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Abstract

:

The self-assembly phenomenon of amphiphiles has attracted particular attention in recent years due to its wide range of applications. The formation of nanoassemblies able to solubilize sparingly water-soluble drugs was found to be a strategy to solve the problem of poor solubility of active pharmaceutical ingredients. Binary and ternary solid dispersions containing Biopharmaceutics Classification System (BCS) class II drug bicalutamide and either Poloxamer®188 or Poloxamer®407 as the surface active agents were obtained by either spray drying or solvent evaporation under reduced pressure. Both processes led to morphological changes and a reduction of particle size, as confirmed by scanning electron microscopy and laser diffraction measurements. The increase in powder wettability was confirmed by means of contact angle measurements. The effect of an alteration of the crystal structure was followed by powder X-ray diffractometry while thermal properties were determined using differential scanning calorimetry. Interestingly, bicalutamide exhibited a polymorph transition after spray drying with the poloxamer and polyvinylpyrrolidone (PVP), while the poloxamer underwent partial amorphization. Moreover, due to the surface activity of the carrier, the solid dispersions formed nanoaggregates in water, as confirmed using dynamic light scattering measurements. The aggregates measuring 200–300 nm in diameter were able to solubilize bicalutamide inside the hydrophobic inner parts. The self-assembly of binary systems was found to improve the amount of dissolved bicalutamide by 4- to 8-fold in comparison to untreated drug. The improvement in drug dissolution was correlated with the solubilization of poorly soluble molecules by macromolecules, as assessed using emission spectroscopy.
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1. Introduction


The issue of poor solubility of active pharmaceutical ingredients (APIs) is one of the biggest limitations for drug development. It is a matter of concern, as the bioavailability depends on the dissolution of drug in the gastrointestinal fluids. The main determinants of the dissolution kinetics in vivo are solubility and surface area of the particles. The solubility is a function of the crystal lattice energy and the affinity of solid phase to the solvent. Thus, three groups of strategies that have been implemented to improve the rate of dissolution and solubility rely on: (1) the reduction of the intermolecular forces in solid phase, (2) the enhancement of the solid–solvent interaction, and (3) the increase of the surface area available for solvation (according to the Noyes–Whitney equation) [1].



Due to the fact that almost 50% of currently marketed drugs and over 70% of new chemical entities exhibit low solubility in water, numerous techniques have been developed to overcome this problem [2]. Common strategies include pH adjustment, formation of salts, cosolvency, formation of cocrystals and inclusion complexes, particle size reduction, supercritical fluid technology (SCF), and self-emulsification [3,4]. Recently, nanotechnology has emerged as a technique that leads to the formation of robust delivery systems. Numerous attempts have been applied to obtain several types of delivery systems, i.e., micelles [5], liposomes [6], capsules [7,8], protein nanocontainers [9], and silica-based nanoparticles [10,11]. Poorly water-soluble drugs have been frequently processed with hydrophilic polymers, as the molecular dispersion of drug molecules within the matrix provides better dissolution of the drug. Moreover, when the systems were further formulated into the nanoparticles, the results were more pronounced [12,13,14].



The main factors affecting the choice of a particular method are the physicochemical characteristics of drugs and carriers. Solid dispersions are commonly formed to enhance the water solubility of APIs; however, the number of marketed products arising from that strategy is rather low. This is a result of the thermal instability of drug and carrier during preparation of systems, a poor in vitro–in vivo correlation, and instability during storage [15]. However, the simplicity of preparation, low cost, and great improvements in the dissolution of poorly water-soluble drugs have made the solid dispersions widely investigated. Experimental and theoretical approaches have been involved to determine the thermodynamic properties of APIs dispersed in polymer matrices as well as the mechanisms and factors affecting their stability [16,17,18].



The concept of solid dispersion—one of the earliest methods of solubility enhancement—was introduced in 1961 by Sekiguchi and Obi, who prepared eutectic mixtures containing microcrystalline drug and a water-soluble carrier [19,20,21,22]. Although crystalline forms provide high stability and chemical purity, the lattice energy barrier is the major limitation affecting the dissolution rate. Thus, amorphous carriers such as polyvinylpyrrolidone (PVP) [23,24] and hydroxypropylmethyl cellulose (HPMC) [25,26] have been introduced to prepare amorphous solid dispersions (ASDs). The highly water-soluble amorphous carriers provide stabilization of APIs, increasing the wettability and dispersibility of the drug [27,28,29]. They limit the precipitation of a drug in water; however, the supersaturation may lead to precipitation and recrystallization of APIs, which negatively affects the bioavailability of the drug. To face this problem, surface active agents or self-emulsifiers such as poloxamers (PLXs) [30,31], Tween 80 [32], or sodium lauryl sulfate (SLS) [33] have been introduced. They improve the dissolution rate as well as physical and chemical stability of the supersaturated system. Surfactants or emulsifiers enhance the miscibility and thus limit the recrystallization rate of the drug. Moreover, they are able to absorb onto the outer layer of drug particles or form micelles encapsulating drug particles, effectively preventing drug precipitation [34]. On the other hand, many surfactants can absorb moisture, which may result in phase separation during storage, an increase in drug mobility, and conversion from the amorphous or metastable form to the more stable crystalline one. They may change the physical properties of the matrix, increase the water content and cause adverse side effects in vivo. [35] Thus, their use has to be cautious and their amounts well adjusted.



Among the strategies that allow for obtaining solid dispersions, solvent methods are often used. In these techniques the drug and the carrier are dissolved in a volatile solvent such as ethanol [36] or methylene chloride–ethanol mixture [37] that is further evaporated. It requires sufficient solubility of the drug as well as the carrier in the solvent. Moreover, the type of used solvent, the temperature, and rate of its evaporation are of key importance due to the fact that the concentration of residual solvent needs to be below the detection limit after drying. One of the strategies utilized to fulfill that requirement is the use of low-toxicity solvent mixtures, e.g., water with ethanol, which decreases the amount of each solvent in dry formulation. However, this strategy sometimes fails due to insufficient dissolution of components at a given ratio [35]. Usually, a second drying step is applied to completely removed the solvent as it may lower the glass transition temperature, enhancing the recrystallization tendency.



The common feature of evaporation approaches is the removal of small droplets or thin layers of the solvent from different surfaces. It may lead to the crystal growth of oriented morphology as described for droplet evaporative crystallization or microwave-accelerated evaporative crystallization [38,39,40]. The crystallization of the celocoxib–PVP mixture was found to generate drug crystals of improved dissolution characteristics [41]. Other approaches such as the evaporative antisolvent method and supercritical carbon dioxide evaporation were applied to the formation of nanoparticles, drug-loaded micelles, and liposomes characterized by improved dissolution of the drug [42,43].



Commonly used solvent methods include vacuum drying using rotary evaporators [44], spray drying [45], or freeze-drying [46], among others. In rotary evaporators, solvents are removed under reduced pressure, limiting thermal decomposition of the components of the mixture as organic solvent evaporation occurs at low temperature. Spray drying combines four processes, i.e., (1) atomization of the liquid containing dissolved or suspended drug, which is transported into the nozzle and then sprayed onto fine droplets, (2) mixing the liquid with the drying gas, (3) evaporation, and finally (4) separation of obtained particles from the gas using cyclone [47]. Generally, the spray drying process can be applied for the generation of amorphous materials as well as a technique for particle engineering, i.e., particle size reduction [48].



In the work reported herein, we study the self-assembly phenomenon of solid dispersions containing either Poloxamer®188 or Poloxamer®407 and its effect on dissolution enhancement of the poorly water soluble drug bicalutamide (BCL). Poloxamers are the nonionic surfactants widely used in pharmaceutical formulations as emulsifiers, wetting agents and solubilizers. They have been introduced into solid dispersions to enhance solubility and dissolution profiles of poorly water-soluble APIs from solid dosage forms [49,50]. Bicalutamide was used as a model drug. It is a non-steroidal antiandrogenic drug assigned to Biopharmaceutics Classification System (BCS) class II because of poor water solubility (below 3.7 mg/L) and high membrane permeability (logP = 2.92) [51,52,53]. It is known to exhibit polymorphism and undergo mechanical activation upon milling [54,55,56,57,58]. Obtained results indicate that the formation of solid dispersions by means of solvent methods led to the changes of particles in solid state, i.e., morphological features, increased wettability, phase transition (in case of ternary solid dispersions containing PVP) and partial disruption of crystal lattice. Moreover, the formation of nanoaggregates in aqueous media led to the 4- to 8-fold increase in the amount of dissolved bicalutamide. Emission spectroscopy allowed for a correlation of the effect of dissolution changes with the solubilization related to the variations of molecular structure of used poloxamers.




2. Materials and Methods


2.1. Materials


Bicalutamide (BCL, N-[4-cyano-3-(trifluoromethyl)phenyl]-3-[(4-fluorophenyl)sulfonyl]-2-hydroxy-2-methylpropanamide, 99.8%, Hangzhou Hyper Chemicals Limited, Zhejiang, China) was used as a model drug. Poloxamer®188, Poloxamer®407 (BASF, Ludwigshafen am Rhein, Germany), and polyvinylpyrrolidone K29/32 (PVP, Ashland, Covington, KY, USA) were used as excipients. Sodium lauryl sulfate (SLS, BASF, Ludwigshafen am Rhein, Germany) was used to prepare dissolution medium. Ethanol (absolute, 99.8%, pure p.a., Avantor Performance Materials, Gliwice, Poland) and methanol (p.a., Chempur, Piekary Slaskie, Poland) were used as solvents. Cyclohexane (ACS, pure p.a., Avantor Performance Materials, Gliwice, Poland) was used as a dispersant in laser diffraction measurements. Perylene (Pe, p.a., Koch-Light Laboratories Ltd., Colnbrook, UK) and pyrene (98%, Sigma-Aldrich, Darmstadt, Germany) were used in fluorescence emission measurements. All chemicals were used as received. Distilled water was used to prepare all of aqueous solutions.




2.2. Methods of Preparation of Solid Dispersions


2.2.1. Solvent Evaporation (E)


Bicalutamide (2 g) was mixed with either Poloxamer®188 or Poloxamer®407 in a 1:1 and 2:1 wt. ratio, placed in the round-bottomed flask, and dissolved in 200 mL of absolute ethanol. The solution was heated up to 40 °C in the water bath and after complete dissolution of the mixture the solvent was evaporated using a Hei-VAP Value rotavapor (Heidolph, Schwabach, Germany). The rotational speed was equal to 200 rpm and the pressure was reduced stepwise to ca. 40 mbar. The dry solid dispersion was transferred to a container and dried under vacuum prior to further characterization. The systems were further labeled as BCL-PLX188 1:1 (E), BCL-PLX188 2:1 (E), BCL-PLX407 1:1 (E) and BCL-PLX407 2:1 (E), respectively.




2.2.2. Spray Drying (SD)


An ethanolic solution containing bicalutamide mixed with the appropriate carrier or carrier mixture (1:1 and 2:1 wt. ratio, respectively) was spray-dried using a Mini Spray Dryer B-191 (Büchi, Flawil, Switzerland). The process was conducted using following parameters: Tinlet = 50–53 °C, Toutlet = 39–42 °C, aspirator flow 100%, gas flow rate 600 L/min, liquid flow rate 3.4 mL/min, and a 0.7-mm diameter nozzle. The process was carried out under a constant control and the concentration of ethanol was 10-times lower than the flammability limit. The samples were further dried under vacuum to remove residual solvent. The systems were labeled as BCL-PLX188 1:1 (SD), BCL-PLX188 2:1 (SD), BCL-PLX407 1:1 (SD) and BCL-PLX407 2:1 (SD), BCL-PLX188-PVP 2:1:1 (SD), BCL-PLX188-PVP 4:1:1 (SD), BCL-PLX407-PVP 2:1:1 (SD), and BCL-PLX407-PVP 4:1:1 (SD), respectively.




2.2.3. Scanning Electron Microscopy (SEM)


A Phenom Pro desktop electron microscope (PhenomWorld, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a CeB6 electron source and backscattered electron detector was used to determine the morphological features of the samples. The acceleration voltage was equal to 10 kV and the magnification was 750× for evaporated samples, 5000× for spray-dried ternary solid dispersions, and 10,000× for zoomed sections. The powder was placed on the conductive adhesive tape previously glued to the specimen mount. The holder for non-conductive samples was used. The excess of sample (loosely bound to the tape) was removed using a stream of argon. The samples were not sputtered prior to the measurement.




2.2.4. Differential Scanning Calorimetry (DSC)


A DSC 1 STARe System (Mettler–Toledo, Greifensee, Switzerland) was used in order to examine the thermal properties of the samples. The measuring device was equipped with a HSS8 ceramic sensor with 120 thermocouples and a liquid nitrogen cooling station. The apparatus was calibrated for temperature and enthalpy using zinc and indium standards. Melting points were determined as the onset of the peak, with the glass transition temperatures as the midpoint of the heat capacity increment. The samples were measured in an aluminum crucible (40 μL). All measurements were carried out with a heating rate equal to 10 K/min.




2.2.5. Powder X-ray Diffraction (PXRD)


The diffraction patterns of the samples were registered using an X-ray diffractometer Mini Flex II (Rigaku, Tokyo, Japan). The angular range 3–70° 2θ was scanned with a scan speed of 5°/min and a step size equal to 0.02. The measurements were carried out using monochromatic Cu Kα radiation (λ = 1.5418 Å) at ambient temperature. The samples in form of powder were placed in a standard glass sample holder without milling prior the measurement.




2.2.6. Laser Diffraction Measurements


A Mastersizer 3000 equipped with a HydroEV unit (Malvern Instruments, Malvern, UK) was used to determine the particle size distribution. The samples were analyzed by the wet method using cyclohexane (reflective index, RI = 1.426) as a dispersant. The cyclohexane was filtered through the G5 sintered disc filter funnel and placed in the beaker. The rotational speed of the mixer was 1500 rpm. The sample in powder form was added until the obscuration reached the given value (between 5% and 20%) and then the measurement was carried out. A Fraunhofer diffraction theory was applied to find the relationship between particle size and light intensity distribution pattern. Reported data represent the averages from 10 series of measurements for each sample.




2.2.7. Fourier Transform Infrared Spectroscopy (FTIR)


A Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Smart iTR™ ATR (Attenuated Total Reflectance) sampling accessory with diamond as an ATR crystal was used to collect the vibrational spectra of powders. Spectra were collected within the range 600–4000 cm−1 with 4 cm−1 resolution. Presented data represent average from 128 scans for each sample.




2.2.8. Dynamic Light Scattering Measurements (DLS)


The size distribution of aggregates formed by the solid dispersions obtained by either evaporation or spray drying was determined using a Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK) working at a 173° detection angle. The distribution analysis was performed at 25 °C using the general purpose mode. The powder was weighted, dissolved in water (cPLX = 2.5 mg/mL) and shaken using a KS 130 Basic orbital shaker (IKA, Staufen im Breisgau, Germany) for 24 h. After that the sample was filtered through the 0.45-µm syringe filter and measured without further dilution. The reported data represent the averages of three series of measurements (10–100 runs each) of hydrodynamic diameter and their standard deviations.




2.2.9. Emission Spectroscopy


A SLM 8100 spectrofluorometer of L-geometry (Aminco, Silver Spring, MD, USA) equipped with a 450W xenon lamp as a light source was used to capture the emission spectra. The microliter quantities of the molecular probes (c ≈ 10−4 M), i.e., methanolic perylene solution or ethanolic pyrene solution were slowly injected into a milliliter volume of aqueous PLX188 or PLX407 solutions (cPLX = 5 mg/mL) as well to the solid dispersions solutions previously filtered through a 0.45-μm syringe membrane filter and vigorously stirred. The residues of organic solvents were removed by purging the solution with nitrogen. The samples were equilibrated in the dark for at least 12 h and diluted 10 times before the measurement.




2.2.10. Contact Angle Determination


The wettability of binary systems was assessed by the contact angle measurements performed using a DSA255 drop shape analyzer (Krüss, Hamburg, Germany). The sessile drop technique was used. The droplet of distilled water of volume equal to 2 µL was deposited on the surface of powders compressed using an AtlasTM manual 15Ton hydraulic press (Specac, Kent, UK) with a load pressure of 1.5 tons that was applied for each sample for 15 s.




2.2.11. Dissolution Study


Dissolution of BCL was carried out according to the method recommended by the FDA for BCL tablets (1000 mL of 1% SLS, 37 ± 0.5 °C, 50 rpm) in the pharmacopeial paddle dissolution apparatus Vision Elite 8 (Hanson Research, Chatsworth, CA, USA) equipped with a VisionG2 AutoPlus Autosampler. The sink conditions were maintained. Pure drug and binary systems (solid dispersions, physical mixtures), equivalent of 50 mg of BCL were placed into the beakers. The samples were analyzed spectrophotometrically at 272 nm using a UV-1800 spectrofotometer (Shimatzu, Kioto, Japan) equipped with the flow-through cuvettes. The tests were carried out in triplicate and presented results represents averages with their standard deviations.






3. Results and Discussion


3.1. Solid State Characterization


3.1.1. Size Distribution and Morphology of Particles of Solid Dispersions


The effect of applied processes on the particle size and morphology was studied using both scanning electron microscopy and laser diffraction measurements. The analysis of size distribution of BCL-PLX solid dispersions obtained via evaporation in rotavapor confirmed the heterogeneity of particle size (Figure 1A). Long tails of the distribution curves in the region of small particles were well pronounced. Moreover, the shape of the distribution suggests that several fractions of particles of different sizes were present in the sample, as more than one maximum can be noticed. This is particularly noticeable for the BCL-PLX188 1:1 (E) system, which exhibits a bimodal long-tailed distribution of particle size. This is reflected by great differences in Dx(90) values between the samples, i.e., the point in the size distribution, up to which 90% of the total volume of material in the sample is included. The value was 1190.0 µm for BCL-PLX188 1:1 (E) solid dispersion, while it varied between 630–730 µm for the other evaporated systems. The Dx(10) and Dx(50) values representing the diameter of particles where 10% and a half of the particle population lie below, respectively, did not vary between the corresponding samples; however, the values are greater for BCL-PLX188 1:1 (E) and BCL-PLX407 2:1 (E), which also exhibit long tails in the region of particles that exceeded 1000 µm in length.



In spray drying, the liquid is dispersed in a form of droplets and dried with a hot air. This leads to a formation of particles of consistent size distribution, usually of spherical or ruptured spheres shape of diameter below 10 micrometers. The data presented in Table 1 indicates that spray-dried binary systems exhibited particles of greater size that those obtained via evaporation technique. However, the span values (calculated using Equation (1)) are a bit smaller in case of spray-dried systems, which indicates that the distributions are narrower. The tails of the distribution suggest that the particles aggregated during the process, probably due to the fact of low melting temperature of poloxamer. This may also result from the fact that some amount of drying samples adhered to the inner wall of spray dryer, which additionally leads to the decrease in the process yield. The Dx(90) value of particles of PLX 188-based (SD) solid dispersions are bigger than systems containing PLX407. Interestingly, BCL-PLX407 2:1 (SD) system exhibited the smallest particles among all investigated systems, as seen in Figure 2B and the SEM image (Figure 3). The size distributions of PLX407-based solid dispersions were narrower, with well resolved maxima as compared to those obtained for systems containing PLX188. Moreover, the maximum of particle size distribution of the system containing twice as much bicalutamide as PLX407 in binary solid dispersions was shifted towards bigger particles (Dx(10) = 126.0 µm and Dx(90) = 380.0 µm). All of examined systems exhibited a tailed distribution towards lower values of particle size.


Span=Dx(90)−Dx(10)Dx(50)



(1)







Interestingly, the addition of PVP to BCL-PLX systems led to the formation of fine powders with the particle size distribution maxima located between 50 and 120 µm. However, the span reaches greater values than for binary solid dispersions, which may be a consequence of the distributions tailed towards smaller particles. Obtained ternary systems were also characterized with better flowability than platelet-like particles of binary solid dispersions. Particle size distributions of all the systems were more unified; moreover, the formation of a fraction of particles of size below 1 µm was also noticeable (Figure 1C).



An SEM analysis indicates that the crystals of neat bicalutamide adopt hexagonal shape and particles of smooth surface exhibiting ca. 160 µm in length [57]. The evaporation process led to the noticeable changes in the surface and morphology of obtained binary solid dispersions. During the rotation of the flask, the surface area of solvent increases. This leads to an enhancement of evaporation rate and fast recrystallization of dissolved bicalutamide. Thus, the formation of sharp-edged aggregates not exceeding 100 µm in case of BCL-PLX407 1:1 (E) and 200 µm for the other systems was observed (Figure 2). The systems comprised particles of wide size distribution, as seen in the SEM images as well as plots obtained using laser diffraction technique (Figure 1A).



A spray drying process usually leads to the formation of spherical particles with a consistent size distribution. The SEM micrographs of ternary solid dispersions show that obtained particles formed spheres of diameter not exceeding several microns, however they tended to agglomerate (Figure 3). In combination with the recrystallization that also occurred it led to the particle size distribution determined by means of laser diffraction measurements being much greater as the Dx(90) values varied between 227 µm and 273 µm.




3.1.2. X-Ray Powder Diffractometry (XRPD)


The XRPD studies were performed to characterize the molecular structure of binary systems. Obtained results indicate that both of applied processes led to the changes in molecular structure of the systems (Figure 4). The diffraction pattern of raw bicalutamide indicated by numerous distinctive Braggs peaks (2θ = 12.18°, 16.88°, 18.92°, 23.82°, 24.66°, and 24.94°) confirms that the drug exhibited highly-ordered arrangement on molecular level. The data confirm that bicalutamide existed as a form I polymorph (according to the 2014 Cambridge Crystallographic Data Centre (CCDC)). The decrease in crystallinity of the drug after co-processing with poloxamers is manifested by the reduction of the relative intensities of peaks. This suggests that the crystal lattice was partially destructed during processing. Moreover, the crystalline diffraction peaks are superimposed on the slightly noticeable amorphous halos. This indicates that the sample is amorphous to a very small extent. No transition to metastable polymorph was observed as no shifts in diffraction peaks appeared. This confirms that used poloxamers did not stabilize the disordered system at low concentration, in agreement with a previously published paper [59].



Interestingly, the diffraction patterns were more structured in spray-dried systems than evaporated ones. Moreover, the obtained ternary solid dispersions exhibited one more important feature, the transition of BCL from form I into form II polymorph [60]. This is clearly marked in the diffractograms presented in Figure 5 and manifested by the additional intense peak between 25.08° and 25.86° 2θ, which does not appear in the diffractogram of raw BCL. No such solid–solid transition of bicalutamide–poloxamer solid dispersions has been described so far. The diffraction patterns also suggest that ternary systems contain a fraction of amorphous phase as the diffractograms are superimposed on the amorphous halo further assigned to partial amorphization of poloxamers (see Section 3.1.4).




3.1.3. Vibrational Spectroscopy


FTIR spectroscopy has been applied to determine the molecular structure and possible interactions between BCL and the carriers in solid dispersions. The intensity, shape and position of peaks (the presence of shifts) were evaluated with an emphasis placed on the vibrations within the carbonyl and amine functional groups (Figure 6). Well-resolved bands at 3335 cm−1 correspond to N–H stretching vibrations, and the broad band with a maximum at 1687 cm−1 originates in C=O stretching vibrations. The spectra of binary solid dispersions do not differ significantly from those of pure drug, suggesting that BCL does not interact with any of used poloxamers or that the strength of the interactions is negligibly small. The new band that appears in the range of 2860–3000 cm−1 corresponds to the stretching vibrations of aliphatic C–H group in poloxamers.



Noticeable differences were observed for ternary solid dispersions as the band corresponding to carbonyl group vibration is broadened and the maximum red-shifted. This indicates the existence of strong intermolecular interactions between BCL and PVP as we previously showed [57]. Moreover, the O–H band is fuzzy, which confirms partial amorphization of the system.




3.1.4. Thermal Properties of Solid Dispersions


The thermal properties of raw systems (i.e., BCL, PLX188, PLX407, and PVP), the binary formulations containing BCL and either PLX407 or PLX188 polymer (that were obtained by two different methods—evaporation (E) and spray drying (SD)), and the ternary, spray-dried formulations of BCL, PLX, and PVP have been examined by means of the differential scanning calorimetry (DSC) technique. The DSC curves obtained during heating with a rate equal to 10 °C/min are presented in Figure 7.



As can be seen in the panel (C) of Figure 7, the DSC trace of raw BCL reveals a single sharp peak with an onset at 194 °C. This endothermal process corresponds to the melting of the investigated antiandrogen and is in a perfect agreement with the literature data [61]. Both DSC curves of PLX188 as well as PLX 407 exhibit two thermal events. The first (barely visible on the DSC thermograms presented in Figure 7C) is step-like transition occurring in the vicinity of −60 °C associated with the glass transition of the amorphous part of PLXs (poly(propylene oxide), PEO blocks). The second, located at around 50 °C, is a sharp endothermal peak originating from the melting of the crystalline part of the polymers (poly(propylene oxide), PPO block). Two thermal events have been also observed in the DSC trace of the neat PVP polymer, when measured as received. The first, very broad, thermal event that is located in the range of 20–100 °C is associated with water evaporation (note the absence of this process, when the sample is re-heated). The second step-like transition (barely visible in Figure 7C) occurring in the vicinity of 172 °C is associated with the polymer glass transition.



In the panels (A) and (B) of Figure 7, the DSC traces of binary drug-polymer compositions prepared by evaporation (panel A), and spray drying (panel B) are shown. As can be seen all investigated formulations reveals three thermal events—Tg, Tm1, and Tm2—in the temperature range from −80 °C to 210 °C. Because the glass transition event (Tg) is almost invisible in the scale of Figure 7, the data from the temperature region: −75 °C to −40 °C are presented in a separate figure (see Figure 8). In Table 2 the values of all investigated thermal events of all examined systems have been collected..



Since (1) the glass transitions of BCL-PLX 188 systems are located at the same temperature as the Tg of raw PLX 188, and (2) the glass transitions of the BCL-PLX 407 systems are located at the same temperature as the Tg of raw PLX 407, one can conclude that the glass transition event registered in binary formulations originates from the amorphous fraction of the PLXs (poly(ethylene oxide) PEO blocks). Comparing the values of the onsets of the thermal events which have been marketed in Figure 7A,B as Tm1, one can identify them as the melting of the crystalline part of the polymer which exists in the solid dispersions. The third thermal event that has been registered during the DSC measurements of the BCL-PLX systems is located in the temperature range from 130 °C to 200 °C. This endothermal peak corresponds to the melting of the BCL contained in the solid dispersions. Therefore, one can observed that its enthalpy (ΔHm2) decreases with decreasing amounts of the BCL in the system. As can be seen, the onset of Tm2 shifts towards lower temperatures with increasing amounts of PLX in the formulation. This might be connected with the dissolution of the drug in a liquid polymer.



In the panel (D) of Figure 7, the DSC traces of ternary drug–polymer–polymer compositions (prepared by spray drying) are shown. As can be seen, the investigated formulations reveal five thermal events which are marked in Figure 7D as Tg-PLX, Tg-PVP, Tm1, Tm2, and water evaporation. Since both Tg-PLX and Tg-PVP are almost invisible in the scale of Figure 7, the data from the temperature regions −80 °C to −40 °C and 110°C to 160°C are presented in the separate figures (see Figure 7 D1 and D2). From the comparison of the DSC traces of ternary systems to either raw and binary systems one can conclude that: (1) Tg-PLX originates from the amorphous fraction of the PLXs (PEO blocks); (2) Tg-PVP is associated with the glass transition temperature of PVP polymer; (3) Tm1 reflects the melting of the crystalline part of the PLX polymer which exists in the system; and (4) Tm2 corresponds to the melting of the BCL. Note that with increasing amount of API in the system, ΔHm1 and ΔHm2 are changing.




3.1.5. Wettability of Solid Dispersions


Powder wettability is an important issue in pharmaceutical sciences as the solid–liquid interfacial interactions can affect drug dissolution, solubilization, and disintegration [62]. Given the heterogeneity of the surface properties resulting from a specific surface chemistry, variations between polymorphic and amorphous forms have been reported thus far [63]. They affect the level of supersaturation of molecularly-disordered systems and physical stability; thus, the assessment of wetting properties plays a significant role in the systems containing fine particles.



The wetting behavior of raw compounds as well as binary and ternary solid dispersions were assessed by contact angle measurements using the sessile drop technique. The difference between the two used poloxamers is clearly visible (Figure 9). The values of measured contact angle were equal to 56.8 ± 1.8° and 64.7 ± 0.02° for PLX188 and PLX407, respectively. The difference may result from the differences in molecular composition of both polymers, i.e., higher amount of hydrophobic poly(propylene oxide) units and greater molar mass of PLX407 [49]. Interestingly, no significant effects of either the type of applied poloxamer or the process on the wettability of binary solid dispersions were observed. All the systems exhibited improved wettability expressed by the decreased contact angle in comparison with raw BCL (θ = 74.1 ± 0.3°) with slightly higher values determined for systems containing PLX407. Interestingly, the addition of PVP to ternary solid dispersions obtained by spray drying led to well pronounced increase in wetting behavior of the systems. While the values of contact angle for binary systems ranged between 60°–65°, for the systems comprising polyvinylpirrolidone they reached ca. 42°–45°. Moreover, the effect of molecular structure of poloxamers was less significant as lower values of the contact angle were obtained for PLX407-based systems. This is of particular importance as the improved wettability and surface activity of poloxamers can strongly affect the improvement in bicalutamide dissolution.





3.2. Characterization of Solid Dispersions in Solution


3.2.1. Self-Assembly of Poloxamers in Solid Dispersions


The assembly phenomenon of amphiphilic polymers has been intensively studied in recent years [64,65,66]. Their aggregation leads to the formation of hydrophobic domains that are able to solubilize sparingly water-soluble molecules. This reduces the agglomeration of drug molecules and increases the dissolution of API.



Poloxamers are low-meltable triblock copolymers consisting of hydrophobic chain of poly(propylene oxide) bound with two hydrophilic chains of poly(ethylene oxide) able to solubilize hydrophobic molecules [67]. While PLX188 contains ca. 15% of PPO, PLX407 is composed of ca. 35% of PPO, which may affect the assembly of copolymer in polar media [68].



The size of molecular assemblies of both used poloxamers did not exceed 6 nm, however the diameter of PLX407-based particles is ca. 30% greater than those formed by PLX188, which may result from the higher content of PPO units. Physical mixtures also assembled in particles of diameter below 6 nm; however, the mixtures containing equal amounts of BCL and PLX formed particles of ca. 10–12% greater diameter than those containing the excess of the drug (Figure 10).



The mean hydrodynamic diameters of all solid dispersions based on PLX188 are smaller than those containing PLX407, regardless of the method of preparation and the number of system constituents. Moreover, solid dispersions containing 50% of the carrier exhibited aggregates of greater diameter than those with the excess of bicalutamide, similarly to physical mixtures. However, the differences reached up to 39% for the BCL-PLX407 1:1 (E) system. No significant variations occurred between the PLX188-based binary systems of corresponding compositions obtained by the two methods. The systems containing the excess of the drug exhibited particles of ca. 170 nm in diameter, while the size of aggregates formed by 1:1 systems was equal to 225 nm. The great variation in particle size was noticed in BCL-PLX407 systems, especially the evaporated one containing an equal amount of the drug and the carrier. The diameter of these particles reached 350 nm in diameter, while the aggregates of spray-dried solid dispersion did not exceed 250 nm in diameter (Figure 10). Similar behavior was observed for BCL-PLX407-PVP 2:1:1 (SD) which exhibited particles much greater that the other ternary systems. The addition of PVP to solid dispersions did not affect the self-assembly behavior. The differences in hydrodynamic diameters values follows the same trend as for binary systems, with slightly greater values for solid dispersions containing equal amount of BCL and the carriers (PLX and PVP).



The DLS measurements confirmed monomodal and rather narrow distribution of particle size (Figure 11) with maxima slightly shifted towards greater values for PLX407-based systems, regardless of the method of solid dispersion preparation. The long tail of distribution of the BCL-PLX407 1:1 (E) binary system assigned to the formation of several aggregated structures that disrupted the measurement explains the variation in particle size in comparison with the other systems. The size of the formed aggregates was determined to be almost 40% greater than for BCL-PLX407 2:1 (E) system, similarly to BCL-PLX407-PVP 2:1:1 (SD) compared with BCL-PLX407-PVP 4:1:1 (SD) solid dispersions. This confirms that the effect of the applied method of solid dispersion preparation is negligible when considering that the solution and the composition are the most important factors.




3.2.2. Solubilization of Molecular Probes


Fluorescence spectroscopy has been applied to the determination of micropolarity, microviscosity and solubilization ability. Two molecular probes were used due to the act that their fluorescent properties vary depending on physical parameters of nanoassemblies.



Perylene exhibits unique properties, i.e., low solubility in water (c = 1.6 × 10−9 M) and lack of fluorescence in polar environment [69]. The presence of characteristic emission bands indicates that the probe experienced non-polar environment and confirms that the probe is solubilized within hydrophobic packets formed by self-assembled poloxamer molecules (Figure 12).



The emission spectrum of pyrene yields in the information about the polarity sensed by the probe in the solubilization site. The intensity of the vibronic fine structure of the monomeric form of pyrene depends on the polarity of the microenvironment [70]. In polar media there is an increase in the intensity of the 0-0 band (peak I), whereas band III is affected only slightly [71]. The ratio of the emission intensities IIII (at 386 nm) and II (at 374 nm) was used to study environmental changes experienced by the probe. The values presented in Table 3 indicate that the probe experienced less polar environment while solubilized within any of examined system in comparison to water. However, the increase in the IIII to II ratio is rather low in solid dispersions (especially the spray-dried ones), which suggests that the systems formed loosely packed nanoasseblies easily penetrable by water molecules.




3.2.3. Dissolution Study


The methods aimed at the enhancement of the dissolution of bicalutamide have been already considered in several papers. Solvent evaporation under reduced pressure was applied to obtain solid dispersions containing bicalutamide and PVP in 1:3, 1:4, and 1:5 drug-to-polymer ratios, respectively [59,72]. The formation of binary systems led to the amorphization of BCL; however, a great excess of PVP was required. The authors concluded that such a high proportion of the carrier may lead to the increase in bulkiness and tablet weight during the development of a formulation. Solid dispersions with poloxamer were obtained by melting [73] and supercritical carbon dioxide method [74]. The samples containing 83.8% of the carrier were found to be amorphous, however gelling properties of PLX retarded the dissolution of the drug from the systems containing high concentration of the polymer. The increase in the amount of poloxamer in solid dispersions was concluded not to offer any advantage for the dissolution improvement.



Due to the aforementioned problems caused by the excess of poloxamer, we prepared binary and ternary systems containing either equal amounts of bicalutamide and polymer or twice as much BCL as the carriers. The dissolution profiles presented in Figure 13 showed a significant improvement (from 4- to 8-fold) of the drug dissolution in comparison with raw BCL and BCL-PLX physical mixtures. Only 8.2% of crystalline bicalutamide dissolved after 1 h of the dissolution test. Moreover, the formation of the systems in which BCL was physically mixed with the readily soluble carrier affected the dissolution of the drug only slightly as less than 12.6% of bicalutamide dissolved from physical mixture containing PLX407 and ca. 8% from PLX188-based systems (Figure 13C).



The dissolution profiles of solid dispersions were found to be independent on the applied processes. The amount of bicalutamide dissolved from binary systems processed in 2:1 wt. ratio varied between 36.0% for BCL-PLX407 (SD) and 37.2% for BCL-PLX188 (E) to 44.6% for BCL-PLX188 (SD) and 46.3% for BCL-PLX188 (E). Solid dispersions containing equal amounts of the drug and the carrier exhibited better dissolution than those containing the excess of the drug, as 51.3% of bicalutamide dissolved from BCL-PLX188 (E), 53.3%% from BCL-PLX407 (E), and 54.8% from BCL-PLX407 (SD). The variation was observed only for BCL-PLX188 1:1 (SD) solid dispersion as 69.6% of the drug dissolved after 1 h. Interestingly, dissolution curves obtained for spray-dried systems with both binary and ternary solid dispersions (Figure 13B,D) showed an opposite tendency in comparison to evaporated systems (Figure 13A), as in evaporated systems more bicalutamide dissolved from PLX407-based solid dispersions, while after spray drying, systems containing PLX188 exhibited better dissolution. Importantly, the addition of PVP seems to positively affect BCL dissolution, as 77% of BCL dissolved from both systems containing PLX188, while 75.6% and 57.3% dissolved from the 2:1:1 and 4:1:1 PLX407-based systems, respectively.






4. Conclusions


The obtained results indicate that co-processing of BCL with PLXs leads to an improvement of bicalutamide dissolution from 4- to 8-times in comparison with the pure drug. That effect was assigned to the formation of nanoaggregates. Surface activity of poloxamers leads to the formation of hydrophobic packets in which bicalutamide was solubilized. Importantly, physical mixtures did not form aggregates with bicalutamide and thus no significant enhancement in drug dissolution was observed. While no variations in dissolution between systems obtained by either spray drying or evaporation processes were noted, some differences in physicochemical characteristics appeared. The most important observation is that the drug partially lost its highly-ordered molecular structure after preparation of solid dispersions. The changes in diffractograms were more pronounced in evaporated systems. The decrease in crystallinity was expressed by the decrease in relative intensity and lack of several peaks. Moreover, the addition of PVP and formation of ternary solid dispersions by spray drying led to the transition of polymorph I into polymorphic form II of bicalutamide. This confirms that the interplay between the process parameters and properties of both drug and carrier is important to obtain solid dispersion of desired characteristics without a great excess of the auxiliary compounds.



The type of polymer was found to affect the size of nanoaggregates formed by solid dispersions in an aqueous medium. The self-assembly of systems containing PLX188 led to the formation of smaller particles, regardless the applied technique of solid dispersion preparation. This may be a result of the composition of the macromolecule, as it contains ca. 15% PPO hydrophobic mers, while PLX407 contains ca. 35%.



Thermal analysis confirmed that poloxamers were partially amorphous in solid dispersions, which indicates that the drug antplasticizes the Tg of the polymer. This would be connected with the dissolution of the drug in a liquid polymer.







Author Contributions


Conceptualization, J.S.; investigation, J.S., A.A, J.K.-K., K.G., M.K., J.O., and K.C.; writing—original draft preparation, J.S. and J.K.-K.; writing—review and editing, R.J. and M.P.; visualization, J.S. and J.K.-K.; supervision, R.J. and M.P.




Funding


This research was funded by the Polish National Science Centre (grant Symfonia 3 no 2015/16/W/NZ7/00404).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Williams, H.D.; Trevaskis, N.L.; Charman, S.A.; Shanker, R.M.; Charman, W.N.; Pouton, C.W.; Porter, C.J.H. Strategies to Address Low Drug Solubility in Discovery and Development. Pharmacol. Rev. 2013, 65, 315–499. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Di, L.; Kerns, E.H.; Carter, G.T. Drug-Like Property Concepts in Pharmaceutical Design. Curr. Pharm. Des. 2009, 15, 2184–2194. [Google Scholar] [CrossRef] [PubMed]

	



Kawabata, Y.; Wada, K.; Nakatani, M.; Yamada, S.; Onoue, S. Formulation design for poorly water-soluble drugs based on biopharmaceutics classification system: Basic approaches and practical applications. Int. J. Pharm. 2011, 420, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Krupa, A.; Descamps, M.; Willart, J.F.; Jachowicz, R.; Danède, F. High energy ball milling and supercritical carbon dioxide impregnation as co-processing methods to improve dissolution of tadalafil. Eur. J. Pharm. Sci. 2016, 95, 130–137. [Google Scholar] [CrossRef] [PubMed]

	



Rios-Doria, J.; Carie, A.; Costich, T.; Burke, B.; Skaff, H.; Panicucci, R.; Sill, K. A Versatile Polymer Micelle Drug Delivery System for Encapsulation and In Vivo Stabilization of Hydrophobic Anticancer Drugs. J. Drug Deliv. 2012, 951741. [Google Scholar] [CrossRef]

	



Bader, R.A.; Silvers, A.L.; Zhang, N. Polysialic Acid-Based Micelles for Encapsulation of Hydrophobic Drugs. Biomacromolecules 2011, 12, 314–320. [Google Scholar] [CrossRef]

	



Luo, R.; Venkatraman, S.S.; Neu, B. Layer-by-Layer Polyelectrolyte–Polyester Hybrid Microcapsules for Encapsulation and Delivery of Hydrophobic Drugs. Biomacromolecules 2013, 14, 2262–2271. [Google Scholar] [CrossRef]

	



Szafraniec, J.; Błażejczyk, A.; Kuś, E.; Janik, M.; Zając, G.; Wietrzyk, J.; Chłopicki, S.; Zapotoczny, S. Robust oil-core nanocapsules with hyaluronate-based shells as promising nanovehicles for lipophilic compounds. Nanoscale 2017, 47. [Google Scholar] [CrossRef]

	



Han, Y.; Shchukin, D.; Yang, J.; Simon, C.R.; Fuchs, H.; Möhwald, H. Biocompatible Protein Nanocontainers for Controlled Drugs Release. ACS Nano 2010, 4, 2838–2844. [Google Scholar] [CrossRef]

	



Juère, E.; Florek, J.; Bouchoucha, M.; Jambhrunkar, S.; Wong, K.Y.; Popat, A.; Kleitz, F. In Vitro Dissolution, Cellular Membrane Permeability, and Anti-Inflammatory Response of Resveratrol-Encapsulated Mesoporous Silica Nanoparticles. Mol. Pharm. 2017, 14, 4431–4441. [Google Scholar] [CrossRef]

	



Meka, A.K.; Jenkins, L.J.; Dàvalos-Salas, M.; Pujara, N.; Wong, K.Y.; Kumeria, T.; Mariadason, J.M.; Popat, A. Enhanced Solubility, Permeability and Anticancer Activity of Vorinostat Using Tailored Mesoporous Silica Nanoparticles. Pharmaceutics 2018, 10, 283. [Google Scholar] [CrossRef] [PubMed]

	



Mazumder, S.; Dewangan, A.K.; Pavurala, N. Enhanced dissolution of poorly soluble antiviral drugs from nanoparticles of cellulose acetate based solid dispersion matrices. Asian J. Pharm. Sci. 2017, 12, 532–541. [Google Scholar] [CrossRef]

	



Kim, M.-S.; Baek, I. Fabrication and evaluation of valsartan-polymer-surfactant composite nanoparticles by using the supercritical antisolvent process. Int. J. Nanomed. 2014, 9, 5167–5176. [Google Scholar] [CrossRef] [PubMed]

	



Tran, T.H.; Poudel, B.K.; Marasini, N.; Chi, S.-C.; Choi, H.-G.; Yong, C.S.; Kim, J.O. Preparation and evaluation of raloxifene-loaded solid dispersion nanoparticle by spray-drying technique without an organic solvent. Int. J. Pharm. 2013, 443, 50–57. [Google Scholar] [CrossRef] [PubMed]

	



Van den Moter, G. The use of amorphous solid dispersions: A formulation strategy to overcome poor solubility and dissolution rate. Drug Discov. Today 2012, 9, e79–e85. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Maniruzzaman, M.; Pang, J.; Morgan, D.J.; Douroumis, D. Molecular modeling as a predictive tool for the development of solid dispersions. Mol. Pharm. 2015, 12, 1040–1049. [Google Scholar] [CrossRef] [PubMed]

	



Vasconcelos, T.; Marques, S.; das Neves, J.; Sarmento, B. Amorphous solid dispersions: Rational selection of a manufacturing process. Adv. Drug Deliv. Rev. 2016, 100, 85–101. [Google Scholar] [CrossRef] [PubMed]

	



Sekiguchi, K.; Obi, N. Studies on absorption of eutectic mixture. I. A comparison of the behavior of eutectic mixture of sulfathiazole and that of ordinary sulfathiazole in man. Chem. Pharm. Bull. 1961, 9, 866–872. [Google Scholar] [CrossRef]

	



Sekiguchi, K.; Obi, N.; Ueda, Y. Studies on absorption of eutectic mixture. II. Absorption of fused conglomerates of chloramphenicol and urea in rabbits. Chem. Pharm. Bull. 1961, 12, 134–144. [Google Scholar] [CrossRef]

	



Goldberg, A.H.; Gibaldi, M.; Kanig, J.L. Increasing dissolution rates and gastrointestinal absorption of drugs via solid solutions and eutectic mixtures. I. Theoretical considerations and discussion of the literature. J. Pharm. Sci. 1965, 54, 1145–1148. [Google Scholar] [CrossRef] [PubMed]

	



Chiou, W.L.; Riegelman, S. Pharmaceutical applications of solid dispersion systems. J. Pharm. Sci. 1971, 60, 1281–1302. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Jain, C.P. Preparation and characterization of solid dispersions of carvedilol with PVP K30. Res. Pharm. Sci. 2010, 5, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, P.; Kakumanu, V.K.; Bansal, A.K. Stability and solubility of celecoxib-PVP amorphous dispersions: A molecular perspective. Pharm. Res. 2004, 21, 1762–1769. [Google Scholar] [CrossRef] [PubMed]

	



Lim, H.-T.; Balakrishnan, P.; Oh, D.H.; Joe, K.H.; Kim, Y.R.; Hwang, D.H.; Lee, Y.-B.; Yong, C.S.; Choi, H.-G. Development of novel sibutramine base-loaded solid dispersion with gelatin and HPMC: Physicochemical characterization and pharmacokinetics in beagle dogs. Int. J. Pharm. 2010, 397, 225–230. [Google Scholar] [CrossRef]

	



Alonzo, D.E.; Gao, Y.; Zhou, D.; Mo, H.; Zhang, G.G.Z.; Taylor, L.S. Dissolution and precipitation behavior of amorphous solid dispersions. J. Pharm. Sci. 2011, 100, 3316–3331. [Google Scholar] [CrossRef] [PubMed]

	



Frank, K.J.; Rosenblatt, K.M.; Westedt, U.; Holig, P.; Rosenberg, J.; Magerlein, M.; Fricker, G.; Brandl, M. Amorphous solid dispersion enhances permeation of poorly soluble ABT-102: True supersaturation vs. apparent solubility enhancement. Int. J. Pharm. 2012, 437, 288–293. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sun, D.D.; Lee, P.I. Evolution of supersaturation of amorphous pharmaceuticals: The effect of rate of supersaturation generation. Mol. Pharm. 2013, 10, 4330–4346. [Google Scholar] [CrossRef]

	



Chauhan, H.; Hui-Gu, C.; Atef, E. Correlating the behavior of polymers in solution as precipitation inhibitor to its amorphous stabilization ability in solid dispersions. J. Pharm. Sci. 2013, 102, 1924–1935. [Google Scholar] [CrossRef]

	



Passerini, N.; Albertini, B.; González-Rodríguez, M.L.; Cavallari, C.; Rodriguez, L. Preparation and characterisation of ibuprofen–poloxamer 188 granules obtained by melt granulation. Eur. J. Pharm. Sci. 2002, 15, 71–78. [Google Scholar] [CrossRef]

	



Eloy, J.O.; Marchetti, J.M. Solid dispersions containing ursolic acid in Poloxamer 407 and PEG 6000: A comparative study of fusion and solvent methods. Powder Technol. 2014, 253, 98–106. [Google Scholar] [CrossRef]

	



Joshi, H.N.; Tejwani, R.W.; Davidovich, M.; Sahasrabudhe, V.P.; Jemal, M.; Bathala, M.S.; Varia, S.A.; Serajuddin, A. Bioavailability enhancement of a poorly water-soluble drug by solid dispersion in polyethylene glycol–polysorbate 80 mixture. Int. J. Pharm. 2004, 269, 251–258. [Google Scholar] [CrossRef] [PubMed]

	



Moes, J.; Koolen, S.; Huitema, A.; Schellens, J.; Beijnen, J.; Nuijen, B. Pharmaceutical development and preliminary clinical testing of an oral solid dispersion formulation of docetaxel (ModraDoc001). Int. J. Pharm. 2011, 420, 244–250. [Google Scholar] [CrossRef] [PubMed]

	



Ghebremeskel, A.N.; Vemavarapu, C.; Lodaya, M. Use of surfactants as plasticizers in preparing solid dispersions of poorly soluble API: Stability testing of selected solid dispersions. Pharm. Res. 2006, 23, 1928–1936. [Google Scholar] [CrossRef] [PubMed]

	



Chaves, L.L.; Vieira, A.C.C.; Reis, S.; Sarmento, B.; Ferreira, D.C. Quality by Design: Discussing and Assessing the Solid Dispersions Risk. Curr. Drug Deliv. 2014, 11, 253–269. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, N.; Jain, A.K.; Singh, C.; Kumar, R. Development, characterization and solubility study of solid dispersion of terbinafine hydrochloride by solvent evaporation method. Asian J. Pharm. 2008, 2, 154–158. [Google Scholar] [CrossRef]

	



Tabbakhian, M.; Hasanzadeh, F.; Tavakoli, N.; Jamshidian, Z. Dissolution enhancement of glibenclamide by solid dispersion: Solvent evaporation versus a supercritical fluid-based solvent-antisolvent technique. Res. Pharm. Sci. 2014, 9, 337–350. [Google Scholar] [PubMed]

	



Przybyłek, M.; Ziółkowska, D.; Mroczyńska, K.; Cysewski, P. Propensity of salicylamide and ethenzamide cocrystallization with aromatic carboxylic acids. Eur. J. Pharm. Sci. 2016, 31, 132–140. [Google Scholar] [CrossRef]

	



Przybyłek, M.; Cysewski, P.; Pawelec, M.; Ziółkowska, D.; Kobierski, M. On the origin of surface imposed anisotropic growth of salicylic and acetylsalicylic acids crystals during droplet evaporation. J. Mol. Model. 2015, 21, 49. [Google Scholar] [CrossRef]

	



Al-Ali, M.; Periasamy, S.; Parthasarathy, R. Novel drying of formulated naproxen sodium using microwave radiation: Characterization and energy comparison. Powder Technol. 2018, 334, 143–150. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, J. Dissolution enhancement of celecoxib via polymer-induced crystallization. J. Cryst. Growth 2013, 374, 37–42. [Google Scholar] [CrossRef]

	



Bajaj, A.; Rao, M.R.P.; Pardeshi, A.; Sali, D. Nanocrystallization by Evaporative Antisolvent Technique for Solubility and Bioavailability Enhancement of Telmisartan. AAPS Pharm. Sci. Technol. 2012, 13, 1331–1340. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jiao, Z.; Zha, X.; Wang, Z.; Wang, X.; Fan, W. Response Surface Modeling of Drug-Loaded Micelles Prepared Through Supercritical Carbon Dioxide Evaporation Method Using Box-Behnken Experimental Design. J. Nanosci. Nanotechnol. 2019, 19, 3616–3620. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, S.; Ali, M.; Baboota, S.; Ahuja, A.; Kumar, A.; Ali, J. Solid Dispersion as an Approach for Bioavailability Enhancement of Poorly Water-Soluble Drug Ritonavir. AAPS Pharm. Sci. Technol. 2010, 11, 518–527. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Vehring, R. Pharmaceutical particle engineering via spray drying. Pharm. Res. 2008, 25, 999–1022. [Google Scholar] [CrossRef]

	



Ansari, M.T.; Karim, S.; Ranjha, N.M.; Shah, N.H.; Muhammad, S. Physicochemical characterization of artemether solid dispersions with hydrophilic carriers by freeze dried and melt methods. Arch. Pharm. Res. 2010, 33, 901–910. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Van den Mooter, G. Spray drying formulation of amorphous solid dispersions. Adv. Drug Del. Rev. 2016, 100, 27–50. [Google Scholar] [CrossRef] [PubMed]

	



Paudel, A.; Worku, A.; Meeus, J.; Guns, S.; Mooter, G. Manufacturing of solid dispersions of poorly water soluble drugs by spray drying: Formulation and process considerations. Int. J. Pharm. 2013, 453, 253–284. [Google Scholar] [CrossRef]

	



Kolašinac, N.; Kachrimanis, K.; Homšek, I.; Grujić, B.; Ðurić, Z.; Ibrić, S. Solubility enhancement of desloratadine by solid dispersion in poloxamers. Int. J. Pharm. 2012, 436, 161–170. [Google Scholar] [CrossRef]

	



Shah, T.J.; Amin, A.F.; Parikh, J.R.; Parikh, R.H. Process Optimization and Characterization of Poloxamer Solid Dispersions of a Poorly Water-soluble Drug. AAPS Pharm. Sci. Technol. 2007, 8, E18–E24. [Google Scholar] [CrossRef]

	



Masiello, D.; Cheng, S.; Bubley, G.J.; Lu, M.L.; Balk, S.P. Bicalutamide Functions as an Androgen Receptor Antagonist by Assembly of a Transcriptionally Inactive Receptor. J. Biol. Chem. 2002, 227, 26321–26326. [Google Scholar] [CrossRef] [PubMed]

	



Kumbhar, D.D.; Pokharkar, V.B. Engineering of nanostructured lipid carrier for the poorly water-soluble drug, bicalutamide: Physicochemical investigations. Colloids Surf. A 2013, 416, 32–42. [Google Scholar] [CrossRef]

	



Le, Y.; Chen, J.-F.; Shen, Z.; Yun, J.; Pu, M. Nanosized bicalutamide and its molecular structure in solvents. Int. J. Pharm. 2009, 370, 175–180. [Google Scholar] [CrossRef] [PubMed]

	



Vega, D.R.; Polla, G.; Martinez, A.; Mendioroz, E.; Reinoso, M. Conformational polymorphism in bicalutamide. Int. J. Pharm. 2007, 328, 112–118. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.R.; Gu, J.M. N-[4-Cyano-3-trifluoromethyl)phenyl]-3-(4-fluorophenylsulfonyl)-2-hydroxy-2-methylpropionamide. Acta Cryst. E61 2005, 3897–3898. [Google Scholar] [CrossRef]

	



Perlovich, G.L.; Blokhina, S.V.; Manin, N.G.; Volkova, T.V.; Tkachev, V.V. Polymorphism and solvatomorphism of bicalutamide. Thermophysical study and solubility. J. Therm. Anal. Calorim. 2013, 11, 655–662. [Google Scholar] [CrossRef]

	



Szafraniec, J.; Antosik, A.; Knapik-Kowalczuk, J.; Kurek, M.; Syrek, K.; Chmiel, K.; Paluch, M.; Jachowicz, R. Planetary ball milling and supercritical fluid technology as a way to enhance dissolution of bicalutamide. Int. J. Pharm. 2017, 533, 470–479. [Google Scholar] [CrossRef] [PubMed]

	



Szafraniec, J.; Antosik, A.; Knapik-Kowalczuk, J.; Chmiel, K.; Kurek, M.; Gawlak, K.; Paluch, M.; Jachowicz, R. Enhanced dissolution of solid dispersions containing bicalutamide subjected to mechanical stress. Int. J. Pharm. 2018, 542, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Srikanth, M.V.; Murali Mohan Babu, G.V.; Sunil, S.A.; Sreenivasa Rao, N.; Ramana Murthy, K.V. In-vitro dissolution rate enhancement of poorly water soluble non-steroidal antiandrogen agent, bicalutamide, with hydrophilic carrier. J. Sci. Ind. Res. 2010, 69, 629–634. [Google Scholar]

	



Szafraniec, J.; Antosik, A.; Knapik-Kowalczuk, J.; Gawlak, K.; Kurek, M.; Szlęk, J.; Jamróz, W.; Paluch, M.; Jachowicz, R. Molecular Disorder of Bicalutamide—Amorphous Solid Dispersions Obtained by Solvent Methods. Pharmaceutics 2018, 10, 194. [Google Scholar] [CrossRef]

	



Szczurek, J.; Rams-Baron, M.; Knapik-Kowalczuk, J.; Antosik, A.; Szafraniec, J.; Jamróz, W.; Dulski, M.; Jachowicz, R.; Paluch, M. Molecular Dynamics, Recrystallization Behavior, and Water Solubility of the Amorphous Anticancer Agent Bicalutamide and Its Polyvinylpyrrolidone Mixtures. Mol. Pharm. 2017, 14, 1071–1081. [Google Scholar] [CrossRef] [PubMed]

	



Puri, K.; Dantuluri, A.K.; Kumar, M.; Karar, N.; Bansal, A.K. Wettability and surface chemistry of crystalline and amorphous forms of a poorly water soluble drug. Eur. J. Pharm. Sci. 2010, 40, 84–93. [Google Scholar] [CrossRef] [PubMed]

	



Bérard, V.; Lesniewska, E.; Andrès, C.; Pertuy, D.; Laroche, C.; Pourcelot, Y. Affinity scale between a carrier and a drug in DPI studied by atomic force microscopy. Int. J. Pharm. 2002, 247, 127–137. [Google Scholar] [CrossRef]

	



Yusa, S.; Sakakibara, A.; Yamamoto, T.; Morishima, M. Reversible pH-Induced Formation and Disruption of Unimolecular Micelles of an Amphiphilic Polyelectrolyte. Macromolecules 2002, 35, 5243–5249. [Google Scholar] [CrossRef]

	



Rymarczyk-Machal, M.; Szafraniec, J.; Zapotoczny, S.; Nowakowska, M. Photoactive graft amphiphilic polyelectrolyte: Facile synthesis, intramolecular aggregation and photosensitizing activity. Eur. Polym. J. 2014, 55, 76–85. [Google Scholar] [CrossRef]

	



McKenzie, B.E.; de Visser, J.F.; Friedrich, H.; Wirix, M.J.M.; Bomans, P.H.H.; de With, G.; Holder, S.J.; Sommerdijk, N.A.J.M. Bicontinuous Nanospheres from Simple Amorphous Amphiphilic Diblock Copolymers. Macromolecules 2013, 46, 9845–9848. [Google Scholar] [CrossRef]

	



Dumortier, G.; Grossiord, J.L.; Agnely, F.; Chaumeil, J.C. A review of poloxamer 407 pharmaceutical and pharmacological characteristics. Pharm. Res. 2006, 23, 2709–2728. [Google Scholar] [CrossRef]

	



Rowe, R.C.; Sheskey, P.J.; Quinn, M.E. (Eds.) Handbook of Pharmaceutical Excipients, 6th ed.; Pharmaceuicall Press: London, UK, 2009; pp. 506–509. [Google Scholar]

	



Miller, M.M.; Wasik, S.P.; Huang, G.L.; Siu, W.Y.; Mackay, D. Relationships between octanol-water partition coefficient and aqueous solubility. Environ. Sci. Technol. 1985, 19, 522–529. [Google Scholar] [CrossRef]

	



Capek, I. Fate of excited probes in micellar systems. Adv. Colloid Interface Sci. 2002, 97, 91–149. [Google Scholar] [CrossRef]

	



Barry, N.P.E.; Therrien, B. Organic Nanoreactors. Pyrene: The Guest of Honor. In From Molecular to Supramolecular Organic Compound; Sadjadi, S., Ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 421–461. [Google Scholar]

	



Ren, F.; Jing, Q.; Tang, Y.; Shen, Y.; Chen, J.; Gao, F.; Cui, J. Characteristics of bicalutamide solid dispersions and improvement of the dissolution. Drug Dev. Ind. Pharm. 2006, 32, 967–972. [Google Scholar] [CrossRef]

	



Sancheti, P.P.; Vyas, V.M.; Shah, M.; Karekar, P.; Pore, Y.V. Development and characterization of bicalutamide-poloxamer F68 solid dispersion systems. Pharmazie 2008, 63, 571–575. [Google Scholar] [CrossRef] [PubMed]

	



Antosik, A.; Witkowski, S.; Woyna-Orlewicz, K.; Talik, P.; Szafraniec, J.; Wawrzuta, B.; Jachowicz, R. Application of supercritical carbon dioxide to enhance dissolution rate of bicalutamide. Acta Pol. Pharm. 2017, 74, 1231–1238. [Google Scholar]








[image: Pharmaceutics 11 00130 g001 550]





Figure 1. Particle size distribution of solid dispersions obtained by evaporation technique (A) and spray drying of binary (B) and ternary systems (C). BCL: bicalutamide; PLX: poloxamer; PVP: polyvinylpyrrolidone. 
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[image: Pharmaceutics 11 00130 g001]







[image: Pharmaceutics 11 00130 g002 550]





Figure 2. SEM images of binary systems containing bicalutamide and either PLX188 in 1:1 (A) and 2:1 (B) wt. ratio or PLX407 in 1:1 (C) and 2:1 (D) wt. ratio obtained using evaporation method. 
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Figure 3. SEM images of ternary systems containing bicalutamide, PVP and either PLX188 in 4:1:1 (A) and 2:1:1 (B) wt. ratio or PLX407 in 4:1:1 (C) and 2:1:1 (D) wt. ratio obtained using spray drying. 






Figure 3. SEM images of ternary systems containing bicalutamide, PVP and either PLX188 in 4:1:1 (A) and 2:1:1 (B) wt. ratio or PLX407 in 4:1:1 (C) and 2:1:1 (D) wt. ratio obtained using spray drying.
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Figure 4. X-ray diffraction patterns of binary systems containing bicalutamide and either PLX 188 or PLX 407 (1:1 and 2:1 wt. ratio) obtained using evaporation technique (E) and spray drying (SD). 
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Figure 5. X-ray diffraction patterns of ternary systems containing bicalutamide, PVP, and either PLX 188 or PLX 407 obtained by spray drying. 
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Figure 6. FTIR spectra of raw bicalutamide and binary and ternary solid dispersions. 
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Figure 7. The DSC thermograms of: binary systems containing bicalutamide and either PLX188 or PLX407 obtained using the evaporation method (A) and spray drying (B), raw bicalutamide and polymers (C), and ternary spray-dried systems containing BCL, poloxamer, and PVP (D). 
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Figure 8. The zoomed fragment of DSC thermograms presented in the Figure 7 of raw bicalutamide and poloxamers (A), binary systems containing bicalutamide and either PLX188 or PLX407 obtained using evaporation method (B) and spray drying (C), and ternary, spray-dried, systems containing BCL, poloxamer, and PVP (D1,D2). 
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Figure 9. The values of contact angles of raw bicalutamide and poloxamers, binary and ternary systems containing bicalutamide, poloxamers, and PVP obtained using either evaporation method or spray drying. 
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Figure 10. Hydrodynamic diameters of aggregates formed in aqueous solutions of poloxamers, physical mixtures, and binary systems obtained using either the evaporation method or spray drying. Insert: zoomed data corresponding to raw PLXs and physical mixtures. 
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Figure 11. Number-weighted particle size distribution of aqueous solutions of evaporated (A), spray-dried binary (B), and ternary (C) solid dispersions. 
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Figure 12. Emission spectra of perylene solubilized by either Poloxamer®188 or Poloxamer®407 solution (λex = 405 nm). 
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Figure 13. Dissolution of binary and ternary systems containing bicalutamide, poloxamers and PVP (in case of ternary systems) obtained using the evaporation technique (A), spray drying (B,D), and physical mixing (C). 
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Table 1. Particle size of solid dispersions obtained using the laser diffraction method. PLX188: Poloxamer®188, PLX407: Poloxamer®407.






Table 1. Particle size of solid dispersions obtained using the laser diffraction method. PLX188: Poloxamer®188, PLX407: Poloxamer®407.





	
Method

	
Carrier

	
BCL:polymers wt. Ratio

	
Dx(50) ± SD (µm)

	
Span






	
Evaporation

	
PLX188

	
1:1

	
247.0 ± 55.9

	
4.698




	
2:1

	
227.0 ± 30.7

	
2.719




	
PLX407

	
1:1

	
203.0 ± 23.1

	
2.971




	
2:1

	
159.0 ± 53.1

	
4.438




	
Spray-drying

	
PLX188

	
1:1

	
196.0 ± 27.2

	
4.405




	
2:1

	
355.0 ± 64.7

	
2.876




	
PLX407

	
1:1

	
445.0 ± 28.7

	
1.771




	
2:1

	
154.0 ± 13.7

	
2.167




	
PLX188-PVP

	
2:1:1

	
78.0 ± 0.8

	
3.339




	
4:1:1

	
55.6 ± 1.5

	
3.907




	
PLX407-PVP

	
2:1:1

	
48.6 ± 2.2

	
5.153




	
4:1:1

	
54.2 ± 2.1

	
4.098
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Table 2. Comparison of the Tg, Tm1, and Tm2 values of raw BCL, poloxamers, PVP, binary systems containing bicalutamide and either PLX188 or PLX407 (obtained using evaporation method (E) and spray drying (SD)), and ternary systems containing bicalutamide, PLX, and PVP.






Table 2. Comparison of the Tg, Tm1, and Tm2 values of raw BCL, poloxamers, PVP, binary systems containing bicalutamide and either PLX188 or PLX407 (obtained using evaporation method (E) and spray drying (SD)), and ternary systems containing bicalutamide, PLX, and PVP.





	System
	Tg-PLX (°C) (midpoint)
	Tg-PVP (°C) (midpoint)
	Tm1 (°C) (onset)
	ΔHm1 (J/g)
	Tm2 (°C) (onset)
	ΔHm2 (J/g)





	Raw BCL
	-
	-
	-
	-
	194
	110.8



	Raw PVP
	-
	172
	-
	-
	-
	-



	Raw PLX 188
	−60
	-
	53
	134.9
	-
	-



	Raw PLX 407
	−65
	-
	56
	117.3
	-
	-



	BCL-PLX 188 1:1 E
	−60
	-
	50
	65.7
	160
	39.6



	BCL-PLX 188 2:1 E
	−61
	-
	49
	45.7
	176
	42.4



	BCL-PLX 188 1:1 SD
	−61
	-
	49
	66.6
	160
	39.2



	BCL-PLX 188 2:1 SD
	−61
	-
	48
	42.3
	176
	42.6



	BCL-PLX 407 1:1 E
	−65
	-
	52
	59.6
	160
	39.5



	BCL-PLX 407 2:1 E
	−65
	-
	52
	39.2
	182
	52.4



	BCL-PLX 407 1:1 SD
	−66
	-
	52
	58.9
	165
	39.6



	BCL-PLX 407 2:1 SD
	−66
	-
	52
	38.9
	181
	49.2



	BCL-PLX-PVP 188 2:1:1 SD
	−61
	142
	47
	188
	135
	27



	BCL-PLX-PVP 188 4:1:1 SD
	−62
	146
	45
	120
	134
	50



	BCL-PLX-PVP 407 2:1:1 SD
	−67
	141
	47
	140
	135
	26



	BCL-PLX-PVP 407 4:1:1 SD
	−67
	142
	47
	95
	137
	48
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Table 3. The IIII to II ratio calculated based on the fluorescence emission spectra of pyrene solubilized in aqueous solutions of either pure compounds or solid dispersions (λex = 330 nm).
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	System
	IIII/II
	System
	IIII/II





	Water
	0.351
	BCL-PLX 188 1:1 (SD)
	0.442



	Raw PLX188
	0.516
	BCL-PLX 188 2:1 (SD)
	0.430



	Raw PLX407
	0.503
	BCL-PLX 407 1:1 (SD)
	0.435



	
	
	BCL-PLX 407 2:1 (SD)
	0.442



	BCL-PLX 188 1:1 (E)
	0.508
	BCL-PLX 188-PVP 2:1:1 (SD)
	0.556



	BCL-PLX 188 2:1 (E)
	0.523
	BCL-PLX 188-PVP 4:1:1 (SD)
	0.628



	BCL-PLX 407 1:1 (E)
	0.441
	BCL-PLX 407-PVP 2:1:1 (SD)
	0.661



	BCL-PLX 407 2:1 (E)
	0.512
	BCL-PLX 407-PVP 4:1:1 (SD)
	0.670











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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