until 4 min. The flow rate of the mobile phase was 0.2 mL/min. The column temperature was kept at 40 °C and the injection volume was 5 μL. For the mass spectrometry detection, electrospray ionization was set at a positive-ion mode (ESI+), and the multiple reaction monitoring mode (MRM) was employed for quantitative analysis with the parent-daughter ion transitions of m/z 427.45→207.18 for PPD and m/z 411.42→191.19 for IS (risperidone, RIS). The capillary voltage was 3.5 kV; ion source temperature was 180 °C; nitrogen was used as the nebulizer gas and auxiliary gas and the flow rates were 450 L/h and 50 L/h, respectively; argon was used as collision gas and the flow rate was 0.2 mL/min. Data processing was performed using Waters MassLynx software. A stock solution of PPD (1 mg/mL) was prepared by dissolving appropriate amount of PPD into methanol. The stock solution was further diluted to obtain a series of working solutions with PPD concentrations of 10,000, 5000, 1000, 500, 100, 50 and 10 ng/mL. 10 μL of each working solution was mixed with 100 μL of blank plasma to obtain a series of standard solutions with the final PPD concentrations of 1000, 500, 100, 50, 10, 5 and 1 ng/mL, respectively. The working solution of internal standard RIS (100 ng/mL) was prepared in methanol as well. The method for quantification of PPD was linear over a range of 1~1000 ng/mL. The method was validated with three replicates at 1, 10, 50 and 500 ng/mL and showed good precision and accuracy for both intra-and inter-day analyses. The LOQ for PPD was 1 ng/mL.




2.9. Statistical Analysis


Data are from at least three independent experiments and all values are expressed as mean ± standard deviation. The Student’s t-test was used for statistical comparison. A significance value of * p < 0.05 was determined to be significant in all cases.





3. Results and Discussion


3.1. CMC Determination


CMC is a critical indicator of micellar stability and micellization ability: the lower the CMC value, the easier it is to prepare micelles and the more stable they will be. Currently, there are various methods, such as tensiometry, conductometry, fluorimetry, calorimetry, light scattering, and nuclear magnetic resonance (NMR) spectroscopy for the determination of the CMC [26].



In this study, ultraviolet spectrometry was used to measure the CMC value of the mixed micelles. The scatter plots shown in Figure 3 were obtained from the experiment, and the fitted linear curves were drawn. The CMC value of the mixed micelle can be determined from the intersection of the two fitted curves. The determined CMC value was 4.77 × 10−2 mg/mL, which was higher than the CMC value of pure Soluplus® (7.6 × 10−3 mg/mL), given by the manufacturer [27] without further specification of method, solvent or temperature. The increase in the CMC could be attributed to the addition of TPGS which presents a much higher CMC value (0.2 mg/mL) [15]—the incorporation of TPGS into Soluplus® micelles has a negative impact on the Soluplus® self-aggregation [28]. However, different methods and conditions applied to determine the CMC would also affect the value in many ways. For example, the CMC, determined by an isothermal titration calorimetry method, was estimated to be approximately 0.8 mg/mL for Soluplus® at 25 °C [29]. Another report gave the CMC value of Soluplus®/TPGS (molar ratio 6:1) mixed micelles at about 0.016 mg/mL [17]. Nevertheless, the CMC value in our study suggested that the mixed micelle could still remain the integrity upon dilution since a CMC value less than 135 mg/L is considered enough to resist dissociation upon dilution after oral administration [30].




3.2. Particle Size, PDI and Zeta Potential Analysis


In this study, the particle size, PDI and zeta potential of the drug loaded micelles were measured by dynamic light scattering.



As shown in Table 2 and Figure 4, the particle size of blank S/T-MM was 61.3 ± 0.3 nm. Incorporation of PPD into the mixed micelles using the thin-film hydration method did not change the particle size significantly: the particle sizes of PPD-S/T-MM-0.4, PPD-S/T-MM-1.0 and PPD-S/T-MM-2.0 were about 60 nm as well. In general, micelles with a particle size of <100 nm would benefit from oral intestinal absorption [31], and the particle size of Soluplus®-based micelles is around 60~70 nm [32,33,34]. The PDI values of the micelles were less than 0.1, suggesting that the mixed micelles exhibited a narrow and unimodal size distribution. The measured zeta potential ranged from −1.65 mV to –4.57 mV, which was very close to many previous reports [19,32,33]; however, it was also found that the increase in drug loading led to an increase in the absolute value of zeta potential. This needs to be explained in further investigations. The saturated solubility of PPD in distilled water is 0.033 mg/mL [35], and the mixed micelles can dissolve as much as 2 mg/mL of PPD—the solubility is enhanced by at least 60 times in this study.




3.3. Encapsulation Efficiency and Drug Loading Capacity


The mass ratio of Soluplus® and TPGS to prepare the mixed micelles was about 12:1. The high proportion of Soluplus® used was to maintain a low CMC value [15] by which the high encapsulation efficiency could be achieved. Table 3 shows DL% and EE% of drug loaded micelles at three PPD concentrations. Using the thin-film hydration method, PPD was successfully incorporated into S/T-MM with a high EE% of more than 94%. The theoretical DL% of drug-loaded S/T-MM with PPD concentrations of 0.4, 1, and 2 mg/mL were 0.80%, 1.97%, and 3.86%, respectively, which were close to the determined DL%—the difference was less than 0.17%, indicating again that the added PPD was incorporated into the S/T-MM with high efficiency. The drug loading efficiency was not intended to increase further given the low daily dose needed clinically (1.5 mg~9 mg, as shown in Table 1).




3.4. DSC


The DSC thermograms of PPD raw material, Soluplus®, TPGS, the physical mixture, and the lyophilizates of PPD-S/T-MM-2.0 are presented in Figure 5. The endothermic melting peak of PPD is at 184.83 °C (Figure 5A), which was close to a previous report where the endothermic peak of PPD was found at 192 °C [36]. It was observed that Soluplus® (Figure 5B) presented a very broad melting peak in the range from 50 °C to 100 °C which corresponded to the melting process of this polymer with a Tg of approximately 70 °C [37], whereas TPGS (Figure 5C) had a melting peak at 34.89 °C, which was close to a previous report [38]. The corresponding endothermic peaks of PPD, Soluplus® and TPGS can be observed in the thermogram of the physical mixture (Figure 5D). The endothermic peak of PPD disappeared in the DSC thermogram of the lyophilizates of PPD-S/T-MM-2.0 (Figure 5E), indicating that PPD was completely entrapped within the mixed micelles as an amorphous dispersion or solid solution in the polymer matrix.




3.5. XRD


The diffraction patterns of the samples are shown in Figure 6. It can be seen from Figure 6A that PPD had sharp crystal diffraction peaks at 10.24°, 14.54°, 14.94°, 18.64°, 19.16°, 21.98°, 24.62°, 25.0°, 28.54° and 31.16°. Figure 6B shows that Soluplus® presented a very broad and low diffraction peak. Figure 6C shows that TPGS presented two diffraction peaks at 19.04° and 23.37°, which weresimilar to a previous report [38]. In Figure 6D, a diffraction peak is observed at 14.94°, which was the representative diffraction peak of PPD, and the two diffraction peaks of TPGS can be clearly observed as well. There were no sharp diffraction peaks observed in the lyophilizates of PPD-S/T-MM-2.0 (Figure 6E), indicating again that the entrapped PPD in the mixed micelles was in a disordered crystalline or amorphous state. The intensified interaction between PPD with the hydrophobic core of the mixed micelles led to the disappearance of the crystalline order of PPD [38].




3.6. TEM


The mixed micelles presented a nearly spherical shape under TEM observation (Figure 7). The particle size of the micelles was about 60 nm, which was close to the size measured by the particle size analyzer (see Table 2).




3.7. Stability Studies


3.7.1. Dilution Stability


The dilution stability of mixed micelles is crucial for successful drug delivery. Once the aggregative micelles break apart due to dilution after oral administration, the encapsulated hydrophobic drug releases before reaching the area of absorption, resulting in unsuccessful enhancement of the oral bioavailability. In this study, the particle size and PDI of the PPD-S/T-MM did not change significantly even after undergoing a 100-fold dilution (Table 4), which should be attributed to the low CMC of the mixed micelles—it allowed the micelles to remain relatively stable at low polymer concentrations. This indicates that PPD-S/T-MM should have acceptable ability against dilution after oral administration.




3.7.2. pH Stability


The data in Table 5 shows that the particle size of PPD-S/T-MM in SGF and SIF did not change markedly during the experiments, indicating that PPD-S/T-MM can maintain the structural integrity in a very acidic gastrointestinal environment. This may be due to the protective effect of the PEG chain on the micellar surface against the change in environmental pH value [15].





3.8. In Vitro Drug Release


The release of PPD from the raw material and from the PPD-S/T-MM are expressed in terms of the percentage of PPD released plotted versus time (Figure 8).



In SGF (Figure 8A), the cumulative release of PPD from PPD-S/T-MM-1.0 and PPD-S/T-MM-2.0 within 8 h was 94.55 ± 3.93% and 99.67 ± 3.99%, respectively, and the cumulative release of PPD from its raw materials (2 mg and 4 mg) within the same time reached 104.36 ± 10.99% and 101.88 ± 9.94%—they were comparable. However, if the cumulative release of PPD was compared within 0 to 3 h, the differences between PPD raw materials and PPD-S/T-MM were significant—the latter formulations presented slower release rates than the former formulations, indicating that the dissolution of PPD from its raw materials in SGF is rapid. This could be attributed to the high solubility of PPD in acidic solutions [12]. The slow release of PPD from PPD-S/T-MM proves that a strong hydrophobic interaction between PPD and the inner core of the mixed micelles does exist; furthermore, it also reveals that the micelles are relatively stable in acidic conditions. In a PBS solution (pH 7.4) containing 0.5% (w/v) Tween 80 (Figure 8B), the sink condition can be guaranteed since the solubility of PPD was determined as 0.72 ± 0.08 mg/mL in this solution, which is much higher than the theoretical concentration of PPD even if the total 4 mg of PPD was completely dissolved within the 200 mL of the dissolution media. In this case, the cumulative release of PPD from PPD-S/T-MM-1.0 and PPD-S/T-MM-2.0 within 8 h were 41.10 ± 10.10% and 40.04 ± 7.47%, respectively, and PPD raw materials showed very low levels of release percentages (<5%). Although both SGF and PBS (pH 7.4) containing 0.5% Tween 80 (w/v) can provide sink conditions, the release rates of PPD from its raw materials were completely different. Given the Noyes–Whitney equation, the dissolution rate of the solute depends on the surface area of the solute particle, the diffusion coefficient, the thickness of the concentration gradient, the solute concentration at the particle surface (saturation), and the solute concentration in the bulk solvent/solution [39]. If the solute presents different saturated concentrations at the particle surface in different solvents, such as PPD which presents much higher saturated solubility in an acidic environment than that in a neutral environment, the dissolute rates of the solute should be different in these different solvents as well. This explains the reason that PPD is released more rapidly from its raw materials in the acidic SGF than that in the neutral PBS solution. It is also worthwhile to note that the dissolution rates and extents of PPD from PPD-S/T-MM in SGF and PBS solutions were very different—PPD was apparently released more rapidly and completely in the former condition. This could be attributed to the fact the change of pH would slightly impact the microstructure of the micelle [40], and the changes of surface charges of PPD molecules in different dissolution media could affect the hydrophobic interaction between PPD and the hydrophobic core of the mixed micelles—PPD could be partially ionized at the very acidic SGF but not in at the neutral PBS solution given to the zwitterionic property (pKa1 = 8.2, piperidine moiety; pKa2 = 2.6, pyrimidine moiety) [12]. These results would also suggest that after oral administration of unencapsulated PPD, PPD may dissolve in the stomach due to the acidic gastric juice; however, the dissolved molecules would crystalize again after going through the intestinal tract with a weakly acidic or nearly neutral environment hence the absorption could be hindered due to the intestinal barrier to transport the recrystallized nanoparticles. In contrast, appreciable amounts of encapsulated PPD could remain in the core of the mixed micelles during the transport within the gastrointestinal tract. Once they reach the intestinal wall, they can be absorbed integrally by intestinal epithelial cells due to the effect of endocytosis hence the oral absorption could be facilitated [41].




3.9. Pharmacokinetic Study


The plasma levels of PPD after intragastric administration of PPD suspension and PPD-S/T-MM formulation are shown in Figure 9, and the pharmacokinetic parameters including maximum plasma concentration (Cmax), time to reach the maximum plasma concentration (Tmax), area under the blood concentration-time curve (AUC) and half-life (T1/2) were calculated by WinnonLin software (Table 6). The results show that the plasma concentration of PPD increased rapidly after oral administration of PPD-S/T-MM (Tmax, 0.83 ± 0.29 h; Cmax, 844.33 ± 93.73 ng/mL). In comparison, oral administration of PPD suspension resulted in a longer Tmax (3.33 ± 0.58 h) and lower Cmax (531.33 ± 77.10 ng/mL). The AUC0–24 h value for PPD-S/T/MM was approximately 1.58 times higher than that of PPD suspension. The results suggest that PPD-S/T-MM not only enables a shorter period to reach Tmax, which could clearly benefit to the fast management of acute schizophrenia but also enables higher oral bioavailability of PPD, which could reasonably extrapolate that superior PPD levels can be achieved in the brain after oral administration of PPD-S/T/MM over PPD suspension. The superior in vivo performance of PPD-S/T/MM should be attributed to the following reasons: (1) protection of the loaded PPD from crystallization in the gastrointestinal tract, (2) release of the PPD in a controlled manner at the wall of the small intestine [11], (3) prolongation of the residence time of the dissolved PPD in the gut due to the anti-nucleant performance of Soluplus® [42], and (4) inhibition of efflux pumps by TPGS to improve the drug accumulation [43].





4. Conclusions


In this study, in order to improve the oral bioavailability of PPD, PPD-loaded Soluplus®/TPGS mixed micelles were successfully developed by the thin-film hydration method. The micelles were not only able to increase the aqueous solubility of PPD but also presented acceptable physical parameters and high encapsulation efficiency. The micelles were proved stable when they were diluted with water or when the environmental pH was changed. PPD was incorporated in the core of the mixed micelles as amorphous dispersion or solid solution, which was confirmed by DSC and XRD. The protection effect provided by the micellar structure retarded fast dissolution of PPD in SGF but enabled faster release in neutral solution in a controlled manner, compared with PPD release from its raw materials. PPD-S/T-MM successfully resulted in notably higher Cmax and AUC than those of PPD suspension; meanwhile, it provided a faster rate to attain the Cmax. In conclusion, the use of the Soluplus®/TPGS mixed micellar system is able to increase the oral bioavailability of PPD in rats, suggesting the potential translation of the novel preclinical PPD oral formulation to clinical application for more effective management of acute schizophrenia.
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Figure 1. The chemical structure of paliperidone (PPD; M.W. 426.48, Log P 3.0, pKa1 = 8.2, piperidine moiety; pKa2 = 2.6, pyrimidine moiety [12]). 
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Figure 2. Appearance of blank S/T-MM (A) and PPD-S/T-MM-2.0 (B). 
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Figure 3. Plots of ultraviolet absorbance of I2 versus concentration of the mixed micelles in water. CMC value was calculated by corresponding polymer concentration where a sharp increase in absorbance is observed. The orange and blue dots represent the polymer concentrations before and after the sharp increase in absorbance, respectively. The crosspoint between the orange and blue curves represents the CMC. (Mean ± SD, n = 3). 
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Figure 4. Particle size distribution in PPD-S/T-MM-1.0. 
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Figure 5. DSC thermograms of PPD (A), Soluplus® (B), TPGS (C), physical mixture (D) and lyophilizates of PPD-S/T-MM-2.0 (E). 






Figure 5. DSC thermograms of PPD (A), Soluplus® (B), TPGS (C), physical mixture (D) and lyophilizates of PPD-S/T-MM-2.0 (E).



[image: Pharmaceutics 14 00889 g005]







[image: Pharmaceutics 14 00889 g006 550] 





Figure 6. XRD spectrum of PPD (A), Soluplus® (B), TPGS (C), physical mixture (D) and lyophilizates of PPD-S/T-MM-2.0 (E). 
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Figure 7. TEM image of PPD-S/T-MM-2.0. 
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Figure 8. In vitro release of PPD (mean ± SD, n = 3). Release of PPD from PPD raw materials and PPD-S/T-MM in SGF (A); and release of PPD from PPD raw materials and PPD-S/T-MM in PBS containing 0.5% (w/v) Tween 80 (B). 
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Figure 9. Mean plasma concentration-time profiles of PPD after intragastric administration of PPD-S/T-MM or PPD suspension in rats (mean ± SD, n = 3). 
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Table 1. PPD formulations approved by the U.S. FDA.
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	Brand Name
	Active Ingredient
	Dosage Form
	Route of Administration
	Strength
	Manufacturer





	Invega®
	Paliperidone
	Extended-release tablets
	Oral administration
	1.5 mg, 3 mg, 6 mg, 9 mg
	JANSSEN PHARMS



	Invega Sustenna®
	Paliperidone palmitate
	Long-acting injectables
	Intramuscular injection
	156 mg/mL
	JANSSEN PHARMS



	Invega Trinza®
	Paliperidone palmitate
	Long-acting injectables
	Intramuscular injection
	312 mg/mL
	JANSSEN PHARMS
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Table 2. Particle size, PDI and zeta potential of blank S/T-MM and PPD-S/T-MM (Mean ± SD, n = 3).
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	Types of the Mixed Micelles
	Particle Size (nm)
	PDI
	Zeta Potential (mV)





	Blank S/T-MM
	61.3 ± 0.3
	0.06 ± 0.02
	−(1.65 ± 1.97)



	PPD-S/T-MM-0.4
	61.5 ± 0.7
	0.05 ± 0.01
	−(1.73 ± 4.63)



	PPD-S/T-MM-1.0
	61.3 ± 0.8
	0.05 ± 0.01
	−(2.89 ± 2.50)



	PPD-S/T-MM-2.0
	61.8 ± 0.9
	0.04 ± 0.00
	−(4.57 ± 1.64)
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Table 3. Drug loading and encapsulation efficiency of PPD-S/T-MM (Mean ± SD, n = 3).
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Types of the Mixed Micelles




	
PPD-S/T-MM-0.4

	
PPD-S/T-MM-1.0

	
PPD-S/T-MM-2.0






	
DL (%)

	
0.78 ± 0.05

	
1.92 ± 0.01

	
3.69 ± 0.72




	
EE (%)

	
98.29 ± 1.67

	
97.41 ± 0.66

	
94.69 ± 2.19
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Table 4. Particle size and PDI of PPD-S/T-MM in dilution stability study (Mean ± SD, n = 3).
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Types of the Mixed Micelles

	
Dilution

	
Particle Size (nm)

	
PDI






	
PPD-S/T-MM-1.0

	
5-fold

	
61.34 ± 0.76

	
0.05 ± 0.01




	
50-fold

	
62.44 ± 0.48

	
0.06 ± 0.01




	
100-fold

	
62.89 ± 0.22

	
0.06 ± 0.02




	
PPD-S/T-MM-2.0

	
5-fold

	
61.77 ± 0.88

	
0.04 ± 0.00




	
50-fold

	
61.12 ± 0.31

	
0.03 ± 0.02




	
100-fold

	
62.93 ± 0.39

	
0.02 ± 0.01
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Table 5. Particle size of PPD-S/T-MM in SGF and SIF (nm, Mean ± SD, n = 3).
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Types of The Mixed Micelles

	
Duration of Exposure in SGF (h)

	
Duration of Exposure in SIF (h)




	
0

	
2

	
4

	
0

	
2

	
4






	
PPD-S/T-MM-1.0

	
61.2 ± 0.8

	
60.8 ± 1.5

	
58.3 ± 2.2

	
65.7 ± 0.8

	
64.2 ± 1.1

	
63.5 ± 0.4




	
PPD-S/T-MM-2.0

	
64.2 ± 1.1

	
62.7 ± 2.7

	
57.4 ± 1.4

	
67.2 ± 0.7

	
64.5 ± 1.1

	
63.6 ± 2.1
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Table 6. Pharmacokinetic parameters of PPD after intragastric administration of PPD-S/T-MM or PPD suspension in rats (mean ± SD, n = 3).
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	Parameters
	PPD-S/T-MM
	PPD Suspension





	Tmax (h)
	0.83 ± 0.29 *
	3.33 ± 0.58



	Cmax (ng/mL)
	844.33 ± 93.73 *
	531.33 ± 77.10



	T1/2 (h)
	2.47 ± 0.20
	2.08 ± 0.16



	AUC0→24 h (ng/mL·h)
	3467.33 ± 705.33 *
	2191.88 ± 607.99



	AUC0→∞ (ng/mL·h)
	3472.29 ± 709.18 *
	2193.95 ± 609.60







* p < 0.05, compared with PPD suspension.
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