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Abstract

:

Orodispersible films (ODFs) address the needs of pediatric and geriatric patients and people with swallowing difficulties due to fast disintegration in the mouth. Typically, they are obtained using the solvent casting method, but other techniques such as 3D printing and electrospinning have already been investigated. The decision on the manufacturing method is of crucial importance because it affects film properties. This study aimed to compare electrospun ODFs containing aripiprazole and polyvinyl alcohol with films prepared using casting and 3D printing methods. Characterization of films included DSC and XRD analysis, microscopic analysis, the assessment of mechanical parameters, disintegration, and dissolution tests. Simplified stability studies were performed after one month of storage. All prepared films met acceptance criteria for mechanical properties. Electrospun ODFs disintegrated in 1.0 s, which was much less than in the case of other films. Stability studies have shown the sensitivity of electrospun films to the storage condition resulting in partial recrystallization of ARP. These changes negatively affected the dissolution rate, but mechanical properties and disintegration time remained at a desirable level. The results demonstrated that electrospun fibers are promising solutions that can be used in the future for the treatment of patients with swallowing problems.
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1. Introduction


Orodispersible films (ODFs) are single- or multilayer stamp-sized polymeric thin sheets, which rapidly disintegrate in the mouth without the need for liquid [1]. They are characterized by a high flexibility of dose adjustment, easy and precise administration, and the ability to adhere to the oral mucosa, which makes them difficult to spit out. These features can be beneficial for pediatric, geriatric, and bedridden patients who have difficulties with swallowing, or psychiatric patients, pretending to take drugs [2,3,4]. The major limitation of ODF is low drug loading capability [2].



During the development of this dosage form, some critical quality attributes should be considered, including dose uniformity, drug release profile, residual water content, disintegration time, and mechanical properties, including thickness, tensile strength, elongation at break, and Young’s modulus [2,3,5]. The disintegration time is indicated as a key characteristic of ODFs affecting their acceptability [6]. Due to the lack of pharmacopoeial standards for the determination of the disintegration time of ODFs, various methods have been introduced. Speer et al. [7] compared different methods and recommended a slide frame and ball method (SFaB), as well as a technique utilizing pharmacopoeial apparatus as the most suitable for the quality control of ODFs. While referring to the mechanical properties, the Ph. Eur. 10. only states that ODFs should “possess suitable mechanical strength to resist handling without being damaged” [1]. Therefore, the methods widely used in the industry for testing the mechanical properties of plastic sheets, i.e., DIN EN ISO 527 [8,9,10] are implemented in the evaluation of ODFs. They define the shape of the specimen and the speed of their extension.



ODFs are composed of water-soluble polymers, such as pullulan [11,12], poly(vinyl alcohol) (PVA) [6,13,14,15,16] cellulose derivates (hydroxypropyl methylcellulose, hydroxypropyl cellulose) [17,18,19,20], or starch [21,22] in which an active pharmaceutical ingredient (API) and other excipients, such as plasticizers, taste-masking agents or surfactants are incorporated [4,23]. They can be manufactured using various methods, i.e., solvent casting, hot melt extrusion, electrospinning, or printing techniques, i.e., inkjet, flexographic, and 3D printing [2,24]. The solvent casting method is the most common technique applied for the preparation of single or multilayer films on a lab-scale as well as industrial continuous production [18,24]. The API is dispersed or dissolved in a polymer solution containing plasticizer or other auxiliary substances and then cast with the defined thickness on an intermediate liner using a film applicator [16,18,20,21,25] or a coating machine [18]. After drying at room or high temperature, the films are rolled up in jumbo rolls, divided into smaller daughter rolls, and finally cut into individual drug units and packed in sachets or other single-dose containers [23].



Electrospinning is a novel technique used in ODFs manufacturing intensively studied in recent years [26,27,28,29,30]. It is a technique based on the electrohydrodynamic process in which an electrified jet of fluid (solution or polymer melt) is stretched and elongated to form continuous fibers. The application of a high voltage leads to the electrostatic repulsion of the surface-like charges and the elongation of the liquid droplet into a Taylor cone as a consequence of the excessive repulsion of similar charges over the surface tension of the fluid. The solvent evaporates quickly, and the fibers form when the jet reaches the collector. The morphology of the fibers depends mostly on the stage of bending instability at which the deposition occurs [31]. The basic requirement that needs to be fulfilled by the macromolecules is their viscosity, which should enable the stretching instead of breaking up into droplets and the ability to carry the electric charge. Various polymers, including PVA, poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), polyurethane (PU), collagen, pullulan, and chitosan have been successfully electrospun [32].



High permeability, porosity, and specific surface area combined with the ability to functionalize and good mechanical properties make the electrospun fibers attractive material for a wide range of applications, including tissue engineering [33], wound dressing [34], and drug delivery [35]. Moreover, the intimate level of mixing between the API and the polymer, which is difficult to obtain via powder blending, combined with a high evaporation rate, facilitates the formation of physically stable amorphous systems exhibiting improved dissolution performance [36]. The formation of PVP-based orally dissolving nets containing amorphous carvedilol (a non-selective beta-blocker practically insoluble in water) was described by Domokos et al. [28]. The authors reported ca. 10-fold improvement in drug dissolution and proved the applicability of electrospun mats to the formation of orodispersible dosage forms. Another research proved that the formation of pullulan-based electrospun ODFs containing isoniazid (an antibacterial agent used in the treatment of tuberculosis) led to a drug amorphization and complete release within 30 s [37].



In recent years, the 3D printing method was also utilized for the fabrication of orodispersible films. It is an additive manufacturing technique relying on the subsequent deposition of each layer of a material, according to the previously designed 3D model [38]. The final product is formed by extrusion or solidification of liquid, semisolid, or powder material. Extrusion-based technologies, with fused deposition modeling (FDM), are the most common among 3D-printing methods applied in the development of drug delivery systems [39]. The FDM involves the application of heat on the filament, which melts in the printer nozzle, and undergoes solidification on the building platform. This approach needs to be preceded by the hot melt extrusion (HME) of drug-loaded filament. It means that the formulation undergoes multi-step thermal stress. On the one hand, this may induce phase transition and dissolution-enhancing amorphization of API. On the other hand, this may lead to degradation of thermolabile compounds. To avoid the exposure of the drug to a high temperature, thermoplastic polymers, such as PVA, PLA, polyvinylpyrrolidone (PVP), cellulose derivatives, or polyurethanes are added.



Generally, the appropriate flexibility of ODFs is achieved by the addition of a plasticizer, which usually penetrates the polymeric network and reduces the cohesive forces among the chains [40]. The plasticizer content is often high, and the decision on its type needs to be deeply analyzed, considering its effect on the formulation, potential toxicity, and environmental hazards. Cast films are characterized by irregular surface morphology and the presence of the crystalline domains resulting from slow solvent evaporation. On the contrary, fast solvent removal occurring in the electrospinning process prevents crystal formation. Moreover, the porosity of electrospun fibers reduces the cohesive forces between macromolecules and provides more space for structural relaxation, and consequently, improves the mechanical properties and plasticity over cast films [41]. Importantly, no plasticizers are then necessary, or their content is much lower than in the case of cast films. Tyagi et al. described the formation of PVA-based mucoadhesive backing films with diphenhydramine. The results revealed that films obtained by solvent casting were brittle unless a high amount of glycerol was introduced. In contrast, electrospun fibers were flexible even with a very low glycerol content [42]. Similar results have been obtained for PVA-PVP orodispersible films containing rizatriptan benzoate, prepared by either casting method or electrospinning. Moreover, the results indicated faster dissolution rates, shorter film disintegration, and superior bioavailability resulting from the nanometric size of the polymer net. Despite the submicron size of the electrospun membranes, the alignment of the fibers can also tune film flexibility expressed by the tensile strength, Young’s modulus, and elongation at break [26]. Randomly oriented fibers collected on static collectors have lower tensile strength than aligned fibers. On the other hand, aligned films obtained using a rotating drum collector express lower tensile strength than their random counterparts [27]. The increase of the mechanical strength of the electrospun fibers can also be achieved by cross-linking the polymer, as proven by the example of PVA [43,44] or gelatin [45] fibers. The cross-linked polymeric fibers are also characterized by higher water resistance, which in the case of ODF films is an undesirable feature.



This work aimed to develop the formulation of orodispersible films using electrospinning technique and compare their properties to ODFs prepared using film casting and 3D printing methods. Aripiprazole (ARP), which is characterized by poor solubility in water (BCS class II), was used as a model drug. It is a third-generation antipsychotic drug, a partial agonist at D2 and 5-HT1 receptors and antagonist at 5-HT2A receptors used in the treatment of mental or central nervous system disorders, e.g., schizophrenia, bipolar disorder, depression, Tourette’s syndrome, delusional disorders, or irritability associated with autistic disorders in both children and adults [46,47,48]. Given that those diseases as well as active pharmaceutical ingredients (API) used in their treatment are reported to induce dysphagia and xerostomia, difficulties in swallowing conventional dosage forms, i.e., tablets or capsules, may lead to non-compliance or discontinuation of pharmacotherapy [49]. Therefore, formulation of more acceptable dosage forms with aripiprazole, such as orodispersible tablets (ODTs) or ODFs, are proposed [3,50,51].



Depending on the method of preparation, the films differ in structure, thickness, and appearance. However, despite those differences, they should disintegrate rapidly in the mouth and possess good mechanical properties [1].



We compared the films’ morphology, wettability, water content, mechanical properties, disintegration time uniformity of the content, and the dissolution of aripiprazole. The X-ray diffraction (XRD) and differential scanning calorimetry (DSC) was used to examine the crystalline structure of the aripiprazole in films. Mechanical properties such as elongation at break, tensile strength, and Young’s modulus of all ODFs, were measured using a texture analyzer. Disintegration time was tested using two different methods. Additionally, the wetting characteristic was evaluated by contact angle measurement, while the water content was measured using the Karl Fisher titration method. The uniformity of content and dissolution studies were performed with the validated spectrophotometric assay. Moreover, the properties of the ODFs were evaluated after a one-month storage period (25 °C/60% RH) to estimate their stability.




2. Materials and Methods


2.1. Materials


Aripiprazole (7-{4-[4-(2,3-dichlorophenyl)-1-piperazinyl]butoxy}-3,4-dihydro-2(1H)-quinolinone) was purchased from HyperChem (Zhejiang, China). Poly(vinyl alcohol) (Poval 4-88), which was used as a film forming polymer and was obtained from Kuraray (Tokyo, Japan). Glycerol (85%) was acquired from Fagron (Cracow, Poland) and glacial acetic acid, Hydra-Point Solvent G and Hydra-Point Titrant 5 mg H2O/mL, were purchased from Avantor Performance Materials Poland S.A. (Gliwice, Poland). Sodium Acetate Anhydrous, Hydranal®-Water Standard 10.0 were bought from Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MO, USA). Distilled water was used to prepare all aqueous solutions.




2.2. Preparation of Electrospinning and Casting Solution


According to the preliminary test results (data not shown), 35% w/w PVA was selected for the preparation of films by electrospinning and casting method. An aqueous PVA solution was prepared by dissolving the polymer in hot water (90 °C) with continuous stirring at 180 rpm using a Heidolph MR HeiTec magnetic stirrer (Schwabach, Germany). The solution of API (20% w/w) was prepared by dissolving the appropriate amount of aripiprazole in glacial acetic acid. The ARP solution was added to the polymer solution in different weight ratios, given in Table 1, mixed using a glass rod, and left for 1 h to remove air bubbles.



The casting solution was prepared based on the electrospinning solution Esp ODF 3. However, the addition of a plasticizer was necessary to obtain flexible films. Therefore, the glycerol at 10% concentration (w/w of the polymer weight) was added to the PVA solution prior to the API solution and stirred at 180 rpm at 90 °C for 1 h.




2.3. Preparation of Films by Electrospinning


A 50 mL syringe was filled with the electrospinning solution and mounted in a syringe pump (Ascor AP14, Ascor Med Sp. Z o.o., Warsaw, Poland). An injection needle with an internal diameter of 0.6 mm was attached to the syringe through a silicone tube. The positive electrode of a high voltage power supply (E-Fiber EF020 SKE Research Equipment®, Bollate, Italy) was connected to the needle, while the grounding electrode was connected to a rotating metal drum collector (24 × 30 cm) wrapped with aluminum foil. The electrospinning process was carried out at room temperature. The electrical potential applied to the needle was 20 kV or 25 kV, and the distance between the needle and the collector was 10 cm. The feeding rate of the spinning solution was set at 1 mL/h, and the process was conducted for 10 h. Films were dried for 24 h at room temperature and then cut into rectangular strips of 2 × 3 cm, 3 × 3 cm or the shapes corresponding to DIN EN ISO 527-3 (ISO-527-3 2002) standard for mechanical properties evaluation. They were stored for three days at room temperature in a desiccator before testing.




2.4. Preparation of Films by Casting Method


The casting solution was poured on the plastic foil mounted on the table of a motorized film applicator (Elcometer 4340, Elcometer, Utrecht, Belgium). The wet film of 500 μm thickness was left to dry at room temperature for 24 h and cut into rectangular strips (2 × 3 cm or 3 × 3 cm), and the shapes corresponding to DIN EN ISO 527-3 [10] for mechanical properties evaluation. All films were stored for 3 days in a climate chamber (HP 105, Memmert, Schwabach, Germany) at 25 °C and 60% relative humidity (RH).




2.5. Preparation of Films by 3D Printing


The ODFs with ARP were prepared using the FDM method. Firstly, a filament loaded with ARP was prepared by hot-melt extrusion. Aripiprazole and PVA in a weight ratio of 3.5:96.5 were mixed, moistened with ethanol, and dried up at 60 °C for 6 h. The filament with ARP was prepared using a 40D, 12-mm co-rotating twin-screw extruder (RES-2P/12A Explorer, Zamak Mercator®, Skawina, Poland). The powder blend was fed with a gravimetric feeder MCPOWDER® (Movacolor®, Sneek, The Netherlands) at approximately 75 g/h and extruded through a 1.75 mm die with a screws’ speed of 50 rpm, which resulted in pressure reaching up to 100 bar. The filament was collected with an air-cooled conveyor belt (Zamak Mercator®, Skawina, Poland) without stretching. The screw configuration, including conveying sections and three kneading zones, was described in detail in our previous work [52]. The profile of temperature zones is displayed in Table 2.



In a second step, the Blender® 2.79b software (Blender Foundation, Amsterdam, The Netherlands) was utilized to design the 3D model of orodispersible films. The designed objects were 30 mm long, 0.15 mm heigh, and 20 or 30 mm wide, with the shapes corresponding to DIN EN ISO 527-3 standard [10] for mechanical properties evaluation. The 3D model of ODFs created with the Blender® software was exported to the STL file format, describing the triangular geometry of the 3D object in the form of XYZ coordinates.



Finally, the 3D model of the ODF was exported to the Voxelizer® slicing software (version 1.4.18, ZMorph, Wroclaw, Poland), and films were printed using a patch width of 0.3 mm. The layer height was set at 0.15 mm, which was equal to the high of the films. Two outlines and honeycomb infill with 40% density were designed for film printing. The ODFs with aripiprazole were printed using an FDM ZMorph® 2.0 S personal fabricator (Wroclaw, Poland) equipped with a 1.75 mm single printhead, with a 0.3 mm nozzle. The printing temperature was 190 °C, the temperature of the building platform was 65 °C, and the printing speed was 10 mm/s. After the printing, the films were stored for three days in a Memmert HP 105 climate chamber (Memmert, Schwabach, Germany) at 25 °C and 60% RH before further analyses were performed.




2.6. Viscosity of the Electrospinning and Casting Solution


The rheological tests were performed using a R/S Plus Rheometer (Brookfield Ametek, Harlow, UK with a C75-1 rotor, using the plate-to-plate arrangement. The measurements of viscosity were made using the Controlled Rate (CR) program with the rate of 6 s−1, during 300 s at a temperature of 25 °C. Ten repetitions were made for every sample, and their values were averaged.




2.7. Scanning Electron Microscopy (SEM)


The fibers morphology, during the optimization of the electrospinning process, was investigated by a Phenom Pro (Thermo Fisher Scientific, Grand Island, NE, USA) scanning electron microscope. The accelerating voltage of the beam was equal to 10 kV. Small pieces of the films (ca. 0.5 × 0.5 cm) were placed on the SEM conductive adhesive tape previously glued to a specimen mount. Microphotographs were taken at magnifications of 2000×.



The morphology of the electrospun, cast, and printed films was examined using an S-4700 scanning electron microscope (Hitachi, Tokyo, Japan), due to its higher resolution. The accelerating voltage of the beam was equal to 20 kV. Small pieces of the films (ca. 0.5 × 0.5 cm) were placed on the SEM conductive adhesive tape previously glued to a specimen mount. The electrospun films were sputtered with gold. Microphotographs were taken at magnifications of 2000×, 5000×, and 10,000× in the case of electrospun films, and 50×, 250×, 500×, and 2000× in the case of cast and printed films.




2.8. Optical Microscopy


The morphology of cast and 3D printed films was examined using a stereoscopic microscope MST 200M (PZO, Warsaw, Poland) and a polarized light microscope (Hund Wetzlar H600, Hund Wetzlar GmbH, Wetzlar, Germany). Digital images were captured by a TPL MicroCam 5MPx or an OPTA-TECH 16M (OPTA-TECH, Warsaw, Poland) at magnifications of 6×, 37×, and 100×.




2.9. Differential Scanning Calorimetry (DSC)


The thermodynamic properties of raw ARP and prepared films were examined using a DSC 1 STARe System (Mettler-Toledo, Greifensee, Switzerland). Samples were heated in argon atmosphere (80 cm3/min) within the range of 25 °C and 180 °C, at a heating rate of 10 °C/min. Measurements were performed in an aluminum open pan. Melting points were determined as the onset of the peak.




2.10. X-ray Diffraction (XRD)


The crystalline structure of the samples was analyzed at ambient temperature using a Mini Flex II X-ray diffractometer (Rigaku, Tokyo, Japan). Diffraction patterns were collected over 2θ range between 3° to 43° with 5°/min step. Samples were measured as received.




2.11. Film Thickness and Weight


To determine film mass, 10 randomly taken 2 × 3 cm samples were weighed with an MS 105DU analytical balance (Mettler-Toledo, Greifensee, Switzerland). Thickness uniformity was measured using a micrometer screw (Mitutoyo, Kawasaki, Japan).




2.12. Contact Angle


The sessile drop technique was applied to determine the wettability of ODFs using a DSA255 drop shape analyzer (Krüss, Hamburg, Germany). The droplet of the distilled water of volume equal to 2 µL was deposited on the surface of the ODFs. All the measurements were carried out in triplicate.




2.13. Water Content Using Karl Fisher Titration


The water content in the films was determined using an 870 KF Titrino Plus potentiometric titrator (Metrohm, Herrisau, Switzerland), calibrated with 1.0 g of Hydranal®-Water Standard 10.0. The used solvents included a Hydra-Point Solvent G- methanolic imidazole solution and sulfur dioxide and a Hydra-Point Titrant 5 mg H2O/mL—iodine methanol. Prior to the test, the film samples weighing ca. 1.0 g were milled with dry ice to avoid their stickiness using an Tube-Mill 100 high-speed mill (IKA, Königswinter, Germany) for 1 min at 15,000 rpm. The samples were accurately weighed (ca. 0.2 g) and put into a titration flask filled with the Hydra-Point Solvent G and titrated with the Hydra-Point Titrant 5 mg H2O/mL. All measurements were carried out in triplicate.




2.14. Mechanical Properties


Mechanical properties of films were determined using an EZ-SX texture analyzer (Shimadzu, Kyoto, Japan) with a 20 N load cell. Test specimens of type 5 were prepared according to the DIN EN ISO 527 standard [10]. Films were placed between the jaws of the apparatus and extended with a 5 mm/min speed until they broke. Young’s modulus, tensile strength (TS), and elongation at break (%E) were determined with Trapezium X software (Shimadzu, Kyoto, Japan). The test was performed for the five samples of each formulation.




2.15. Disintegration Time


The disintegration time of the films was evaluated using a slide frame and ball method and a pharmacopoeial apparatus [7]. In the first method, film samples of 3 × 3 cm were fixed in a holder with a circular hole of 10 mm diameter and stainless-steel ball (d = 10 mm, mass = 3.5 g). Then, 900 μL of distilled water at 37 °C were placed on their surface. The time until the ball penetrated through the film was recorded.



In the second method, film samples of 2 × 3 cm were burdened with magnetic clips (3 g) and mounted into the holder clips attached to the tubes of pharmacopoeial disintegration apparatus type A (ED-2 SAPO, Electrolab, Mumbai, India). The test was performed using 900 mL of distilled water maintained at 37 °C. The disintegration time of the films was recorded when the bottom clips dropped down. Both tests were performed for the six samples of each formulation.




2.16. Wetting Assay


A 2 × 1.5 cm sample of ODF prepared by the electrospinning method was placed in a plastic dish with a diameter of 5.5 cm filled with 5 mL of purified water at room temperature. The disintegration and dissolution of the ODF mats were recorded using a camera with 33 frames per second.




2.17. Uniformity of Content


Ten randomly taken films of each formulation were accurately weighed and shaken with 25 mL of water at 70 °C for 12 h (WNB 22, Memmert, Schwabach, Germany). After cooling, 50 mL of ethanol was added and shaken for another 4 h at room temperature. After dilution, drug concentration was assayed spectrophotometrically at λ = 250 nm using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan).




2.18. Dissolution Studies


The dissolution studies were performed in accordance with the FDA guidance for aripiprazole ODTs using a pharmacopoeial apparatus type II (Vision G2 Elite 8, Hanson Research, Chatsworth, CA, USA) equipped with a VisionG2 AutoPlus autosampler (Hanson Research, Chatsworth, CA, USA). The ODF films were inserted into the stainless-steel spring-like sinkers and placed in 1000 mL of acetate buffer of pH = 4.0 ± 0.05 at 37 °C. The paddle rotation speed was 75 rpm. Filtered samples were withdrawn at 5, 10, 15, 30, 45, 60 min and analyzed spectrophotometrically at λ = 250 nm (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan) using a flow-through 10 mm cuvettes. The tests were carried out in triplicate, and the results represent the average with their standard deviation (SD).




2.19. Stability Study


The ODFs were placed in aluminum sachets, sealed and stored under controlled conditions for one month at 25 °C and 60% RH. To determine the stability of the ODFs the physicochemical properties, mass, thickness, mechanical properties, disintegration time, and dissolution behavior were evaluated.




2.20. Statistical Analysis


Statistical analysis was performed with IBM® SPSS® Statistics software (version 27.0.1.0, IBM, SPSS Inc., Warsaw, Poland). All data were expressed as mean ± standard deviation (SD). The results were compared by one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant differences (HSD) post hoc test or with Student’s t-test when only two means were considered. Statistical significance was accepted for p < 0.05.





3. Results and Discussion


In our study, the PVA, a commonly used film-forming polymer [16,26,53,54,55], due to its good water solubility and rapid disintegration/dissolution in the mouth after application, was selected as a polymer for the preparation of ODFs, i.e., electrospinning, casting, and 3D printing. Based on the preliminary studies, the PVA solution at a concentration of 35% was chosen for electrospinning. Lower concentration (below 30%) resulted in beaded morphologies, and a higher concentration caused needle clogging. Aripiprazole is a weak alkaline drug with good solubility in acidic solutions [56]. Thus, it was dissolved in glacial acetic acid before the addition to the polymeric solution. Cast films were prepared using a similar solution as for electrospinning, except that glycerol was additionally used at a concentration of 10% (1/10 of the polymer mass) to ensure appropriate flexibility of films after drying. Its addition has no visible effect on the viscosity of the polymer solutions. The value of this parameter measured at a shear rate of 6 s−1 was 2.710 ± 0.046 Pa·s in the case of solution used for electrospinning and 2.790 ± 0.037 Pa·s in the case of the cast solution. The 3D printed films, prepared using the FDM method, were also PVA-based. Apart from the polymer, they contained only ARP, without any additional excipients.



3.1. Optimization of the Electrospinning Process


The influence of the composition of the electrospinning solutions and process parameters on the fiber morphology was evaluated. The SEM data has shown that smooth fibers without bead formation were obtained from placebo solution and formulations containing ARP solution in weight ratios 9 + 1, 8 + 2, and 7 + 3, i.e., Esp ODF 1, Esp ODF 2, and Esp ODF 3, respectively. In the case of higher content of the API solution in the electrospinning solutions (Esp ODF 4 and Esp ODF 5), the fibers with bead-on-string morphology were observed, which can be explained by the decrease in polymer concentration in the electrospinning solution (Figure 1). The content of the API in the ODFs and the required drug dose have an impact on the size of the final films, which affects their acceptability [57]. Therefore, to the ODFs preparation by electrospinning process, Esp ODF 3 formulation, further expressed as Esp ODF, was chosen.



The electrospinning process was conducted using two voltage values, i.e., 20 kV and 25 kV. It was found that a lower voltage led to the formation of fibers with beads, while the higher one resulted in smooth fibers.




3.2. Morphology of the Films


Based on visual inspection, all the prepared films were homogenous. The electrospun ODFs (Esp ODFs) were white in color, smooth, soft, and fluffy due to their fibrous structure. The surface of cast films (Cast ODFs) was smooth and delicate, while in the case of the 3D printed ones (3D ODFs) it was rough. Their color was beige and ivory, respectively.



The SEM evaluation of the morphology of the Esp ODFs reveals a smooth fiber surface, without bead formation (Figure 2a–c), with a mean diameter of 0.320 ± 0.019 µm. Microphotographs revealed that ARP crystals were present in films prepared by the casting method (Figure 3a–c). The films obtained using 3D printing exhibited a regular porous structure (Figure 3d–f).



The physical parameters of the films are summarized in Table 3. The Esp ODFs had about 10 times lower mass and 3 times lower thickness, as compared with the Cast ODFs and 3D ODFs. Their thickness was also almost 2 times lower than PVP-fibers mats with paracetamol, as reported by Illangakoon et al. [58], although a higher concentration of the polymer solution was used to prepare the films and a larger amount of solution was applied per unit area of the aluminum foil.



The Esp ODFs also had the highest drug content, equal to 21.42%. However, the drug load per film area was the lowest in the case of electrospun films, 0.45 mg/cm2, which resulted from much lower mass and thickness. The lowest drug content was determined in the 3D ODFs, and it did not exceed 5%. Their mean mass was significantly higher and their thickness significantly lower than in the case of the Cast ODF (p < 0.05).



The storage of the films for one month in the climate chamber at 25 °C and 60% relative humidity has a visible impact on their appearance and physical properties. It was found that the Esp ODFs became more brittle, fragile, and less fluffy, therefore, their thickness decreased to 53.1 ± 10.3 µm, but the difference was not significant (p > 0.05). The mass remained unchanged. The Cast ODFs and 3D ODFs were softer and more delicate than shortly after preparation. The mass of Cast ODF increased to 109.7 ± 4.5 mg (not statistically significant, p > 0.05), while their thickness up to 156.1 ± 5.7 µm (statistically significant, p < 0.05). The mass and thickness of 3D ODFs have also increased, but the difference was not significant (p > 0.05). These slight changes might be caused due to water absorption during the storage.




3.3. Differential Scanning Calorimetry (DSC)


The DSC curves of the ARP and ODFs prepared by electrospinning, 3D printing, and casting methods are presented in Figure 4a. In the case of ARP, the thermogram (gray line) shows three endothermic peaks with onsets at c.a. 137 °C, 141 °C, and 151 °C, which can be associated with melting of forms II, III, and I, respectively [59]. The small exothermic effect, preceding the melting point of form I indicates the phase transition from form III to form I [60].



The analysis of the thermograms of the Cast ODFs (green line in Figure 4a) and 3D ODFs (blue line) indicates full amorphization of the ARP. The endothermic peak with onset at 41 °C, observed for the 3D printed films, originates from phase transition occurring in PVA [61]. In the case of the Esp ODFs (red line), three endothermic events are visible on the thermogram, i.e., an endothermic peak at 40 °C corresponding to the phase transition of PVA, the broad peak at c.a. 60 °C related to the water evaporation, and the peak at 130 °C corresponding to the melting of ARP.



To assess the physicochemical stability of the films, the DSC analysis was also performed after one month of their storage in the climate chamber at 25 °C and 60% RH (Figure 4b). The Cast ODFs did not change during storage. In the case of 3D ODFs, the previously observed peak of PVA phase transition almost disappeared. However, the most visible changes are seen for electrospun ODFs. The DSC curve of the Esp ODF shows the endotherm with an onset at 71 °C reflecting water evaporation and a small exothermic effect at 86 °C, suggesting that the ARP recrystallization and two endothermic events are associated with melting of the ARP.




3.4. X-ray Diffraction (XRD)


ARP is one of the most polymorphic drug substances [62]. Such diversity of its forms results from the flexibility around butyl chain connecting aromatic side groups. Braun et al. [63,64] described five polymorphs of aripiprazole, i.e., X°, II, and I, characterized by thermodynamic stability at room temperature, and forms III and IV, which are metastable in the entire temperature range. However, the authors proved that their kinetic stability at room temperature can last for at least a year. They concluded that the metastable forms may then be successfully applied for the development of solid dosage forms containing aripiprazole [60,63]. In 2009, Teva Pharmaceutics issued a US patent disclosing 10 polymorphs of ARP [65]. In 2012, Brittain reviewed 12 pure-phase polymorphs and 8 solvatomorphs [66]. However, one of the described forms, depicted as VI, was further confirmed to be a propylene glycol hemi-solvate by Zeidan et al. [67]. They also discovered a new crystal form, which was called the 12th polymorph of ARP. The reported structure accounts for the total amount of 12 reported non-solvated polymorphs and 9 solved crystal structures of ARP.



Sharp Bragg peaks registered for raw ARP at 11.04°, 14.36°, 16.58°, 19.34°, 20.34°, 22.04° indicate that the drug exists as a form III polymorph (Figure 5), according to the Cambridge Crystallographic Data Centre (CCDC), deposition number 690585 [68]. It crystallizes in a triclinic crystal system, space group P 1 (2), having the following cell parameters: (a) 10.220(2)Å; (b) 12.208(2)Å; (c) 18.837(4)Å, α 82.28(3)° β 82.52(3)° γ 82.88(3)°.



The lack of Bragg peaks in the diffractograms collected for ODFs containing ARP indicates that the drug undergoes amorphization, regardless of the method of obtaining the film. None of the investigated samples exhibit a distinctive diffractive pattern, which is due to a lack of long-range order of the atoms. Instead, broad amorphous halos were registered (Figure 5a). It is worth noting that in the case of electrospun films, the diffractograms indicate full amorphization of the sample, while thermograms revealed a small melting peak, indicating the presence of crystalline fraction. This difference results from the different sensitivity of both methods and the way how each one analyzes the sample. In DSC, the measured sample is melted, and the information comes from the whole used volume of the material. In XRD, the X-ray beam interacts with only a small spot on the sample surface. If the sample is not homogenous, i.e., if it contains crystalline domains, the beam may not hit them. Also, the sensitivity of XRD is lower than DSC in the determination of crystalline material; depending on the used device, it cannot detect the crystallinity below several percent. Such a limitation does not occur for the DSC. Yet, a small melting peak of aripiprazole is visible in the DSC, and no Braggs peaks indicating the presence of a crystalline phase in the diffractogram is observed.



The XRD analysis performed after one month of film storage demonstrated that the Cast ODFs and 3D ODFs were stable, and ARP was in an amorphous form, which was indicated by broad halos in the diffractogram (Figure 5b). The Esp ODFs were less physically stable. The Bragg peaks were imposed on the amorphous halo. However, due to their low intensity, it was difficult to identify the polymorphic form.




3.5. Mechanical Properties of ODFs


Due to the lack of pharmacopoeial guidance for the determination and evaluation of mechanical properties of the ODFs, the test was performed according to standard DIN EN ISO 527 [8,9,10]. The acceptance criteria proposed by Visser et al. [69], i.e., Young’s modulus <550 N/mm2, tensile strength (TS) >2 N/mm2, and elongation at break (E%) >10% were adopted. All the prepared films met the proposed requirements. However, their mechanical properties differed depending on the method of preparation (Table 4).



The Esp ODFs were the stiffest and least stretchable. They exhibited the highest value of Young’s modulus (242.1 ± 85.5 N/mm2) and the lowest value of the percentage of elongation (17.2 ± 1.6%). In the case of the 3D ODFs and Cast ODFs, the values of Young’s modulus were almost 3.5 and 8 times lower, while the values of the percentage of elongation were 2 and 5 times higher, respectively. Much greater elasticity and ductility of the Cast ODFs can be explained by the presence of glycerol and their continuous structure.



The highest maximum force required to break the films was registered for 3D printed films, while the lowest was registered for electrospun films, due to their fibrous openwork structure. However, the differences in the values of the tensile strength for all formulations were not statistically significant (p > 0.05) (Table 4).



Although after one month of storage, all the mechanical parameters have changed, they still met Visser’s acceptance criteria (Table 4). The Esp ODF became stiffer, more durable, and less stretchable, which was visible in the increased values of Young’s modulus, Fmax, and tensile strength (not significant, p > 0.05) as well as by the significant decrease in the degree of elongation (p < 0.05). The Cast ODFs and 3D ODFs had better mechanical properties after the storage period, which was represented by the significant increase of every measured parameter (p < 0.05), except for the elongation in the case of the 3D ODFs (p > 0.05).




3.6. Water Content and Wettability


The residual water content in the ODFs may have a significant impact on their mechanical properties and disintegration time. It was reported that a too high water content may result in the formation of sticky films with extended disintegration time and a higher risk of microbial growth [5,70,71].



The residual water content was analyzed three days after their preparation using Karl-Fisher titration. The water content was the lowest in the Esp ODFs (Table 5), below 3%, and the highest in the Cast ODFs, which may result from the presence of glycerol. A similar observation was reported by Borges et al. [5] and Niese and Quodbach [70], who demonstrated a higher water content in film plasticized with glycerol. In the case of the 3D ODFs, the residual water content was 7.9%. The increased water content may be due to the moisture absorption resulting from the increased surface area and high hydrophilicity of PVA [72].



The nature of the film-forming polymer and hydrophilic/hydrophobic properties of API influence the wettability of ODFs [16,73,74,75]. Here, the chemical composition of films was similar, but the method of the preparation of the films was found to affect the wettability of the ODFs.



The Esp ODFs were characterized by the lowest value of the contact angle, i.e., 24.6°, which suggests high hydrophilicity of their surface. For the other systems, the values of the contact angle exceeded 70° (Table 5), indicating a more hydrophobic nature of the films. However, it was observed that water droplet put on the surface of Esp ODF immediately penetrated the sample, while in the Cast ODF and 3D ODF, it remained on the surface for a few seconds. Given that the contact angle technique is designed for the determination of wettability on smooth, solid surfaces, the effect of water absorption of electrospun films may contribute to the distortion of the measurement, which consequently led to observed lower values of the contact angle than in the case of the Cast ODFs or 3D ODFs.




3.7. Disintegration Time and Wetting of the ODFs


According to the Ph. Eur. [1], orodispersible films should be characterized by fast disintegration when placed in the mouth. However, there is a lack of information regarding the methods, which can be applied to the determination of disintegration time. Therefore, two methods recommended by Speer et al. [7], i.e., using a pharmacopoeial apparatus and a slide frame and ball method, were applied to measure the disintegration time of the prepared ODFs. However, the SFaB method was more sensitive to variations in films thickness, which is in line with the findings of Speer et al. [7].



Regardless of the method of disintegration time determination, the electrospun ODFs disintegrated immediately after being in contact with water, i.e., within 1.0 s, as shown in Figure 6a. The disintegration time of the Cast ODFs and 3D ODFs was much longer; however, they were much thicker than the electrospun ODFs. The mean disintegration time for those films, as determined by the pharmacopoeial apparatus, was 41.8 ± 1.9 s and 43.0 ± 1.0 s, respectively. In the case of the SFaB method, the disintegration time for Cast ODF exceeded 3 min and for 3D ODF it was equal to 71.0 ± 9.8 s. Obtained results correspond with those of the contact angle test. The high wettability, highly porous structure, and high surface area of the Esp ODFs influence their rapid disintegration. Similar results, i.e., the faster disintegration time of the Esp ODF than Cast ODF were found by Guo et al. [26] and Tawfik et al. [13].



The disintegration time of all films measured after one month of storage has slightly changed (Figure 6b). The Esp ODFs were still characterized by the fastest disintegration of about 1.0 s, regardless of the applied method of the disintegration time determination. The disintegration time of the Cast ODFs determined using a pharmacopoeial apparatus decreased to 36.8 ± 1.3 s (significant change, p < 0.05). However, it still exceeded 3 min in the slide frame and ball method. In the case of the 3D ODFs, their disintegration times measured using the pharmacopoeial apparatus and the SFaB method were 43.7 ± 6.6 s and 59.5 ± 17.8 s, respectively, which shows a not-significant change (p > 0.05).



Due to the very short disintegration time of the Esp ODF, their wetting behavior when placed in water has been recorded. It was found that immediately after the contact of films with water, they revealed fast hydration and disintegration within 1.5 s (Figure 7). This phenomenon is apparently due to its highly porous structure. Storage of the Esp ODFs extended their hydration time and the elongated disintegration time in this test to 8 s (Figure 8).




3.8. Dissolution Study


ARP is a poorly water-soluble drug. It is a weak base, which means that its solubility increases with a decrease in pH. According to the FDA Dissolution Database [76], an acetate buffer of pH = 4.0 is suitable for dissolution testing of orally disintegrating tablets containing ARP. Such a medium enables to achieve sink condition in the test and predict the dissolution behavior of the orodispersible dosage form in vivo more accurately than in the case of phosphate buffer having a higher pH [56]. Therefore, acetate buffer was used in the dissolution study. Due to the lack of guidelines on orodispersible films with aripiprazole, we compare the results of the research to orodispersible tablets. According to the pharmacopoeial monography of orodispersible tablets with aripiprazole, 80% of the drug substance should be released up to 30 min [77], nonetheless, FDA recommended sampling times of 10, 20, 30, and 45 min [76]. In our study, we followed these indications. All the prepared films have shown a high dissolution rate and the amount of ARP released from the Esp ODFs, Cast ODFs, and 3D ODFs after 5 min reached 94.0 ± 2.8%, 92.1 ± 0.8%, and 88.7 ± 2.1%, respectively (Figure 9). The dissolution rate from each film was significantly higher than for the aripiprazole alone (p < 0.05). It might be the effect of both amorphization of ARP in the films and the presence of the hydrophilic PVA in the formulations, which facilitated wetting of the ARP and its solvation.



The dissolution tests performed after one month of storage revealed about a 2-fold drop down in the amount of dissolved ARP after 5 min in the case of 3D ODFs and Esp ODFs; however, it was still significantly higher than in the case of bulk ARP (p < 0.05). After 60 min, the amount of released ARP after film storage was 1.2- and 1.1-fold lower, respectively. The ARP dissolution profile from Cast ODF was not significantly different than directly after the preparation (p > 0.05). The variations observed for the electrospun and 3D ODFs may be partially explained by their increased hardness after the storage, and in the case of the Esp ODFs, partial ARP recrystallization.




3.9. Effect of Storage on Film Properties, a Summary


Stability studies are an important part of the evaluation of the final dosage form, essential to guarantee their appropriate pharmacodynamic effectiveness and safety. They are also conducted during the development stage to choose the right packaging material, assuring that the properties of the formulation will remain within limits of specification. Here, in order to determine the stability of prepared ODFs, the physicochemical properties, mass, thickness, mechanical properties, disintegration time, and dissolution rate were measured after one-month storage in the constant climate chamber at 25 °C and 60% RH. The results have already been partially described above.



The stored Esp ODFs were stiffer, more brittle, and fragile than directly after the preparation. Their elasticity decreased, while tensile strength and Young’s modulus increased (Table 4). The XRD analysis has shown the amorphization of ARP in the electrospinning process, while the DSC result indicated only partial amorphization, with a noticeable fraction of crystalline form. However, after one month storage, there were signs of recrystallization in both tests (Figure 4b and Figure 5b). Despite these changes, the disintegration time of the Esp ODFs remained very short after one month, and it was still many times lower than for other ODFs (Figure 6b and Figure 8). Although the dissolution rate of ARP decreased, its amount released after 60 min reached 90.8 ± 0.2% (Figure 9).



The Cast ODFs have shown the best stability among prepared formulations. There was no change in either DSC or XRD data (Figure 4b and Figure 5b). Mechanical properties were even slightly better after storage than for freshly prepared samples (Table 4). The major weakness of the Cast ODFs was their long disintegration time, exceeding 3 min in the slide frame and ball method (Figure 6b). However, it did not affect the release of ARP. The dissolution rate was very high shortly after preparation as well as after one-month storage, i.e., more than 90% of ARP was released from the films in 5 min (Figure 9).



The 3D ODFs appeared softer and more delicate after storage, but mechanical analysis has shown an increase in their mechanical properties, such as tensile strength and Young’s modulus (Table 4). The DSC analysis has shown some changes in the glass transition temperature (Figure 4b), but no sign of recrystallization was visible, which is consistent with XRD data (Figure 5b). The disintegration time did not change significantly (p > 0.05), but the dissolution rate dropped down similarly as in the case of the Esp ODFs (Figure 6b and Figure 9).



These simplified stability studies allowed us to gather preliminary data on the properties of the prepared films after storage at room temperature. They suggest that the packaging material used for electrospun and 3D printed films needs to maintain the highest possible barrier protection and a high level of stability. The extended stability studies of prepared films stored in different types of packaging materials will be performed in further studies.





4. Conclusions


In this study, the PVA-based ODFs with aripiprazole were successfully formulated via electrospinning.



The SEM images demonstrated that the obtained fibers had a smooth surface and average size diameter of 322.6 nm. The properties of the prepared electrospun fibers qualify them as ODF films. In comparison to the Cast ODFs and 3D ODFs, they were characterized by the highest wettability, which is reflected in the shortest disintegration time, resulting from the increased surface area. The short disintegration time of the ODFs is key factor from the patient’s point of view. The Esp ODFs possessed good mechanical properties, nonetheless, the uniformity of the mass and the thickness should be improved. The high surface area of the Esp ODFs and partial drug amorphization had a positive influence on the dissolution rate; more than 94% of ARP were released after 5 min.



The results from the stability studies indicate that the disintegration time of the Esp ODFs remained very short. However, their mechanical properties deteriorated, while in the case of the Cast ODFs and 3D ODFs the mechanical strength increased. In addition, the dissolution rate of ARP in the case of the Esp ODFs decreased, which may result from the drug recrystallization. Further studies will be focused on the electrospinning process in terms of improving the stability of ODFs stored in different types of packaging materials.



Overall, the performed study has shown that the application of electrospinning can bring multiple advantages for the ODF formulations, such as good mechanical properties, and rapid disintegration time, which are indicated as key features affecting the effectiveness of the formulation, thus improving patients’ compliance and acceptability of a drug. Due to the high flexibility of a dose adjustment and rapid disintegration time, ODFs can be used in the individualization of therapy, especially important in mental disorders in children.







Author Contributions


Conceptualization, E.Ł.; methodology, E.Ł.; validation, E.Ł., W.B. and J.S.-S.; investigation, E.Ł., W.B., T.M.M., D.M. and M.Z.; writing—original draft preparation, E.Ł., W.B. and J.S.-S.; writing—review and editing, E.Ł., W.B., J.S.-S. and R.J.; visualization, E.Ł.; supervision, K.P. and R.J.; project administration, E.Ł.; funding acquisition, E.Ł. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Polish Ministry of Science and Higher Education, grant number N42/DBS/000130.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Council of Europe. European Pharmacopoeia, 10th ed.; Council of Europe: Strasbourg, France, 2020. [Google Scholar]

	



Borges, A.F.; Silva, C.; Coelho, J.F.J.; Simões, S. Oral Films: Current Status and Future Perspectives. J. Control. Release 2015, 206, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Scarpa, M.; Stegemann, S.; Hsiao, W.-K.; Pichler, H.; Gaisford, S.; Bresciani, M.; Paudel, A.; Orlu, M. Orodispersible Films: Towards Drug Delivery in Special Populations. Int. J. Pharm. 2017, 523, 327–335. [Google Scholar] [CrossRef] [PubMed]

	



Yir-Erong, B.; Bayor, M.T.; Ayensu, I.; Gbedema, S.Y.; Boateng, J.S. Oral Thin Films as a Remedy for Noncompliance in Pediatric and Geriatric Patients. Ther. Deliv. 2019, 10, 443–464. [Google Scholar] [CrossRef] [PubMed]

	



Borges, A.F.; Silva, C.; Coelho, J.F.J.; Simões, S. Outlining Critical Quality Attributes (CQAs) as Guidance for the Development of Orodispersible Films. Pharm. Dev. Technol. 2017, 22, 237–245. [Google Scholar] [CrossRef]

	



Scarpa, M.; Paudel, A.; Kloprogge, F.; Hsiao, W.K.; Bresciani, M.; Gaisford, S.; Orlu, M. Key Acceptability Attributes of Orodispersible Films. Eur. J. Pharm. Biopharm. 2018, 125, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Speer, I.; Steiner, D.; Thabet, Y.; Breitkreutz, J.; Kwade, A. Comparative Study on Disintegration Methods for Oral Film Preparations. Eur. J. Pharm. Biopharm. 2018, 132, 50–61. [Google Scholar] [CrossRef]

	



Din Deutsches Institut für Normung. DIN EN ISO 527-1 Plastics—General Principles of the Determination of Tensile Properties; Din Deutsches Institut für Normung: Berlin, Germany, 1996. [Google Scholar]

	



Din Deutsches Institut für Normung. DIN EN ISO-527-2 Determination of Tensile Properties of Plastics; Din Deutsches Institut für Normung: Berlin, Germany, 1996. [Google Scholar]

	



Din Deutsches Institut für Normung. DIN EN ISO-527-3 Plastics–Determination of Tensile Properties; Din Deutsches Institut für Normung: Berlin, Germany, 2002. [Google Scholar]

	



Senta-Loys, Z.; Bourgeois, S.; Valour, J.-P.; Briançon, S.; Fessi, H. Orodispersible Films Based on Amorphous Solid Dispersions of Tetrabenazine. Int. J. Pharm. 2017, 518, 242–252. [Google Scholar] [CrossRef]

	



Vuddanda, P.R.; Montenegro-Nicolini, M.; Morales, J.O.; Velaga, S. Effect of Plasticizers on the Physico-Mechanical Properties of Pullulan Based Pharmaceutical Oral Films. Eur. J. Pharm. Sci. 2017, 96, 290–298. [Google Scholar] [CrossRef]

	



Tawfik, E.A.; Scarpa, M.; Abdelhakim, H.E.; Bukhary, H.A.; Craig, D.Q.M.; Barker, S.A.; Orlu, M. A Potential Alternative Orodispersible Formulation to Prednisolone Sodium Phosphate Orally Disintegrating Tablets. Pharmaceutics 2021, 13, 120. [Google Scholar] [CrossRef]

	



Oh, B.-C.; Jin, G.; Park, C.; Park, J.-B.; Lee, B.-J. Preparation and Evaluation of Identifiable Quick Response (QR)-Coded Orodispersible Films Using 3D Printer with Directly Feeding Nozzle. Int. J. Pharm. 2020, 584, 119405. [Google Scholar] [CrossRef]

	



Jamróz, W.; Kurek, M.; Łyszczarz, E.; Szafraniec, J.; Knapik-Kowalczuk, J.; Syrek, K.; Paluch, M.; Jachowicz, R. 3D Printed Orodispersible Films with Aripiprazole. Int. J. Pharm. 2017, 533, 413–420. [Google Scholar] [CrossRef] [PubMed]

	



Łyszczarz, E.; Hofmanová, J.; Szafraniec-Szczęsny, J.; Jachowicz, R. Orodispersible Films Containing Ball Milled Aripiprazole-Poloxamer®407 Solid Dispersions. Int. J. Pharm. 2020, 575. [Google Scholar] [CrossRef]

	



Krull, S.M.; Patel, H.V.; Li, M.; Bilgili, E.; Davé, R.N. Critical Material Attributes (CMAs) of Strip Films Loaded with Poorly Water-Soluble Drug Nanoparticles: I. Impact of Plasticizer on Film Properties and Dissolution. Eur. J. Pharm. Sci. 2016, 92, 146–155. [Google Scholar] [CrossRef]

	



Thabet, Y.; Lunter, D.; Breitkreutz, J. Continuous Manufacturing and Analytical Characterization of Fixed-Dose, Multilayer Orodispersible Films. Eur. J. Pharm. Sci. 2018, 117, 236–244. [Google Scholar] [CrossRef] [PubMed]

	



Drašković, M.; Turković, E.; Vasiljević, I.; Trifković, K.; Cvijić, S.; Vasiljević, D.; Parojčić, J. Comprehensive Evaluation of Formulation Factors Affecting Critical Quality Attributes of Casted Orally Disintegrating Films. J. Drug Deliv. Sci. Technol. 2020, 56, 101614. [Google Scholar] [CrossRef]

	



Brniak, W.; Maślak, E.; Jachowicz, R. Orodispersible Films and Tablets with Prednisolone Microparticles. Eur. J. Pharm. Sci. 2015, 75, 81–90. [Google Scholar] [CrossRef]

	



Mazumder, S. Quality by Design Approach for Studying the Impact of Formulation and Process Variables on Product Quality of Oral Disintegrating Films. Int. J. Pharm. 2017, 10, 151–160. [Google Scholar] [CrossRef] [PubMed]

	



Pimparade, M.B. Development and Evaluation of an Oral Fast Disintegrating Anti-Allergic Film Using Hot-Melt Extrusion Technology. Eur. J. Pharm. Biopharm. 2017, 10, 81–90. [Google Scholar] [CrossRef]

	



Hoffmann, E.M.; Pharm, D.; Breitenbach, A. Advances in Orodispersible Films for Drug Delivery. Expert Opin. Drug Deliv. 2011, 18, 299–316. [Google Scholar] [CrossRef] [PubMed]

	



Musazzi, U.M.; Khalid, G.M.; Selmin, F.; Minghetti, P.; Cilurzo, F. Trends in the Production Methods of Orodispersible Films. Int. J. Pharm. 2020, 576, 118963. [Google Scholar] [CrossRef]

	



Özcan Bülbül, E.; Mesut, B.; Cevher, E.; Öztaş, E.; Özsoy, Y. Product Transfer from Lab-Scale to Pilot-Scale of Quetiapine Fumarate Orodispersible Films Using Quality by Design Approach. J. Drug Deliv. Sci. Technol. 2019, 54, 101358. [Google Scholar] [CrossRef]

	



Guo, X.; Cun, D.; Wan, F.; Bera, H.; Song, Q.; Tian, X.; Chen, Y.; Rantanen, J.; Yang, M. Comparative Assessment of in Vitro/in Vivo Performances of Orodispersible Electrospun and Casting Films Containing Rizatriptan Benzoate. Eur. J. Pharm. Biopharm. 2020, 154, 283–289. [Google Scholar] [CrossRef]

	



Ghosal, K.; Chandra, A.; Praveen, G.; Snigdha, S.; Roy, S.; Agatemor, C.; Thomas, S.; Provaznik, I. Electrospinning over Solvent Casting: Tuning of Mechanical Properties of Membranes. Sci. Rep. 2018, 8, 5058. [Google Scholar] [CrossRef] [PubMed]

	



Domokos, A.; Balogh, A.; Dénes, D.; Nyerges, G.; Ződi, L.; Farkas, B.; Marosi, G.; Nagy, Z.K. Continuous Manufacturing of Orally Dissolving Webs Containing a Poorly Soluble Drug via Electrospinning. Eur. J. Pharm. Sci. 2019, 130, 91–99. [Google Scholar] [CrossRef]

	



Balusamy, B.; Celebioglu, A.; Senthamizhan, A.; Uyar, T. Progress in the Design and Development of “Fast-Dissolving” Electrospun Nanofibers Based Drug Delivery Systems–A Systematic Review. J. Control. Release 2020, 326, 482–509. [Google Scholar] [CrossRef] [PubMed]

	



Rustemkyzy, C.; Belton, P.; Qi, S. Preparation and Characterization of Ultrarapidly Dissolving Orodispersible Films for Treating and Preventing Iodine Deficiency in the Pediatric Population. J. Agric. Food Chem. 2015, 63, 9831–9838. [Google Scholar] [CrossRef] [PubMed]

	



Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev. 2019, 118, 5298–5415. [Google Scholar] [CrossRef] [PubMed]

	



Memic, A.; Abudula, T.; Mohammed, H.S.; Joshi Navare, K.; Colombani, T.; Bencherif, S.A. Latest Progress in Electrospun Nanofibers for Wound Healing Applications. ACS Appl. Bio Mater. 2019, 2, 952–969. [Google Scholar] [CrossRef]

	



Chamundeswari, V.N.; Yuan Siang, L.; Jin Chuah, Y.; Shi Tan, J.; Wang, D.-A.; Loo, S.C.J. Sustained Releasing Sponge-like 3D Scaffolds for Bone Tissue Engineering Applications. Biomed. Mater. 2017, 13, 015019. [Google Scholar] [CrossRef]

	



Wang, J.; Windbergs, M. Functional Electrospun Fibers for the Treatment of Human Skin Wounds. Eur. J. Pharm. Biopharm. 2017, 119, 283–299. [Google Scholar] [CrossRef]

	



Chen, Z.; Chen, Z.; Zhang, A.; Hu, J.; Wang, X.; Yang, Z. Electrospun Nanofibers for Cancer Diagnosis and Therapy. Biomater. Sci. 2016, 11, 922–932. [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 T Review. J. Control. Release 2018, 20, 91–110. [Google Scholar] [CrossRef] [PubMed]

	



Chachlioutaki, K.; Tzimtzimis, E.K.; Tzetzis, D.; Chang, M.-W.; Ahmad, Z.; Karavasili, C.; Fatouros, D.G. Electrospun Orodispersible Films of Isoniazid for Pediatric Tuberculosis Treatment. Pharmaceutics 2020, 12, 470. [Google Scholar] [CrossRef] [PubMed]

	



Jamróz, W.; Szafraniec, J.; Kurek, M.; Jachowicz, R. 3D Printing in Pharmaceutical and Medical Applications–Recent Achievements and Challenges. Pharm. Res. 2018, 35, 176. [Google Scholar] [CrossRef]

	



Annaji, M. Application of Extrusion-Based 3D Printed Dosage Forms in the Treatment of Chronic Diseases. J. Pharm. Sci. 2020, 18, 3551–3568. [Google Scholar] [CrossRef] [PubMed]

	



Rabek, C.L.; Stelle, R.V.; Dziubla, T.D.; Puleo, D.A. The Effect of Plasticizers on the Erosion and Mechanical Properties of Polymeric Films. J. Biomater. Appl. 2014, 28, 779–789. [Google Scholar] [CrossRef]

	



Baji, A.; Mai, Y.-W.; Wong, S.-C.; Abtahi, M.; Chen, P. Electrospinning of Polymer Nanofibers: Effects on Oriented Morphology, Structures and Tensile Properties. Compos. Sci. Technol. 2010, 16, 703–718. [Google Scholar] [CrossRef]

	



Tyagi, C.; Tomar, L.; Choonara, Y.E.; Toit, L.C.D.; Kumar, P.; Pillay, V. Electrospun Nanofiber Matrix with a Mucoadhesive Backing Film for Oramucosal Drug Delivery. Int. J. Mater. 2014, 2, 5. [Google Scholar] [CrossRef]

	



Nataraj, D.; Reddy, R.; Reddy, N. Crosslinking Electrospun Poly (Vinyl) Alcohol Fibers with Citric Acid to Impart Aqueous Stability for Medical Applications. Eur. Polym. J. 2020, 124, 109484. [Google Scholar] [CrossRef]

	



Sonker, A.K.; Rathore, K.; Nagarale, R.K.; Verma, V. Crosslinking of Polyvinyl Alcohol (PVA) and Effect of Crosslinker Shape (Aliphatic and Aromatic) Thereof. J. Polym. Environ. 2018, 26, 1782–1794. [Google Scholar] [CrossRef]

	



Campiglio, C.E.; Contessi Negrini, N.; Farè, S.; Draghi, L. Cross-Linking Strategies for Electrospun Gelatin Scaffolds. Materials 2019, 12, 2476. [Google Scholar] [CrossRef]

	



Farmer, C.A.; Aman, M.G. Aripiprazole for the Treatment of Irritability Associated with Autism. Expert Opin. Pharmacother. 2011, 12, 635–640. [Google Scholar] [CrossRef]

	



Kirino, E. Efficacy and Safety of Aripiprazole in Child and Adolescent Patients. Eur. Child Adolesc. Psychiatry 2012, 21, 361–368. [Google Scholar] [CrossRef]

	



Tanahashi, S.; Yamamura, S.; Nakagawa, M.; Motomura, E.; Okada, M. Dopamine D2 and Serotonin 5-HT1A Receptors Mediate the Actions of Aripiprazole in Mesocortical and Mesoaccumbens Transmission. Neuropharmacology 2012, 62, 765–774. [Google Scholar] [CrossRef]

	



Stegemann, S.; Gosch, M.; Breitkreutz, J. Swallowing Dysfunction and Dysphagia Is an Unrecognized Challenge for Oral Drug Therapy. Int. J. Pharm. 2012, 430, 197–206. [Google Scholar] [CrossRef]

	



Keith, S. Advances in Psychotropic Formulations. Biol. Psychiatry 2006, 13, 996–1008. [Google Scholar] [CrossRef]

	



Kim, Y. Pharmacokinetics of a New Orally Disintegrating Tablet Formulation of Aripiprazole 15 Mg Administered Without Water in Healthy Middle-Aged Korean Subjects. Clin. Ther. 2015, 37, 8. [Google Scholar] [CrossRef]

	



Jamróz, W.; Pyteraf, J.; Kurek, M.; Knapik-Kowalczuk, J.; Szafraniec-Szczęsny, J.; Jurkiewicz, K.; Leszczyński, B.; Wróbel, A.; Paluch, M.; Jachowicz, R. Multivariate Design of 3D Printed Immediate-Release Tablets with Liquid Crystal-Forming Drug—Itraconazole. Materials 2020, 13, 4961. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Kanjwal, M.A.; Lin, L.; Chronakis, I.S. Electrospun Polyvinyl-Alcohol Nanofibers as Oral Fast-Dissolving Delivery System of Caffeine and Riboflavin. Colloids Surf. B Biointerfaces 2013, 103, 182–188. [Google Scholar] [CrossRef]

	



Nagy, Z.K.; Nyul, K.; Wagner, I.; Molnar, K.; Marosi, G. Electrospun Water Soluble Polymer Mat for Ultrafast Release of Donepezil HCl. Express Polym. Lett. 2010, 4, 763–772. [Google Scholar] [CrossRef]

	



Ehtezazi, T.; Algellay, M.; Islam, Y.; Roberts, M.; Dempster, N.M.; Sarker, S.D. The Application of 3D Printing in the Formulation of Multilayered Fast Dissolving Oral Films. J. Pharm. Sci. 2018, 107, 1076–1085. [Google Scholar] [CrossRef]

	



Xu, Y.; Liu, X.; Lian, R.; Zheng, S.; Yin, Z.; Lu, Y.; Wu, W. Enhanced Dissolution and Oral Bioavailability of Aripiprazole Nanosuspensions Prepared by Nanoprecipitation/Homogenization Based on Acid–Base Neutralization. Int. J. Pharm. 2012, 438, 287–295. [Google Scholar] [CrossRef]

	



Krampe, R.; Visser, J.C.; Frijlink, H.W.; Breitkreutz, J.; Woerdenbag, H.J.; Preis, M. Oromucosal Film Preparations: Points to Consider for Patient Centricity and Manufacturing Processes. Expert Opin. Drug Deliv. 2015, 13, 493–506. [Google Scholar] [CrossRef]

	



Illangakoon, U.E.; Gill, H.; Shearman, G.C.; Parhizkar, M.; Mahalingam, S.; Chatterton, N.P.; Williams, G.R. Fast Dissolving Paracetamol/Caffeine Nanofibers Prepared by Electrospinning. Int. J. Pharm. 2014, 477, 369–379. [Google Scholar] [CrossRef] [PubMed]

	



Ardiana, F.; Lestari, M.L.A.D.; Indrayanto, G. Aripiprazole. In Profiles of Drug Substances, Excipients and Related Methodology; Elsevier: Amsterdam, The Netherlands, 2013; Volume 38, pp. 35–85. ISBN 978-0-12-407691-4. [Google Scholar]

	



Łaszcz, M.; Witkowska, A. Studies of Phase Transitions in the Aripiprazole Solid Dosage Form. J. Pharm. Biomed. Anal. 2016, 117, 298–303. [Google Scholar] [CrossRef] [PubMed]

	



Wlodarski, K.; Zhang, F.; Liu, T.; Sawicki, W.; Kippimg, R. Synergistic Effect of Polyvinyl Alcohol and Copovidone in Itraconazole Amorphous Solid Dispersions. Pharm. Res. 2018, 15, 16. [Google Scholar] [CrossRef]

	



Delaney, S.P. Low-Temperature Phase Transition in Crystalline Aripiprazole Leads to an Eighth Polymorph. Cryst. Growth Des. 2014, 7, 5004–5010. [Google Scholar] [CrossRef]

	



Braun, D.E.; Gelbrich, T.; Kahlenberg, V.; Tessadri, R.; Wieser, J.; Griesser, U.J. Conformational Polymorphism in Aripiprazole: Preparation, Stability and Structure of Five Modifications. J. Pharm. Sci. 2009, 98, 17. [Google Scholar] [CrossRef]

	



Braun, D.E.; Gelbrich, T.; Kahlenberg, V.; Tessadri, R.; Wieser, J.; Griesser, U.J. Stability of Solvates and Packing Systematics of Nine Crystal Forms of the Antipsychotic Drug Aripiprazole. Cryst. Growth Des. 2009, 9, 12. [Google Scholar] [CrossRef]

	



Aronhime, J. Methods of Preparing Aripiprazole Crystalline Forms. U.S. Patent US7504504B2, 17 March 2009. [Google Scholar]

	



Brittain, H.G. Aripiprazole: Polymorphs and Solvatomorphs. Profiles Drug Subst. Excip. Relat. Methodol. 2012, 37. [Google Scholar] [CrossRef]

	



Zeidan, T.A.; Trotta, J.T.; Tilak, P.A.; Oliveira, M.A.; Chiarekka, R.A.; Foxman, B.M.; Almarsson, Ö.; Hickey, M.B. An Unprecedented Case of Dodecamorphism: The Twelfth Polymorph of Aripiprazole Formed by Seeding with Its Active Metabolite. Cryst. Eng. Comm. 2016, 18, 1486. [Google Scholar] [CrossRef]

	



Cambridge Crystallographic Data Centre. Available online: https://www.ccdc.cam.ac.uk/ (accessed on 14 April 2021).

	



Visser, J.C.; Dohmen, W.M.C.; Hinrichs, W.L.J.; Breitkreutz, J.; Frijlink, H.W.; Woerdenbag, H.J. Quality by Design Approach for Optimizing the Formulation and Physical Properties of Extemporaneously Prepared Orodispersible Films. Int. J. Pharm. 2015, 485, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Niese, S.; Quodbach, J. Formulation Development of a Continuously Manufactured Orodispersible Film Containing Warfarin Sodium for Individualized Dosing. Eur. J. Pharm. Biopharm. 2019, 136, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Khadra, I.; Obeid, M.A.; Dunn, C.; Watts, S.; Halbert, G.; Ford, S.; Mullen, A. Characterisation and Optimisation of Diclofenac Sodium Orodispersible Thin Film Formulation. Int. J. Pharm. 2019, 561, 43–46. [Google Scholar] [CrossRef]

	



Öblom, H.; Zhang, J.; Pimparade, M.; Speer, I.; Preis, M.; Repka, M.; Sandler, N. 3D-Printed Isoniazid Tablets for the Treatment and Prevention of Tuberculosis—Personalized Dosing and Drug Release. AAPS PharmSciTech 2019, 20, 1–13. [Google Scholar] [CrossRef]

	



Sóti, P.L.; Bocz, K.; Pataki, H.; Eke, Z.; Farkas, A.; Verreck, G.; Kiss, É.; Fekete, P.; Vigh, T.; Wagner, I.; et al. Comparison of Spray Drying, Electroblowing and Electrospinning for Preparation of Eudragit E and Itraconazole Solid Dispersions. Int. J. Pharm. 2015, 494, 23–30. [Google Scholar] [CrossRef]

	



Gupta, M.S.; Kumar, T.P. Characterization of Orodispersible Films: An Overview of Methods and Introduction to a New Disintegration Test Apparatus Using LDR-LED Sensors. J. Pharm. Sci. 2020, 109, 2925–2942. [Google Scholar] [CrossRef]

	



Hall Barrientos, I.J.; Paladino, E.; Brozio, S.; Passarelli, M.K.; Moug, S.; Black, R.A.; Wilson, C.G.; Lamprou, D.A. Fabrication and Characterisation of Drug-Loaded Electrospun Polymeric Nanofibers for Controlled Release in Hernia Repair. Int. J. Pharm. 2017, 517, 329–337. [Google Scholar] [CrossRef]

	



U.S. Food and Drug Administration Dissolution Methods. Available online: https://www.accessdata.fda.gov/scripts/cder/dissolution/dsp_SearchResults.cfm (accessed on 20 April 2021).

	



United States Pharmacopeia. USP 43-NF38 Aripiprazole Orally Disintegrating Tablets. Available online: DocId: 1_GUID-28F6A917-A21C-4749-ACD0-6945D1F45859_2_en-US (accessed on 14 June 2021).








[image: Pharmaceutics 13 01122 g001 550] 





Figure 1. Scanning electron microscopic images of electrospun fibers ((a) Esp ODF placebo; (b) Esp ODF 1; (c) Esp ODF 2; (d) Esp ODF 3; (e) Esp ODF 4; (f) Esp ODF 5; process parameters: 25 kV, 1.0 mL/h, 10 cm; magnification 2000×). 
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Figure 2. Scanning electron microscopic images of electrospun films (Esp ODF, magnification (a) 2000×; (b) 5000×; (c) 10,000×). 
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Figure 3. Microphotographs of the Cast ODFs (upper panel) and 3D ODFs (lower panel) (a,d) visible light image; (b,e) polarized light image; (c,f) SEM image at magnification 50×. 
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Figure 4. DSC heating curves (a) directly after ODFs preparation; (b) after one month of storage at 25 °C and 60% RH) of raw ARP (gray line) and ODFs prepared by electrospinning (red line), casting (green line) and 3D printing (blue line) method. 
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Figure 5. XRD diffraction patterns (a) directly after ODFs preparation; (b) after one month of storage at 25 °C and 60% RH) of raw ARP (gray line) and ODFs prepared by electrospinning (red line), casting (green line), and 3D printing (blue line) method. 
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Figure 6. Disintegration time of ODFs (n = 6) ((a) after preparation; (b) after one month storage at 25 °C and 60% RH. 
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Figure 7. Images of the disintegration of Esp ODF directly after preparation, taken at (a) 0 s; (b) 1.06 s; (c) 1.33 s; (d) 1.5 s. 
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Figure 8. Images of the disintegration of Esp ODF after one month of storage at 25 °C and 60% RH, taken at (a) 0 s; (b) 1.06 s; (c) 4 s; (d) 8 s. 
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Figure 9. Dissolution profiles of raw ARP (grey line) and ODFs prepared with electrospinning (red line), casting (green line) and 3D printing (blue line) method after preparation (solid line) and after one month storage at 25 °C and 60% RH (dashed lines). 
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Table 1. Composition of electrospinning solutions.
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Formulation

	
Content of Electrospinning Solution Components (w/w)




	
35% PVA

	
20% ARP






	
Esp ODF placebo

	
10.0

	
-




	
Esp ODF 1

	
9.0

	
1.0




	
Esp ODF 2

	
8.0

	
2.0




	
Esp ODF 3

	
7.0

	
3.0




	
Esp ODF 4

	
6.0

	
4.0




	
Esp ODF 5

	
5.0

	
5.0
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Table 2. The profile of temperature zones of the RES-2P/12A Explorer twin-screw extruder.
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	Zone
	Temperature (℃)





	1
	100



	2
	175



	3
	185



	4
	185



	5
	185



	6
	170



	Die
	155
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Table 3. Physical properties and uniformity of content of aripiprazole in ODF formulations (n = 10); film size 6 cm2.
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Formulation

	
Mass (mg)

	
Thickness (µm)

	
Drug Content




	
(mg/cm2)

	
(% m/m)






	
Esp ODF

	
9.4 ± 1.3

	
57.7 ± 12.6

	
0.45 ± 0.03

	
21.42 ± 0.48%




	
Cast ODF

	
108.3 ± 4.7

	
147.7 ± 6.4

	
2.98 ± 0.12

	
16.31 ± 0.27%




	
3D ODF

	
95.4 ± 12.3

	
170.1 ± 29.0

	
0.69 ± 0.09

	
4.29 ± 0.39%
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Table 4. Mechanical properties of ODFs (n = 5).
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Formulation

	
Young’s Modulus (N/mm2)

	
Fmax (N)

	
TS (N/mm2)

	
ε% (%)






	
After Preparation




	
Esp ODF

	
242.1 ± 85.5

	
3.0 ± 0.4

	
6.1 ± 0.9

	
17.2 ± 1.6




	
Cast ODF

	
30.3 ± 2.4

	
5.4 ± 1.2

	
6.1 ± 1.3

	
89.6 ± 16.8




	
3D ODF

	
69.7 ± 15.0

	
6.7 ± 1.1

	
6.0 ± 1.0

	
30.3 ± 5.7




	
1 Month




	
Esp ODF

	
305.6 ± 102.7

	
2.5 ± 0.9

	
7.4 ± 2.7

	
10.0 ± 2.2




	
Cast ODF

	
47.8 ± 8.2

	
7.7 ± 1.2

	
8.1 ± 1.2

	
140.6 ± 22.3




	
3D ODF

	
355.84 ± 45.8

	
14.1 ± 1.2

	
12.5 ± 1.0

	
31.8 ± 4.2
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Table 5. Water content and wettability of the ODFs (n = 3).
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	Formulation
	Water Content (%)
	Contact Angle (°)





	Esp ODF
	2.8 ± 0.4
	24.6 ± 6.3



	Cast ODF
	10.9 ± 1.9
	76.6 ± 2.4



	3D ODF
	7.9 ± 1.1
	70.3 ± 2.9
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