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0. ABSTRACT
Bead coating or fluid-bed coating serves as an auspicious solvent-based amorphous solid dispersion (ASD) manufacturing technique in respect of minimization of potential physical stability issues. However, the impact of solvent selection on the bead coating process and its resulting pellet formulation is, to the best of our knowledge, never investigated before. This study therefore aims to investigate the influence of the solvent on the bead coating process itself (i.e. manufacturability) and on solid-state characteristics of the resulting ASDs coated onto beads. For this purpose, the drug-polymer system felodipine (FEL)-poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VA) was coated onto microcrystalline cellulose (MCC) beads from acetonitrile (ACN), methanol (MeOH), ethanol (EtOH), acetone (Ac), 2-propanol (PrOH), dichloromethane (DCM) and ethyl acetate (EthAc). A drug loading screening approach with bead coating revealed analogous ability to manufacture high drug-loaded ASDs from the different organic solvents. The results show no correlation with crystallization tendency or with equilibrium solubility of the drug in the different solvents, nor with the solvent-dependent drug-polymer miscibility obtained from film casting experiments. Distinct coating morphologies were however observed for PVP-VA and FEL-PVP-VA ASDs deposited onto beads from the various solvents, which is attributed to differences in solvent evaporation kinetics.
1. INTRODUCTION
Amorphous solid dispersions (ASDs) are regarded as one of the most effective formulation strategies to overcome bioavailability issues that are associated with drugs having low aqueous solubility and/or dissolution rate. With this approach, the poorly water-soluble drug is molecularly dispersed within an inert polymer matrix (“carrier”) in the solid state (1). The vast majority of studies concerning ASDs employ solvent-based manufacturing techniques, of which spray drying is by far the most prominent (2). These techniques comprise the intermediate step of a drug-polymer solution in a single solvent or solvent mixture, followed by rapid solvent removal that results in amorphization (3). The importance of solvent selection for ASD manufacturing purposes is manifold highlighted in literature and the impact of the solvent(s) on the physicochemical properties of the resulting formulations constitutes the subject of several recent studies. Paudel et al. investigated the influence of solvent properties on phase behavior and physical stability of spray dried ASDs consisting of naproxen and polyvinylpyrrolidone (PVP) K25. They observed that ASDs prepared from a dichloromethane (DCM)/acetone (Ac) solvent mixture (i.e. a good solvent and bad solvent for PVP K25, respectively) resulted in better miscibility and physical stability (4). The research of Ansari et al. indicated that variations in the amount of amorphous content in dihydroartemisinin-PVP K30 solid dispersions prepared by rotary evaporation from various solvents, can be ascribed to different dielectric constants and solvent structures (5). Furthermore, it is reported that the addition of water to the solvent system can lead to amorphous-amorphous phase separation during spray drying or can even induce crystallization (6,7). The impact of solvent composition on phase behavior was also outlined for spray dried co-amorphous drug-amino acid formulations by Mishra et al (8). The solvent system applied can affect surface composition as well, as described for naproxen-poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VA) and itraconazole-PVP-VA ASDs prepared by spray drying (9,10). With respect to spray dried poly(lactic-co-glycolic acid) (PLGA) microparticles, particle size and surface chemistry were found to be highly dependent on solvent composition and moreover, PLGA molecular conformation and as a result chain entanglement in spray dried PLGA microparticles can be tuned based on solvent polarity (11,12). Dohrn et al. focused on the identification of suitable solvents or solvent mixtures for a variety of pharmaceutically relevant polymers by using the thermodynamic model Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT), since inappropriate solvents can lead to unwanted phase separation (13,14). Despite the fact that diverse studies are carried out on solvent influence with respect to ASDs, the complex interplay between drug, polymer and solvent in solution state as well as during solvent evaporation necessitates further research within this domain in order to attain a more rational solvent selection approach (15). Moreover, the focus predominantly lies on spray drying as solvent-based ASD manufacturing technique, which requires down-stream processing steps to obtain patient-administerable dosage forms. These steps can entail physical stability issues and can thus nullify the ASD solubility advantage. From this point of view, bead coating or fluid-bed coating serves as an auspicious alternative solvent-based ASD preparation method since the coated beads can be readily administered to patients via capsule formulations (16). Nevertheless, bead coating is underexplored and current scientific literature does not provide thoughtful understanding of the physical chemistry behind the process and resulting coated pellets formulation. To the best of our knowledge, no studies are published concerning the influence of the solvent on ASDs prepared with bead coating. Therefore, the aim of this research was to address this literature gap by investigating the influence of the solvent as formulation parameter on the bead coating process and on the resulting ASDs coated onto beads.
For this purpose, felodipine (FEL)-PVP-VA was selected as drug-polymer model system and various solvents, with differing boiling points and polarities, were applied to prepare the solutions to be coated onto microcrystalline cellulose (MCC) beads. More specifically, the solvents employed were acetonitrile (ACN), methanol (MeOH), ethanol (EtOH), Ac, 2-propanol (PrOH), DCM and ethyl acetate (EthAc) (see Table 1). In a first step, the crystallization tendency of the model drug was evaluated in each of the selected solvents. In addition, for all solvents to be investigated, equilibrium solubility values of FEL were determined, either in absence or presence of PVP-VA, and an initial insight into drug-polymer miscibility via film casting experiments was obtained. In a next step, the influence of the solvent on bead coating manufacturability (i.e. process optimization per solvent) and on solid-state characteristics of the resulting ASDs coated onto beads was elaborated. In particular, it was investigated if the solvent had an impact on the highest possible drug loadings that could be obtained for the FEL-PVP-VA system at timepoint zero and if coating morphology altered when coating beads from different solvents.
Table 1. Reference (17).

2. MATERIALS AND METHODS
2.1.  Materials
FEL was purchased from APIChem Technology (Hangzhou, China) and the polymers, i.e. Kollidon-VA 64 (PVP-VA), Soluplus and Kollidon 12 PF (PVP K12) were obtained from BASF ChemTrade GmbH (Ludwigshafen, Germany). Acros Organics (Geel, Belgium) supplied MeOH (purity ≥ 99.8 %) and phosphorus pentoxide. Ac (purity ≥ 99 %), acetic acid and sodium acetate were acquired from VWR Chemicals (Leuven, Belgium). EtOH (denaturated with 3 % diethylether, purity ≥ 99 %, denaturants included) was purchased from Chem-Lab Analytical (Zedelgem, Belgium) and Carl Roth GmbH (Karlsruhe, Germany) provided PrOH (purity ≥ 99.9 %). DCM (purity ≥ 99.5 %) and ACN (purity ≥ 99.9 %) were obtained from Fisher Scientific UK Limited (Loughborough, UK) and EthAc (purity ≥ 99.5 %) was acquired from Sigma-Aldrich (Brussels, Belgium). MCC beads (Vivapur® 700: 18–25 mesh, 710–1000 µm) were purchased from JRS Pharma GmbH (Rosenberg, Germany). Hanns G. Werner GmbH (Tornesch, Germany) kindly donated sucrose beads (20–25 mesh, 710–850 µm). 


2.2. Crystallization tendency study
Evaluation of the crystallization tendency of FEL in each of the selected solvents was carried out by means of a Büchi mini spray dryer B-191 (Büchi, Flawil, Switzerland). For this purpose, accurate amounts of FEL were dissolved in 10.0 mL solvent (solid content of 2.15 % w/V) and the following parameters were applied: a drying air temperature corresponding to the boiling point of the solvent used (see Table 1), a drying air flow rate of 33 m³/h, a feed solution flow rate of 5 mL/min and an atomization air flow rate of 15 L/min. All samples were prepared in triplicate and the resulting spray dried samples were analyzed with modulated differential scanning calorimetry (mDSC) right after spray drying (day 0), after one day (day 1) and after one week (day 7) of storage at ambient conditions.
2.3. Solubility experiments
Equilibrium solubility of FEL in the different organic solvents, either in absence or presence of PVP-VA (i.e. 2.5 %, 5 % or 7.5 % w/V), was determined in triplicate. An excess of FEL was added to 3.0 mL solvent, and magnetically stirred for 48 h. After 48 h, samples were centrifuged for 5 min at 4500 g and a temperature of 21 °C using an Eppendorf centrifuge 5804 R (Hamburg, Germany). In case of ACN, MeOH, EtOH and PrOH, the resulting supernatans was a thousand-fold diluted with mobile phase before HPLC analysis. For DCM and EthAc, a certain amount of supernatans (50 µL and 20 µL, respectively) was evaporated at ambient conditions, and the remaining solid fraction was re-dissolved in mobile phase, ultimately resulting in a two thousand-fold and five thousand-fold dilution respectively, before HPLC analysis. Solubility data were statistically analyzed with one-way ANOVA combined with post-hoc Tukey tests using Minitab Software (version 19.2020.1).
The outlined procedure could however not be employed for Ac, because of the conversion of the liquid to a solid due to FEL acetonate formation. In this case, an excess of FEL was added to 3.0 mL ACN/Ac solvent mixtures (90/10, 80/20, 70/30, 60/40, 50/50 and 40/60 (V/V)), either in absence or presence of PVP-VA (i.e. 2.5 %, 5 % or 7.5 % w/V). Samples were centrifuged as described above and 20 µL supernatans was evaporated at ambient conditions. The remaining solid fraction was re-dissolved in mobile phase, resulting in a five thousand-fold dilution before HPLC analysis. Obtaining a FEL solubility estimate value in Ac was attempted by extrapolation of the data to 100 % Ac.
2.4. High performance liquid chromatography (HPLC)
Quantification of FEL concentrations was done by HPLC analysis using a VWR HITACHI Chromaster System (consisting of a 5160 pump, a 5260 autosampler, a 5310 column oven and a 5410 UV detector), equipped with a Nucleodur C-18 column (150 mm, 4.6 mm ID, particle size 5 µm) obtained from Macherey-Nagel (Düren, Germany). Data acquisition was performed using Chromaster System Manager Software (version 2.0). An isocratic HPLC method was developed for FEL. Acceptable retention times of approximately 5.2 min and hence run times of 7 min were obtained by using a mobile phase consisting of ACN/25 mM sodium acetate buffer (pH 3.50) in a ratio of 70/30 (V/V), a flow rate of 1 mL/min, 20 µL injection volume and a temperature of 25 °C. The detection wavelength was set at 360 nm. This method was validated for linearity (coefficient of determination R² > 0.995) and for intra- and inter-day variability. The limit of detection (LOD) and limit of quantification (LOQ) were determined based on signal to noise ratios, resulting in values of 71.4 ng/mL and 238.0 ng/mL, respectively.
2.5. Film casting
Film casting was performed as screening test to gain initial insight into drug-polymer miscibility of FEL-PVP-VA systems casted from various solvents. Accurate amounts of FEL and PVP-VA were dissolved in each of the selected solvents, in order to obtain a solid content of 10 % w/V. The solutions were cast on a glass plate coated with Teflon (High-tech-flon, Konstanz, Germany) and dried for 72 h at ambient conditions. The solvent evaporation rate was controlled by covering the casted solutions with a funnel. All films were prepared in triplicate and analyzed as such with mDSC and X-ray powder diffraction (XRPD). Within the scope of the morphology evaluation, a 10 % w/V PVP-VA solution in Ac was film casted according to the abovementioned procedure and analyzed with scanning electron microscopy (SEM).
2.6. Bead coating
Coated beads were prepared using a Mini-Glatt fluid bed coater (Glatt, Binzen, Germany) in a bottom spray setup, equipped with a Würster insert. The partition height was set at 7.5 mm. Initially, a 10 % w/V PVP-VA solution in the different solvents (5 % w/V in case of EthAc) with total solid content of 15.0 g (7.5 g in case of EthAc) was coated onto 150.0 g MCC beads. In a first step, the MCC beads were fluidized for 45 min at 25 m³/h, with the inlet temperature (Tinlet) set at 15 °C below the boiling point of the solvent used. After this preheating step, the PVP-VA solution was coated onto the beads at a feed rate of 1.00 mL/min, while applying an atomization air pressure of 1 bar. During the coating procedure, the Tinlet setting remained the same, the drying air flow was kept between 33 and 35 m³/h, and the tapping frequency was installed at 5 s. This parameter set served as starting point and was tested for all solvent systems. Process parameters, namely feed rate and/or Tinlet, were adjusted if necessary, i.e. to ensure a workable process. Once the spraying was finished, a drying step of 5 min was implemented. The coated beads were collected, further dried in a vacuum oven (Mazzali Systems, Monza, Italy) for 72 h at room temperature, and their morphology was evaluated with SEM. In a next step, a 10 % w/V FEL-PVP-VA solution in each of the selected solvents with total solid content of 15.0 g was coated onto 150.0 g MCC beads. The same coating procedure as described above was applied and the process parameter set that resulted in a workable process when only PVP-VA was coated, served as starting point for optimization. The ASD coated beads were unloaded and further dried in a vacuum oven for 72 h at room temperature. Afterwards, the beads were stored at -28 °C in the presence of phosphorus pentoxide until further analysis. The ASD coated beads were analyzed as such with XRPD and SEM in order to evaluate phase behavior, morphology and possible surface crystallization, respectively. The coated pellets were also milled for 10 s using a laboratory cutter mill (Ika, Staufen, Germany) in order to obtain fine powder that allows optimal thermal contact during mDSC and thermogravimetric analysis (TGA). Potential milling-induced crystallinity was evaluated with XRPD.
2.7. Solid-state characterization
2.7.1. Modulated differential scanning calorimetry (mDSC)
The phase behavior of spray dried FEL, FEL-PVP-VA casted films and coated beads was evaluated with a Discovery DSC 2500 (TA Instruments, Leatherhead, UK), equipped with a refrigerated cooling system (RCS 90) and a dry nitrogen purge with a flow rate of 50 mL/min. Calibration for temperature, enthalpy and heat capacity was carried out using indium and sapphire standards, respectively. For the mDSC measurements, the following parameters were applied: a linear heating rate of 2 °C/min combined with a modulation amplitude of 0.212 °C and a period of 40 s. Approximately 1-3 mg of the sample were accurately weighed into standard aluminum DSC pans (TA Instruments, Zellik, Belgium), followed by crimping with standard aluminum DSC lids (TA Instruments, Zellik, Belgium). Within the scope of the crystallization tendency study, spray dried FEL samples were subjected to a heating procedure ranging from 0 to 160 °C. FEL-PVP-VA casted films and milled coated beads were isothermally held at 40 °C for 30 min, followed by a heating procedure ranging from 0 °C to 160 °C. DSC thermograms were analyzed using Trios software (Version 5.1, TA Instruments, Leatherhead, UK). Glass transition temperatures (Tg) were measured at half height of transition in the reversing heat flow (RHF).
2.7.2. X-ray powder diffraction (XRPD)
XRPD was performed using an X’Pert PRO diffractometer (PANalytical, Almelo, the Netherlands) with a Cu tube (Kα λ = 1.5418 Å) and a generator set at 45 kV and 40 mA. Measurements were executed at room temperature in transmission mode, using Kapton® Polyimide Thin-films (PANalytical, Almelo, the Netherlands). The following experimental settings were selected: continuous scan mode from 10° to 25° 2θ with 0.0167° step size and 800 s counting time. Diffractograms were analyzed using X’Pert Data Viewer (Version 1.9a, PANalytical, Almelo, the Netherlands).
2.7.3. Scanning electron microscopy (SEM)
SEM was implemented to investigate the morphology of PVP-VA coated tablets/pellets and FEL-PVP-VA coated tablets/pellets, as well as to visualize possible surface crystallization for the latter. Samples were adhered to SEM stubs using double-sided carbon tape (Ted Pella Inc., California, USA) and were platinum coated under vacuum with a SCD-030 Balzers Union sputter-coater (Oerlikon Balzers, Balzers, Liechtenstein) for 45 s at 20 mA. A Philips XL30 SEM-FEG (Philips, Eindhoven, the Netherlands), equipped with a Schottky field emission electron gun (beam of 5 to 15 kV) and a conventional Everhart-Thornley secondary electron detector, was used to record the images.
2.7.4. Thermogravimetric analysis (TGA)
Residual solvent levels of the ASD coated beads were determined with a thermogravimetric analyzer 550 (TA Instruments, Leatherhead, UK), by recording weight loss (due to solvent evaporation) as a function of time. The same sample preparations as for mDSC measurements were carried out. Approximately 4-10 mg of the milled coated beads were accurately weighed into a platinum pan (TA Instruments, Zellik, Belgium) and subsequently heated at 5 °C/min to 130 °C in ambient atmosphere. The TGA curves were analyzed using Universal Analysis software (Version 5.5, TA Instruments, Leatherhead, UK).
2.8. Further investigations concerning coating morphology
2.8.1. Rotational viscosity measurements
Rotational viscosity measurements were carried out at ambient conditions with a Contraves Rheomat 115 with DIN 125 coaxial cylinder system (Zürich, Switzerland). For this purpose, 40 % w/V PVP-VA solutions in ACN, MeOH, EtOH, Ac, PrOH and DCM were prepared. EthAc was exempted from this study because of solubility limitations. Rheological measurements were performed in the shear rate range of 81.8 s-1 to 704 s-1.
2.8.2. Production of MCC and sucrose tablets
In order to produce MCC tablets for surface coating purposes, pure MCC beads were milled with a laboratory cutter mill and sieved through a 300 µm sieve. The resulting MCC powder was compressed using a single punch manual tablet press RQPBA15 (Rodac International, Sittard, The Netherlands) with a die of 13 mm diameter. A pressure of 370 MPa was applied for a 30 s dwell time, resulting in 390 ± 15 mg MCC tablets with a thickness of 2 mm. The same procedure was applied for the preparation of sucrose tablets.
2.8.3. Surface coating
The Büchi mini spray dryer B-191 was also used for coating the surface of MCC tablets, within the scope of further investigations concerning coating morphology. This in-house build surface coating setup is described in more detail in a previous publication and already proved its predictive value for bead coating with respect to ASD phase behavior (16). From this research it will become clear that this surface coating setup also allows coating morphology predictions. Accurate amounts of PVP-VA, and later on FEL and PVP-VA (i.e. 60 % drug weight fraction), were dissolved in 10.0 mL Ac or MeOH to obtain a solid content of 10 % w/V. The drying air flow rate was set at 33 m³/h and the atomization air flow rate at 10 L/min. For MeOH, the drying air temperature in the drying chamber was set at 40 °C (corresponding to the bed temperature (Tbed) during the bead coating procedure) and the feed solution flow rate at 7 mL/min (16). For Ac, and with respect to the process parameter part of the coating morphology evaluation, drying air temperatures of 31 °C, 26 °C and 22 °C were tested, in combination with feed solution flow rates ranging from 5 mL/min to 13 mL/min. With respect to the formulation part, a drying air temperature of 31 °C and feed rate of 7 mL/min was applied for coating FEL-PVP-VA (i.e. 60 % drug weight fraction) onto a sucrose tablet, and a drying air temperature of 26 °C and feed solution flow rate of 8 mL/min was employed for coating FEL-Soluplus and FEL-PVP K12 (i.e. 60 % drug weight fraction) onto an MCC tablet. The solutions were intermittently sprayed onto the tablet, where 20 s of spraying alternates with 20 s of drying. When the coating procedure was finished, an additional drying step of 5 min was implemented. Coated tablets were further dried in a vacuum oven for 72 h at room temperature and afterwards analyzed with SEM to evaluate the morphology of the (drug-)polymer coating.
2.8.4. Optical microscopy
Optical microscopy of the surface coated tablets was performed with an Olympus BX51 polarizing optical microscope (Olympus, Shinjuku, Japan) with an LMPIanFI 50x/0.50 lens (Olympus, Shinjuku, Japan). Photographs were taken with a TOUPCAM™ digital camera UCMOS03100KPA (ToupTek Photonics, Hangzhou, China) and were displayed via ToupView software (version 4.1).

3. RESULTS AND DISCUSSION
3.1. Crystallization tendency study
Differences in crystallization behavior were found for FEL spray dried from different solvents, and the glass forming ability (GFA) classification even depends on the solvent used. According to the classification as put forth by Van Eerdenbrugh et al. and based on our experimental data, FEL can be classified as GFA Class I compound in ACN, Ac, PrOH and EthAc, thus exhibiting a rapid crystallization tendency (18). The mDSC thermograms of FEL spray dried from these solvents are only characterized by a melting event, as can be seen in Figure 1. Since GFA Class I compounds are defined by Van Eerdenbrugh et al. as compounds of which the crystallinity on day 0 is at least AACC, which is based on a semi-quantitative evaluation of the extent of observed birefringence by polarized light microscopy, the mDSC results indicate that FEL can also be classified as Class I compound in EtOH and DCM (18). These two solvents can however be distinguished from ACN, Ac, PrOH and EthAc since a slightly slower crystallization tendency is observed. This is also reflected in the mDSC thermograms of FEL spray dried from EtOH and DCM, which are characterized by a Tg in the RHF, indicating the presence of an amorphous fraction (data not shown), an exothermal recrystallization event and a melting event in the total heat flow (THF). Crystallinity percentages, as reported in Table 2, were calculated by taking into account the recrystallization event, which is due to the heating procedure applied during mDSC analysis, by subtracting the recrystallization enthalpy from the melting enthalpy. The mDSC thermograms of FEL spray dried from EtOH only showed a melting event after one week of storage, while mDSC thermograms of FEL spray dried from DCM, still reveal the presence of a small amorphous fraction (i.e. small change in heat capacity) at that timepoint. In contrast, FEL exhibited an intermediate crystallization behavior when MeOH was used as solvent and can hence be classified as GFA Class II. It should be noted that the melting points (Tm) of all spray dried FEL samples are slightly lower than the Tm of pure FEL. XRPD however revealed that the diffractograms of the spray dried samples correspond to the most stable polymorphic form of FEL (data not shown). It is thus hypothesized that crystals with lower crystalline purity or very small FEL crystals were formed due to the spray drying procedure, leading to a slightly lower Tm. The results obtained are however not in line with the experimental findings of Van Eerdenbrugh et al. (18). The application of mDSC in contrast to the semi-quantitative visual assessment of crystallinity might serve as a possible explanation, but most probably the differences are attributable to the application of a different solvent evaporation method.
3.2. Solubility experiments
Equilibrium solubility values of FEL in the different organic solvents, as well as their corresponding standard deviations, are represented in Figure 2 and Table A.1 (appendix). As mentioned earlier, equilibrium solubility of FEL in Ac could not be determined in the same way as for the other solvents, due to an abrupt transition of the liquid to a solid. The formation of an acetone solvate of FEL was confirmed with mDSC and XRPD (data not shown) (19). Obtaining a FEL solubility guide value in Ac was however attempted by the preparation of ACN/Ac solvent mixtures with varying ratios and subsequent extrapolation of the data to 100 % Ac. The equilibrium solubility guide value in absence of PVP-VA was attained via second-order polynomial fitting of the solubility data (R² = 0.966) and was equal to 414.17 mg/mL. Overall, FEL showed the highest solubility values in DCM, followed by Ac and EthAc. For these solvents, the addition of PVP-VA had a positive influence on FEL solubility and in case of EthAc, FEL solubility even significantly increased with increasing PVP-VA concentration. For the other solvents, solubility values are generally lower and the effect of adding PVP-VA is less clear, however an optimum seems to exist for 2.5 % w/V PVP-VA. In case of ACN, EtOH and PrOH, FEL solubility significantly decreased when adding more than 2.5 % w/V PVP-VA.
3.3. Film casting
A drug loading screening was performed on FEL-PVP-VA casted films, prepared from the different organic solvents, in order to define the highest possible FEL loading. Concerning mDSC, our assessment was based on the detection of one single Tg event. A FEL load (i.e. drug weight fraction) of 40 % was applied as starting point and drug loadings were further increased with consecutive steps of 5 %. This drug loading screening approach is visualized for MeOH in Figure 3. The mDSC thermograms of film casted FEL-PVP-VA systems in MeOH with 40 % and 45 % drug loading show a single Tg, indicating the formation of an amorphous system. When the drug loading is increased, melting events appear from 50 % drug loading on and point out the presence of crystalline drug (i.e. Tm,average = 138.4 °C; 0.2 % crystalline content for the 50 % drug loading). For FEL-PVP-VA systems film casted from MeOH, the highest possible drug loading that still results in an amorphous system is thus determined as 45 %. The corresponding XRPD diffractograms show distinct Bragg peaks for the 50 % and 55 % drug loading systems and hence determination of the highest drug loading with XRPD is in accordance with the mDSC results (i.e. both mDSC and XRPD were found to be the determining techniques). Moreover, it should be noted that FEL crystallized into polymorphic form I when MeOH was used, based on the obtained XRPD diffractograms (see Figure 3B).
The same drug loading screening approach was performed for the other organic solvents, and the highest possible drug loadings are reported in Table 3, along with the identified FEL polymorphic form and the analysis technique(s) that was/were found to be decisive in the determination. These results underpin the importance of the implementation of both mDSC and XRPD as complementary solid-state characterization techniques (20).
The FEL-PVP-VA formulations with 65 % and 60 % FEL loading film casted from an EtOH and PrOH solution respectively, were characterized by distinct Bragg peaks in the XRPD diffractogram, however no Tm could be detected with mDSC (data not shown). This might be attributed to the heating procedure applied during mDSC that incites dissolution of FEL in the PVP-VA matrix, or to the inhomogeneity of film casting. Thus, 60 % and 55 % are in this case determined as highest possible drug loadings for EtOH and PrOH respectively, with XRPD being the decisive solid-state characterization technique. For both solvents, FEL crystallized into polymorphic form I. In case DCM was used, XRPD diffractograms were in accordance with the mDSC results. From 75 % drug loading on, XRPD diffractograms were characterized by distinct Bragg peaks, corresponding to polymorphic form I, and mDSC thermograms revealed melting events (i.e. Tm,average = 123.7 °C; 24.3 % crystalline content for the 75 % drug loading). Note that FEL is more prone to melting point depression when DCM is used as solvent, as compared to MeOH.
For Ac, 65 % was determined to be the highest drug loading, since XRPD diffractograms of the 70 % drug loading formulation were characterized by distinct Bragg peaks. However in this case, a mixture of polymorphic form I and IV of FEL could be detected (see Figure 4B). When the drug loading is further increased, the diffractograms only reveal the presence of polymorphic form I, implying a conversion of polymorphic form IV into form I. The latter is thermodynamically the most stable at room temperature, considering their enantiotropic relation with a transition temperature of 87.6 °C (21). Despite the fact that XRPD only reveals the presence of polymorphic form I for these higher drug weight fractions, mDSC indicates the presence of both polymorphic forms, given the two melting events (i.e. for the 75 % drug loading, Tm,average Form I = 124.1 °C and Tm,average Form IV = 139.3 °C), which can be explained by the higher sensitivity of mDSC as compared to XRPD (20).
The XRPD diffractograms of the film casted FEL-PVP-VA systems with 60 % drug loading from EthAc, correspond to the diffractogram of FEL polymorphic form IV. When the drug loading is further increased to 65 %, a mixture is obtained of polymorphic form IV and I. Crystallinity with mDSC could only be detected from 65 % drug loading on (and therefore XRPD was found to be decisive), with a Tm,average of 109.4 °C corresponding to 18.2 % crystalline content (i.e. FEL polymorphic form I subject to melting point depression). The fact that only one melting point could be detected on the mDSC thermogram, in contrast to Ac, might be attributed to conversion of form IV into form I, or to the inhomogeneity of film casting.
When ACN was used, 50 % is determined to be the highest possible drug loading for film casted FEL-PVP-VA systems, based on mDSC analysis. For 55 % drug loading, a Tm,average of 120.6 °C was obtained, corresponding to 5.8 % crystalline content, which can at least partially be attributed to FEL polymorphic form I subject to melting point depression.
The results of the film casting experiments can however not be linked to the results obtained from the crystallization tendency study. To exemplify, FEL exhibited a rapid crystallization behavior in Ac (GFA Class I) and an intermediate crystallization behavior in MeOH (GFA Class II). Nevertheless, higher drug loadings can be obtained if FEL-PVP-VA is film casted from an Ac solution (65 %) as compared to a MeOH solution (45 %), as can be seen in Table 3. This demonstrates that drug-polymer miscibility plays a more important role than the tendency of the drug to crystallize in a particular solvent to explain the differences in highest drug loading obtained for the various organic solvents with film casting. It should also be highlighted that the FEL loadings obtained via film casting exceed the thermodynamic solid solubility, irrespective of the solvent used. The computed thermodynamic solubility of FEL in PVP-VA at room temperature is reported to be 10 wt%, and can thus be considered the maximum drug loading for obtaining a thermodynamically stable ASD (22). FEL loadings exceeding the reported thermodynamic maximum can be explained by kinetic stabilization effects, even though the solvent was evaporated at ambient conditions. The results of the film casting experiments also exhibit no clear correlation with the solubility data. DCM and Ac are the two solvents for which the highest drug weight fractions were obtained and these were also the two solvents in which FEL exhibited the highest solubility. For the other solvents, differences in highest drug loading cannot be explained by differences in drug solubility, which is counterintuitive to the ternary phase diagrams obtained via PC-SAFT predictions, as the crystallization area enlarges for lower drug in solvent solubilities (14,23,24).
3.4. Bead coating
3.4.1. Optimization of parameter settings per solvent and morphology evaluation
Firstly, a PVP-VA solution in each of the organic solvents was coated onto MCC beads. In preliminary experiments, parameter settings were optimized for each solvent with the aim of attaining a workable bead coating process, hence avoiding electrostatic or wet agglomeration (see Table 4).
In a next step, the PVP-VA coated beads, prepared from the different solvents and with the optimized parameter settings per solvent as reported in Table 4, were evaluated for their coating morphology by means of SEM. In case ACN, MeOH, EtOH and PrOH were used, a smooth and uniform polymer coating could be observed (see Figure 5A-D). In contrast, a coating with internal pores was obtained for Ac, DCM and EthAc, as can be seen on Figure 5E-G. Further investigations concerning the solvent-dependent coating morphology were carried out and are described in section 3.5. In addition to the internal porosity, the PVP-VA coating layer exhibited peculiar spikes when applied from an EthAc solution, which might be due to the fact PVP-VA is poorly solvated in EthAc, thereby leading to polymer-solvent phase separation (13).
3.4.2. ASD manufacturing
3.4.2.1. Optimization of parameter settings per solvent
Via preliminary experiments, parameter settings were optimized per solvent for applying a FEL-PVP-VA ASD coating and are reported in Table 5. The organic solvents ACN, MeOH, Ac and DCM were selected for ASD manufacturing purposes, to evaluate the influence of the solvent on solid-state characteristics of the resulting ASDs coated on beads via a drug loading screening approach. EtOH was also included in this study, however the reader should keep in mind that only 75 % of the solution is coated onto the beads in this case. No parameter set could be found that resulted in a workable bead coating process for the manufacturing of FEL-PVP-VA ASDs from PrOH and EthAc.
3.4.2.2. ASD phase behavior and determination of highest possible drug loading
Similar to film casting, a drug loading screening was performed on ASD coated beads in order to define the highest possible FEL loading that still results in an amorphous system. A FEL load (i.e. drug weight fraction) of 50 % was applied as starting point and drug loadings were further increased with consecutive steps of 5 %. This drug loading screening approach is visualized for MeOH in Figure 6. The mDSC thermograms of milled FEL-PVP-VA coated beads from MeOH reveal an endothermal melting event from 65 % drug loading on. For the formulation with 65 % drug weight fraction, a Tm,average of 125.7 °C was found (corresponding to 0.5 % crystalline content) and for the 70 % drug loading formulation a Tm,average of 127.5 °C was detected (corresponding to 3.2 % crystalline content), as reported in Table 6. The increasing Tm,average with increasing drug weight fraction in the formulation is attributed to the fact that less polymer is present that is able to dissolve the drug upon heating within the mDSC procedure, thus less melting point depression. Corresponding XRPD diffractograms of coated beads as such, as well as of the milled coated beads were all characterized by an amorphous halo, implying that too few crystals are present to be detected with XRPD or that the length of coherence is reduced (data not shown) (3). The occurrence of potential milling-induced crystallinity thus needed to be further evaluated with SEM. The SEM images, depicted in Figure 7, reveal the presence of surface crystals, indicated with yellow arrows, from 65 % drug loading on and hence are in line with the mDSC results. The irregularities that are extensively present on the surface of the 60 % drug loading formulation correspond to spray dried particles (see Figure 7A’). These spray dried particles can also be detected for the 65 % and 70 % drug loading formulation, albeit to a lesser extent, and these can easily be distinguished from the surface crystals on the basis of their rounded edges, in contrast to the clearly delineated crystals (25,26). Based on mDSC and SEM as solid-state characterization techniques, 60 % was determined to be the highest possible drug loading for FEL-PVP-VA ASDs coated on beads from a MeOH solution.
The same approach was implemented for the other solvents and based on mDSC and SEM analysis it can be concluded that 60 % corresponds to the highest possible drug loading for FEL-PVP-VA ASDs coated on beads, irrespective of the solvent used. SEM revealed the presence of FEL surface crystals from 65 % drug loading on for beads coated from an ACN, EtOH, Ac and DCM solution (data not shown) and mDSC thermograms are characterized by endothermal melting events from this drug weight fraction on (see Table 6). The analogous ability to manufacture high drug-loaded ASDs with bead coating from different organic solvents can be related to the fact that FEL and PVP-VA form an interacting system via hydrogen bonds, in combination with the short timeframe over which solvent evaporation occurs (27). The latter is evidenced by the fact that the highest possible FEL loadings exceed the reported thermodynamic solubility of FEL in PVP-VA at room temperature (i.e. 10 wt%), hence kinetic stabilization occurs (22). For all solvents studied, the Tm,average increases when increasing the FEL weight fraction from 65 % to 70 %, which is attributed to a smaller polymer amount available for melting point depression. XRPD diffractograms of coated beads as such, as well as of the milled coated beads, were all characterized by an amorphous halo (data not shown). An overview of the phase behavior of coated solid dispersions from the different organic solvents is generated in Table 6.
Notwithstanding, differences in phase behavior of FEL-PVP-VA ASDs coated from various solvents were identified on a more subtle level, namely on the resulting Tg values and widths. When comparing these between ACN and MeOH, it becomes clear that a similar phase behavior is obtained. The fact that Tg values are slightly lower in case of ACN is due to the somewhat higher residual solvent percentages, as determined with TGA. When EtOH was used, only 75 % of the solution to be coated could be applied and thus a thinner ASD coating was obtained (see also 3.4.2.3. ASD coating morphology). Despite these thinner coatings, and hence that less residual solvent is expected, Tg values are lower and Tg widths are broader as compared to ACN and MeOH. TGA measurements showed that more residual solvent was present in the ASDs coated from EtOH, in comparison with ACN and MeOH. In case of DCM as well, Tg values are lower and Tg widths are broader relative to the ones of the ASDs coated from ACN and MeOH. Higher percentages of residual solvent are most likely the cause and the results are comparable to what was obtained for EtOH. When ASDs are coated from Ac, Tg values are lower as compared to the other solvents since more residual solvent is present in the sample. Moreover, the Tg widths are broader, implying that more heterogeneous systems are produced when coating from Ac and this could potentially lead to long-term destabilization. Since the focus lied on the ASD phase behavior at timepoint zero, physical stability studies were not within the scope of this research and therefore not conducted. The phase behavior results of the ASDs prepared via bead coating from various solvents exhibit no correlation with the crystallization tendency of the pristine drug nor with the solvent-dependent drug-polymer miscibility obtained from film casting experiments. Also no correlation was found with the drug’s equilibrium solubility in the distinct solvents, which is again counterintuitive to the ternary phase diagrams obtained via PC-SAFT predictions, thereby underlining that ASD manufacturing processes do not guarantee equilibrium (14,23,24).

3.4.2.3. ASD coating morphology
Subsequently, the morphology of the beads, coated with FEL-PVP-VA from different solvents by applying the optimized process parameters reported in Table 5, was investigated by means of SEM. Despite the fact that for PrOH and EthAc no proper process parameter set could be identified for ASD manufacturing purposes, ASD coated beads manufactured with a feed rate of 1.00 mL/min and a Tinlet of 15 °C below the boiling point of the solvent used (i.e. 67 ° and 62 °C, respectively) were however analyzed to get an idea of coating morphology for these solvents. Note that in these cases only 40 % of the solution could be coated and were therefore excluded from the drug loading screening approach. As for PVP-VA coated beads, smooth and uniform ASD coatings were obtained for ACN, MeOH, EtOH and PrOH (see Figure 8A-D). It should be highlighted that the FEL-PVP-VA ASD coating thickness is approximately 40 µm when all of the 150.0 mL drug-polymer solution could be coated (i.e. for ACN and MeOH). For EtOH and PrOH, where only 75 % and 40 % could be coated respectively, thinner ASD coatings were attained. As depicted in Figure 8E-G, internal porosity was observed for the ASD coatings deposited from Ac, DCM and EthAc, with larger voids for the drug-polymer coating as compared to when only PVP-VA was coated. Further investigations concerning coating morphology are described in section 3.5. In conclusion, for ASD coatings, the same distinction between the different solvents can be made with respect to coating morphology as described for PVP-VA coatings. Nevertheless, coating morphology does not seem to have an influence on the phase behavior of the ASDs. To exemplify, in DCM, similar Tg values/widths and amount of residual solvent are obtained as for EtOH, a solvent that results in a uniform coating (see Table 6).
3.5. Further investigations concerning coating morphology
In order to explain the solvent-dependent polymer and ASD coating morphologies, and thus to understand why internal porosity is obtained when coating from Ac, DCM and EthAc, further investigations were executed. Pore formation upon polymer solution evaporation is most commonly related to water droplet condensation, polymer-solvent phase separation or to fast solvent evaporation kinetics (28). The first concept entails that water droplets, present in the drying air, condensate at the surface of the evaporating polymer solution because of evaporation-associated cooling effects. Pores resulting therefrom are located at the coating/air interface and thus water droplet condensation cannot provide an explanation for our internal pore morphology (28). Polymer-solvent phase separation results in the formation of a polymer-rich and solvent-rich phase, of which the latter will evolve into pores after the solvent has evaporated. Because EthAc is considered an inappropriate solvent for PVP-VA, phase separation might serve as an explanation for the observed porosity when using this solvent (13). No polymer-solvent phase separation is reported for PVP-VA with either Ac or DCM, however more subtle differences concerning polymer-solvent affinity could possibly underlie the distinct coating morphologies. Therefore, rotational viscosity measurements were carried out and solubility parameters were considered. For MeOH and Ac as model solvents, i.e. for a uniform and porous coating morphology respectively, studies pertaining to process parameter alterations, variations with respect to the formulation and solvent evaporation kinetics, i.e. the third concept commonly employed to explain pore formation, were carried out.
3.5.1. Rotational viscosity measurements
PVP-VA was found to exhibit a Newtonian behavior, implying linearity between shear stress and shear rate and hence a viscosity independent of the shear rate applied, irrespective of the solvent used (see Figure 9). This finding is in line with recent rheological characterization outcomes for PVP-VA (29,30). The PVP-VA solutions can be ranked from lowest to highest viscosity as follows: ACN, Ac, DCM, MeOH, EtOH and PrOH. This entails that the polymer-solvent affinity is higher for the alcohols, which is most probably attributed to the possibility of hydrogen bond interactions with PVP-VA, and this is known to result in lower solvent evaporation rates. Nevertheless, the rotational viscosity measurements do not provide a conclusive explanation for the distinct coating morphologies, as lowest polymer-solvent affinities were obtained for PVP-VA in ACN, a solvent from which a uniform PVP-VA coating was deposited.
3.5.2. Solubility parameters
In a next step, Hansen solubility parameters were considered to further elaborate on polymer-solvent affinity as possible underlying cause for the observed morphology differences. The total solubility parameter (δTOTAL) can be calculated as the sum of squares of the partial solubility parameters, as follows: (1)



where the partial solubility parameters δD, δP and δH account for dispersion effects, dipolar interactions and hydrogen bonding, respectively (2,31,32).
The solubility parameters do not provide any reasonable explanation for the observed coating morphologies. Moreover, when the δTOTAL of the solvent is close to that of PVP-VA, it can be considered a good solvent system. From the solubility parameters reported in Table 7, it cannot be inferred that EthAc, known to be an inappropriate solvent for PVP-VA, entails the lowest polymer-solvent affinity (13).
Table 7. References (29,33)
3.5.3. Process parameters
To evaluate the possible influence of process parameters on coating morphology, the in-house build surface coating setup was applied (16). In a first instance, PVP-VA solutions in either MeOH and Ac were sprayed onto an MCC tablet, operating at a drying air temperature of 25 °C below the boiling point of the solvent and with a feed solution flow rate of 7 mL/min. Based on visual assessments of the coating and SEM analysis, a smooth and uniform polymer coating was obtained for MeOH, whilst the tablet surface was covered with spray dried particles in case of Ac (see Figure 10). This implies that Ac exhibits a faster evaporation rate as compared to MeOH, when operating under the same conditions, favoring the importance of solvent evaporation kinetics for pore formation explanation. The same experiments were conducted for the other solvents and the appearance of spray dried particles on the tablet surface rather than a proper coating was also detected for DCM and EthAc (data not shown), which is in correspondence to their relative evaporation times (23,34). 
In a next step, FEL-PVP-VA solutions (60 % drug weight fraction) were sprayed from MeOH and Ac. Based on visual assessment, good coatings were obtained for both solvents, however optical microscopy images and SEM analysis revealed differences with respect to coating morphology. In case of MeOH, a uniform coating was obtained and it should also be noted that the thickness of the resulting ASD coating on MCC tablets is well aligned with the thickness of the ASD coating onto pellets (see Figure 11A’’). On the contrary, a smooth top layer with underlying air pocket like shapes could be detected with SEM for Ac (see Figure 11B’’), which resembles the internal porosity of the ASD coating onto pellets. The air pocket like shapes could also be detected with an optical microscope and are created upon storage in the vacuum oven. They arise from the many solvent droplets that are trapped inside the coating, which could be visualized with optical microscopy of the surface coated tablets right after coating (see Figure 11B). It can be stated that the surface coating technique, which already proved its predictive value for bead coating with respect to ASD phase behavior, also provides evidence for coating morphology predictions (16). This technique was therefore used to evaluate a range of process parameters on ASD coating morphology when deposited from Ac. Drying air temperatures of 31 °C, 26 °C and 22 °C were tested, in combination with feed solution flow rates ranging from 5 mL/min to 13 mL/min, however the internal porosity morphology was obtained for all tested conditions and thus seems not to be dependent on the process parameters studied.
3.5.4. Formulation
The in-house build surface coating technique was additionally applied to examine the possible influence of the substrate and of the use of other polymers on coating morphology. The FEL-PVP-VA ASD coating (60 % drug loading) deposited from Ac was still characterized by internal pores when coated onto a sucrose tablet, and FEL-Soluplus and FEL-PVP K12 ASDs (60 % drug loading) coated onto an MCC tablet from Ac also revealed the internal air pocket like shapes (data not shown). Furthermore, from the drug loading screening with bead coating, it became clear that formulations with higher FEL loads (i.e. 70 %) and thus lower PVP-VA content, coated from Ac and DCM, resulted in smooth and uniform coatings.
3.5.5. Solvent evaporation kinetics
In order to map out the influence of solvent evaporation kinetics on coating morphology, a 10 % w/V PVP-VA solution in Ac was film casted, and the resulting polymer film was analyzed with SEM. From Figure 12 it can be derived that a uniform polymer coating is formed upon slow Ac evaporation. This is an important finding because it precludes polymer-solvent phase separation or low polymer-solvent affinity from being the underlying cause for the observed porosity when coating from Ac or DCM. This finding, together with the many solvent droplets trapped inside the coating, visualized with optical microscopy of surface coated tablets right after coating, and with the faster evaporation rate of Ac as compared to MeOH when operating under the same conditions, led to the hypothesis of the formation of a viscous layer upon Ac evaporation, which is similar to skin/crust formation, and that encloses Ac droplets. As schematically represented in Figure 13, the (drug-)polymer droplets formed upon atomization will come in contact with and subsequently spread onto the MCC substrate. Because of fast solvent evaporation, viscous layers will be formed that enclose solvent droplets. The crust is assumed to be strong but porous enough for the enclosed Ac droplets to still evaporate, resulting in an internal porous coating morphology (35). The fact that smooth and uniform coatings are obtained for formulations with lower PVP-VA content, supplements the aforementioned hypothesis in defining a critical polymer concentration for the formation of a viscous layer that encloses solvent droplets. Hence, fast solvent evaporation, rather than polymer-solvent phase separation, was found to be the decisive factor in the formation of the internal pore morphology (24).
The hypothesis is also supported by the work of Zhou et al. and Arai et al., who stated that the appearance of bubbles in a poly(vinyl acetate) solution in Ac strongly depends on the evaporation rate. They also relate the observed pores to skin formation, and even to mechanical instabilities (i.e. cavitation) resulting therefrom (36,37). Instabilities because of rapid solvent evaporation were also identified as underlying cause for the polymer film porosity observed by Bormashenko et al., albeit solutal Marangoni instabilities in this case. Moreover, these authors define intensive migration of solvent vapor bubbles as an important factor in the formation of so-called mesoscopic cells, i.e. the pattern as depicted in Figure 11B’’ (28,38). Our hypothesis, which was elaborated for Ac, can also be extended to DCM and EthAc on the basis of their evaporation rates (34). Next to fast solvent evaporation, polymer-solvent phase separation might also play a role when interpreting the (FEL-)PVP-VA morphologies when coating from EthAc (9,13,24,28).
CONCLUSION
This study investigated the influence of the solvent on manufacturability (i.e. process parameter optimization), phase behavior and morphology of FEL-PVP-VA ASDs coated onto MCC beads via fluid- bed coating. Initially, film casting was performed as screening test to gain initial insight into drug-polymer miscibility of FEL-PVP-VA systems casted from various solvents. The drug loading screening approach led to the conclusion that the ability to prepare high drug-loaded ASDs with film casting depends on the solvent used. Moreover, the results exhibit no clear correlation with the crystallization tendency nor with the solubility of the drug in the distinct solvents. In a next step, the influence of the solvent on the bead coating process itself, thus the manufacturability, was elaborated. Parameter settings to coat PVP-VA onto MCC beads were successfully optimized for each solvent, implying that a workable bead coating process (i.e. avoiding electrostatic or wet agglomeration) was attained. When coating FEL-PVP-VA onto MCC beads, parameter settings were successfully optimized for five out of seven solvents and those five solvents (ACN, MeOH, EtOH, Ac and DCM) were selected for further ASD phase behavior evaluation. From the drug loading screening approach with bead coating it can be concluded that 60 % corresponds to the highest possible drug loading for FEL-PVP-VA ASDs coated onto beads, irrespective of the solvent used. This can be related to the fact that FEL and PVP-VA form an interacting system, in combination with the short timeframe over which solvent evaporation occurs. Differences in ASD phase behavior between the different solvents are more subtle and pertain to variations in residual solvent content and Tg width. ASDs coated from an Ac solution are generally characterized by a higher residual solvent content and broader Tg widths, and hence are assumed to be more heterogeneous as compared to ASDs coated from the other solvents. Again, the phase behavior results cannot be linked to the crystallization tendency nor to the solubility of the drug in the distinct solvents. With respect to coating morphology, a uniform coating was observed for ACN, MeOH, EtOH and PrOH, while a coating with internal porosity was obtained with Ac, DCM and EthAc. The same morphologies were attained for PVP-VA and FEL-PVP-VA coatings and it is hypothesized that the internal pores arise from fast solvent evaporation effects, rather than polymer-solvent phase separation. Nevertheless, coating morphology did not seem to have an influence on the phase behavior of the ASDs.












ABBREVIATIONS
	Ac
	Acetone

	ACN
	Acetonitrile

	ASD
	Amorphous solid dispersion

	BC
	Bead coating

	DCM
	Dichloromethane

	DL
	Drug loading

	EthAc
	Ethyl acetate

	EtOH
	Ethanol

	FC
	Film casting

	FEL
	Felodipine

	GFA
	Glass forming ability

	HPLC
	High performance liquid chromatography

	LOD
	Limit of detection

	LOQ
	Limit of quantification

	MCC
	Microcrystalline cellulose

	mDSC
	Modulated differential scanning calorimetry

	MeOH
	Methanol

	NA
	Not applicable

	ND
	Not determined

	PC-SAFT
	Perturbed-Chain Statistical Associating Fluid Theory

	PLGA
	Poly(lactic-co-glycolic acid)

	PrOH
	2-Propanol

	PVP
	Polyvinylpyrrolidone

	PVP-VA
	Poly(vinylpyrrolidone-co-vinyl acetate)

	RCS
	Refrigerated cooling system

	RHF
	Reversing heat flow

	sd
	Standard deviation

	SEM
	Scanning electron microscopy

	Tbed
	Bed temperature

	Tg
	Glass transition temperature

	TGA
	Thermogravimetric analysis

	THF
	Total heat flow

	Tinlet
	Inlet temperature

	Tm
	Melting point

	XRPD
	X-ray powder diffraction
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Table 1. Properties of the organic solvents employed in this study. The reported dielectric constants apply to 20 °C (17).
	Property
	ACN
	MeOH
	EtOH
	Ac
	PrOH
	DCM
	EthAc

	Dielectric constant ɛ
	37.5
	32.6
	22.4
	20.6
	18.3
	9.1
	6.0

	Boiling point (°C)
	82
	65
	78
	56
	82
	40
	77






Table 2. Average crystallinity percentages (%) in FEL samples spray dried from various solvents ± standard deviation (sd).
	
	ACN
	MeOH
	EtOH
	Ac
	PrOH
	DCM
	EthAc

	Day 0
	89.62 ± 11.15
	30.91 ± 8.66
	48.22 ± 0.56
	93.65 ± 2.01
	89.30 ± 6.07
	43.94 ± 1.90
	95.63 ± 1.87

	Day 1
	91.02 ± 6.12
	43.01 ± 3.29
	64.67 ± 11.08
	96.06 ± 4.09
	91.26 ± 3.85
	41.64 ± 2.72
	95.66 ± 2.06

	Day 7
	95.93 ± 1.13
	65.99 ± 12.33
	98.39 ± 0.46
	93.15 ± 4.08
	90.74 ± 9.51
	82.93 ± 10.71
	96.17 ± 1.48







Table 3. Highest drug weight fractions for FEL-PVP-VA systems prepared with film casting in different organic solvents. The solid-state characterization technique(s) that was/were found to be decisive in the determination of these drug loadings, and the identified FEL polymorphic form are reported as well.
	
	ACN
	MeOH
	EtOH
	Ac
	PrOH
	DCM
	EthAc

	Drug loading (%)
	50
	45
	60
	65
	55
	70
	55

	Determining technique(s)
	mDSC
	mDSC, XRPD
	XRPD
	XRPD
	XRPD
	mDSC, XRPD
	XRPD

	FEL polymorphic form
	Form I
	Form I
	Form I
	Form I, IV
	Form I
	Form I
	Form I, IV









Table 4. Optimized process parameters per solvent that resulted in a workable bead coating process when coating PVP-VA onto MCC beads.
	Parameter
	ACN
	MeOH
	EtOH
	Ac
	PrOH
	DCM
	EthAc

	Feed rate (mL/min)
	0.78
	1.00
	1.00
	1.00
	1.00
	1.00
	2.00

	Tinlet (°C)
	67
	50
	63
	41
	67
	25
	52







Table 5. Optimized process parameters per solvent that resulted in a workable bead coating process when coating FEL-PVP-VA onto MCC beads. * indicates that only 75 % of the drug-polymer solution could be coated with this parameter set. Hatched boxes imply that no proper process parameter set could be identified for ASD manufacturing purposes.
	Parameter
	ACN
	MeOH
	EtOH*
	Ac
	PrOH
	DCM
	EthAc

	Feed rate (mL/min)
	0.78
	1.00
	1.00
	1.00
	
	1.00
	

	Tinlet (°C)
	67
	50
	63
	41
	
	25
	







Table 6. Overview of the phase behavior of FEL-PVP-VA ASDs coated onto MCC beads from different solvents. Average Tg’s, Tg width’s, Tm values and crystallinity percentages ± sd are derived from mDSC analyses. The residual solvent percentages are the result of TGA measurements. 
 NA = not applicable. ND = not determined.
	
	ACN
	MeOH
	EtOH
	Ac
	DCM
	

	Average Tg ± sd (°C)
	70.7 ± 0.4
	70.7 ± 1.9
	66.6 ± 0.6
	60.9 ± 1.4
	69.7 ± 0.3
	60 % DL

	Average Tg width ± sd (°C)
	8.2 ± 0.8
	10.2 ± 1.9
	17.0 ± 1.4
	28.5 ± 2.7
	14.6 ± 0.1
	

	Average Tm ± sd (°C)
	NA
	

	Average crystalline content ± sd (%)
	
	

	Residual solvent (%)
	1.0
	0.6
	1.9
	2.7
	1.5
	

	
	
	
	
	
	
	

	Average Tg ± sd (°C)
	67.0 ± 0.6
	67.4 ± 0.7
	65.7 ± 2.2
	54.5 ± 0.6
	65.5 ± 1.9
	65 % DL

	Average Tg width ± sd (°C)
	11.0 ± 0.9
	9.4 ± 1.2
	14.9 ± 3.0
	28.5 ± 2.4
	14.3 ± 2.2
	

	Average Tm ± sd (°C)
	124.7 ± 0.8
	125.7 ± 1.1 
	123.8 ± 0.8
	124.6 ± 0.5
	124.2 ± 0.4
	

	Average crystalline content ± sd (%)
	0.3 ± 0.2
	0.5 ± 0.2
	0.5 ± 0.03
	0.3 ± 0.04
	1.0 ± 0.2
	

	Residual solvent (%)
	0.7
	0.5
	1.6
	2.9
	1.6
	

	
	
	
	
	
	
	

	Average Tg ± sd (°C)
	62.2 ± 0.8
	62.9 ± 0.4
	ND
	51.9 ± 2.0
	61.4 ± 0.3
	70 % DL

	Average Tg width ± sd (°C)
	10.5 ± 0.4
	8.1 ± 2.1
	
	26.6 ± 1.5
	13.8 ± 0.4
	

	Average Tm ± sd (°C)
	127.0 ± 0.1
	127.5 ± 0.3
	
	128.4 ± 0.2
	128.6 ± 0.2
	

	Average crystalline content ± sd (%)
	3.4 ± 0.2
	3.2 ± 1.5
	
	0.6 ± 0.1
	0.3 ± 0.1
	

	Residual solvent (%)
	0.7
	0.5
	
	1.8
	1.0
	




Table 7. Solubility parameters (28,32).
	Material
	δD (MPa)1/2
	δP (MPa)1/2
	δH (MPa)1/2
	δTOTAL (MPa)1/2

	PVP-VA
	18.2
	10.2
	7.8
	22.2

	ACN
	15.3
	18.0
	6.1
	24.4

	MeOH
	14.7
	12.3
	22.3
	29.4

	EtOH
	15.8
	8.8
	19.4
	26.5

	Ac
	15.5
	10.4
	7.0
	19.9

	PrOH
	15.8
	6.1
	16.4
	23.6

	DCM
	17.0
	7.3
	7.1
	19.8

	EthAc
	15.8
	5.3
	7.2
	18.2














[image: ][image: ][image: ]







Figure 1. mDSC thermograms of FEL spray dried from different solvents (A) right after spray drying (day 0), (B) after 1 day (day 1) and (C) after one week (day 7) of storage, and the mDSC thermogram of pure FEL (grey), i.e. polymorph I, as comparison. THF signals are shown as arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 2. Equilibrium solubility values (mg/mL) of FEL in different organic solvents, either in absence or presence of PVP-VA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 3. (A) mDSC thermograms of film casted (FC) FEL-PVP-VA systems in MeOH, increasing the drug loading from 40 % (black) to 55 % (pink) by intermediate steps of 5 %, and the mDSC thermogram of pure FEL (i.e. polymorph I) as comparison (brown). The THF (dashed) and RHF (solid) signals are shown as arbitrary units. (B) Corresponding XRPD diffractograms and the diffractogram of pure FEL (i.e. polymorph I) as comparison (brown). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 4. (A) mDSC thermograms of FC FEL-PVP-VA systems in Ac, increasing the drug loading from 70 % (black) to 80 % (blue) by intermediate steps of 5 %. The THF (dashed) and RHF (solid) signals are shown as arbitrary units. (B) corresponding XRPD diffractograms, the diffractogram of 65 % drug loading (pink) and the diffractograms of pure FEL (i.e. polymorph I, brown) and FEL polymorphic form IV (orange) as comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. SEM images of PVP-VA coated beads prepared from (A) ACN, (B) MeOH, (C) EtOH, (D) PrOH, (E) Ac, (F) DCM and 
(G) EthAc.
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Figure 6. mDSC thermograms of milled FEL-PVP-VA coated beads (BC) from MeOH, with drug loadings from 50 % (black) to 70 % (green) by intermediate steps of 5 %. The THF (dashed) and RHF (solid) signals are shown as arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 7. SEM images of FEL-PVP-VA coated beads prepared from MeOH, with (A) 60 % drug loading (200 x magnification), (A’) 60 % drug loading (5000 x magnification), (B) 65 % drug loading and (C) 70 % drug loading. FEL surface crystals are indicated with yellow arrows.
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Figure 8. SEM images of FEL-PVP-VA coated beads (60 % drug loading) prepared from (A) ACN, (B) MeOH, (C) EtOH,
(D) PrOH, (E) Ac, (F) DCM and (G) EthAc.
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Figure 9. Viscosity (Pa.s) of 40 % w/V PVP-VA solutions in different solvents in function of the shear rate applied (s-1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 10. SEM images of PVP-VA surface coated MCC tablets from (A) MeOH and (B) Ac.
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Figure 11. Optical microscopy images of FEL-PVP-VA surface coated MCC tablets (60 % drug loading) taken right after coating from (A) MeOH and (B) Ac, and taken after 72 h storage in the vacuum oven for (A’) MeOH and (B’) Ac. SEM images of FEL-PVP-VA surface coated MCC tablets (60 % drug loading) from (A’’) MeOH and (B’’) Ac.
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Figure 12. SEM image of film casted PVP-VA from Ac.
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Figure 13. Schematic representation of (drug-)polymer droplet contact with and spreading on a substrate, and the subsequent formation of a viscous layer upon fast solvent evaporation that encloses solvent droplets. The entrapped solvent droplets will eventually migrate through the skin, resulting in an internal porous coating morphology.
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