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ABSTRACT
Inhibiting surface crystallization is an interesting strategy to enhance the physical stability of amorphous solid dispersions (ASDs), still preserving high drug loads. The aim of this study was to investigate the potential surface crystallization inhibitory effect of an additional polymer coating onto ASDs, comprising high drug loads of a fast crystallizing drug, layered onto pellets. For this purpose, bilayer coated pellets were generated with fluid-bed coating, of which the first layer constitutes a solid dispersion of naproxen (NAP) in poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VA) in a 40:60 or 35:65 (w/w) ratio, and ethyl cellulose (EC) composes the second layer. The physical stability of these double-layered pellets, in comparison to pellets with an ASD layer only, was assessed under accelerated conditions by monitoring with X-ray powder diffraction (XRPD) at regular time intervals. Bilayer coated pellets were however found to be physically less stable than pellets with an ASD layer only. Applying the supplementary EC coating layer induced crystallization and heterogeneity in the 40:60 and 35:65 (w/w) NAP-PVP-VA ASDs, respectively, attributed to the initial contact with the solvent. Caution is thus required when applying an additional coating layer on top of an ASD layer with fluid-bed coating, for instance for controlled release purposes, especially if the ASD consists of high loads of a fast crystallizing drug.
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1. INTRODUCTION
Developing amorphous solid dispersions (ASDs) is one of the most successful approaches to improve the oral bioavailability of drug compounds suffering from low aqueous solubility (Ricarte et al., 2019). With this formulation strategy, the poorly water-soluble drug is dispersed on a molecular level within an inert polymer matrix in the solid state (Filo Vasconcelos, Sarmento and Costa, 2007). High amounts of polymer are however often required in order to obtain physically stable ASDs, which is inconsistent to the persisting trend of lowering the pill burden for improved patient’s therapeutic compliance (Van den Mooter, 2012; Van Duong et al., 2022). Nevertheless, it has been widely reported that surface crystallization is orders of magnitude faster than bulk crystallization, owing to the higher molecular mobility of surface molecules (Yu, 2016). Hence, inhibiting surface crystallization is an interesting strategy to enhance the physical stability of ASDs, thereby preserving high drug loads. One way to prevent surface-facilitated crystallization is coating the free surface, which is fueled by the research of Wu et al. (Wu and Yu, 2006). They observed that surface crystallization could be inhibited if the amorphous drug remains in contact with a microscope cover glass (Wu and Yu, 2006). Elaborating on this phenomenon, multiple studies have shown that extremely thin coatings (i.e. of only a few nanometers) can effectively delay the onset of crystallization for amorphous drugs (Wu et al., 2007; Teerakapibal, Gui and Yu, 2018; Gui et al., 2019; Li et al., 2019; Zeng et al., 2019; Novakovic et al., 2020). These nano-coatings can be generated by sputtering gold or by applying a polymer from an aqueous solution, for instance via electrostatic deposition or via spray coating (Wu et al., 2007; Teerakapibal, Gui and Yu, 2018; Gui et al., 2019; Li et al., 2019; Zeng et al., 2019; Novakovic et al., 2020). In addition, atomic layer coatings recently demonstrated their potential to enhance the physical stability of ASDs (Moseson et al., 2022; Van Duong et al., 2022). In this work, the fluid-bed coating technique is examined as it has been proven to be well-suited for the preparation of ASDs as well as for applying polymer coatings, providing the possibility to generate multiple layered systems (Dereymaker, Pelgrims, et al., 2017; Dereymaker, Scurr, et al., 2017; Lugtu-Pe et al., 2021). This serves as an advantage since both the ASD layer and additional coating can be applied in the same processor, as opposed to the aforementioned coating techniques. For fluid-bed coating, to the best of our knowledge, no studies are reported that explore the potential surface crystallization inhibitory effect of a supplementary polymer coating layer (e.g. for controlled release purposes) on an ASD coating layer comprising high drug loads of a fast crystallizing drug. Indeed, coating ASDs with a water insoluble polymer to obtain controlled release can mitigate drug precipitation during dissolution (Lugtu-Pe et al., 2018). Therefore, the overarching goal of this study is to investigate the impact of applying an additional polymer coating on the phase behavior of ASDs, comprising high loads of a fast crystallizing drug, coated on pellets. For this purpose, bilayer coated pellets, of which the first layer constitutes a solid dispersion of naproxen (NAP) in poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VA) in a 40:60 or 35:65 (w/w) ratio, were generated. An ethyl cellulose (EC) top layer was applied from an ethanol (EtOH) solution, as well as from an aqueous dispersion and the impact of this application on the phase behavior of the ASDs was studied. Particularly, the physical stability of bilayer coated pellets, in comparison to pellets with an ASD layer only, was assessed under accelerated conditions and monitored with X-ray powder diffraction (XRPD) at regular time intervals.

2. MATERIALS AND METHODS
2.1. Materials
NAP (i.e. 2-(6-Methoxynaphthalen-2-yl)propanoic acid) was obtained from SA Fagron NV (Waregem, Belgium). BASF ChemTrade GmbH (Ludwigshafen, Germany) provided Kollidon-VA 64 (PVP-VA). Phosphorus pentoxide, methanol (MeOH) (purity ≥ 99.8 %) and cetyl alcohol (1-Hexadecanol, purity 96 %) were acquired from Acros Organics (Geel, Belgium). JRS Pharma GmbH (Rosenberg, Germany) supplied microcrystalline cellulose (MCC) pellets (Vivapur® 700: 18-25 mesh, 710-1000 µm). Sodium dodecyl sulfate (SDS) was obtained from Merck (Darmstadt, Germany). Sigma-Aldrich (Brussels, Belgium) provided EC (48.0 – 49.5 % (w/w) ethoxyl basis) and triethyl citrate (TEC), and Colorcon (Dartford, UK) kindly donated Aquacoat® ECD-30. ChemLab NV (Zedelgem, Belgium) provided sodium chloride and EtOH (denaturated with 3 % diethylether, purity ≥ 99 %, denaturants included).
2.2. Manufacturing of bilayer coated pellets
2.2.1. Amorphous solid dispersion layer
Drug-polymer solutions comprising NAP and PVP-VA in a 40:60 or 35:65 (w/w) ratio, with a solid content of 10 % w/V in 200.0 mL MeOH, were coated onto 150.0 g MCC pellets with a Mini-Glatt fluid bed coater (Glatt, Binzen, Germany) in a bottom spray setup. The coater is equipped with a Würster insert, with the partition height set at 7.5 mm. In a first step, the MCC beads were preheated via fluidization at 25 m³/h for 45 min, with the inlet temperature (Tinlet) set at 50 °C (i.e. 15 °C below the boiling point of MeOH). Afterwards, the drug-polymer solutions were coated onto the pellets with a feed rate of 0.76 mL/min, an atomization air pressure of 1 bar, a drying air flow kept between 33 and 35 m³/h, a tapping frequency installed at 5 s and a Tinlet set at 50 °C. This Tinlet setting ensures a bed temperature (Tbed) of approximately 40 °C during the coating procedure. The ASD-coated pellets were fluidized for an additional 5 min before unloading and subsequently further dried in a vacuum oven (Mazzali Systems, Monza, Italy) at room temperature for 72 h, before applying the additional coating layer. Part of the formulation was kept for solid-state characterization and therefore stored at -28 °C in the presence of phosphorus pentoxide. The ASD-coated beads were milled with a laboratory cutter mill (Ika, Staufen, Germany) for 10 s to obtain fine powder that allows optimal thermal contact during modulated differential scanning calorimetry (mDSC) and thermogravimetric analysis (TGA) measurements. Potential milling-induced crystallinity was evaluated with XRPD and scanning electron microscopy (SEM), by analyzing the milled samples as well as the coated beads as such. All ASDs coated onto pellets were found to be one phase amorphous systems and an overview of their phase behavior is generated in Table S1 and S2 (see Supporting Information).
2.2.2. Additional coating layer
In a next step, an EC coating layer was applied onto the ASD-coated pellets with the same Mini-Glatt fluid bed coater in bottom spray setup, either from a 5 % w/V EtOH solution or as an aqueous dispersion (5 % w/V). In the case of the latter, Aquacoat® ECD-30 was six-fold diluted with distilled water and the plasticizer TEC was subsequently added in a concentration of 20 % w/w, relative to the amount of EC. The dispersion was stirred for one hour before coating. To reduce the difference between the Aquacoat® formulation and an EC solution in EtOH, accurate amounts of cetyl alcohol (i.e. 0.45 g) and SDS (i.e. 0.22 g) were added to the EtOH solution, according to the certificate of analysis of the employed Aquacoat®. Also, the plasticizer TEC was added in a concentration of 20 % w/w, relative to the amount of EC, and stirred for one hour before coating. For the solution as well as the dispersion, 100.0 mL were coated onto 130.0 g ASD-coated pellets. Initially, the ASD-coated beads were preheated via fluidization at 35 m³/h for 45 min, with the Tinlet set at 63 °C. Afterwards, the EC top layer was applied with a feed rate of 1.00 mL/min, a partition height of 7.5 mm, an atomization air pressure of 1 bar, a drying air flow kept between 33 and 35 m³/h, a tapping frequency installed at 5 s and a Tinlet set at 63 °C. Throughout the coating procedure, the EC solution and dispersion were continuously stirred. After completion of the coating, bilayer coated pellets were fluidized for an additional 5 min before unloading and subsequently further dried in an oven at 60 °C for 15 h. This condition allows curing of EC when applied from an aqueous dispersion, but is also performed for bilayer coated pellets with an EC top layer applied from EtOH to allow proper comparison.
As reference, 100.0 mL EtOH were sprayed onto 130.0 g ASD-coated pellets with the Mini-Glatt fluid bed coater, with the same process parameters as for applying the EC top layer. For ASDs comprising NAP and PVP-VA in a 40:60 (w/w) ratio, also 25.0 mL EtOH were sprayed. For these EtOH sprayed ASD-coated pellets, the same drying procedure was performed as for the bilayer coated pellets.
2.3. Physical stability study
A physical stability study was performed on ASD-coated pellets, EtOH sprayed ASD-coated pellets and double-layered pellets. Pellets as a whole were stored in a desiccator at 40 °C/75 % relative humidity (RH), in which the RH was achieved via a saturated sodium chloride solution. The phase behavior of the pellets was monitored with XRPD at regular time intervals for a period of three months or four months, for ASDs comprising NAP and PVP-VA in a 40:60 or 35:65 (w/w) ratio, respectively.
2.4. Solid-state characterization
2.4.1. Modulated differential scanning calorimetry (mDSC)
The phase behavior of milled ASD-coated beads was evaluated in three-fold 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, a linear heating rate of 2 °C/min was combined with a modulation amplitude of 0.212 °C and a period of 40 s. Approximately 1-3 mg of the samples were accurately weighed into standard aluminum DSC pans (TA Instruments, Zellik, Belgium), and subsequently crimped with standard aluminum DSC lids (TA Instruments, Zellik, Belgium). Samples were isothermally held at 40 °C for 30 min, followed by a heating procedure ranging from -10 °C to 180 °C. DSC thermograms were analyzed using Trios software (Version 5.1, TA Instruments, Leatherhead, UK). Tgs were measured at half height of transition in the reversing heat flow (RHF). 
2.4.2. X-ray powder diffraction (XRPD)
XRPD was performed using an X’Pert PRO diffractometer (PANalytical, Almelo, the Netherlands) with a Cu tube (λKα1 = 1.5418 Å) and a generator installed 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: a continuous scan mode from 17° to 21° 2θ with 0.0167° step size and 2500 s counting time. The diffractograms were analyzed using X’Pert Data Viewer (Version 1.9a, PANalytical, Almelo, the Netherlands). The relative crystallinity percentage calculations (i.e. degree of crystallinity relative to pure NAP) pertaining to the physical stability assessment were performed based on the area under the curve (AUC) of the highest intensity Bragg peak (i.e. at 19° 2θ), normalized by weight, by means of Origin (Version 8.6 series number GF3S4-9089-7123456, OriginLab Corporation, Northampton, MA, USA). The limit of quantification (LOQ) of XRPD for NAP was assessed through successive dilutions of NAP-PVP-VA physical mixtures and determined as 0.5 % (see Figure S1, Supporting Information).
2.4.3. Scanning electron microscopy (SEM)
SEM was performed to detect possible NAP crystals on the surface of ASD-coated pellets and EtOH sprayed ASD-coated pellets, to evaluate potential milling-induced crystallinity for the former, and to visualize the double-layered pellets. For this purpose, samples were adhered to SEM stubs by the use of double-sided carbon tape (Ted Pella Inc., Redding, CA, USA) and were gold-coated under vacuum with a SCD-030 Balzers Union sputter-coater (Oerlikon Balzers, Balzers, Liechtenstein) at 20 mA for 45 s. A Philips XL30 SEM-FEG (Philips, Eindhoven, the Netherlands), equipped with a Schottky field emission electron gun (beam of 5 to 20 kV) and a conventional Everhart-Thornley secondary electron detector, was used to record the images.
2.4.4. Thermogravimetric analysis (TGA)
Residual solvent levels were determined with a thermogravimetric analyzer 550 (TA Instruments, Leatherhead, UK), by recording weight loss (due to solvent evaporation) as a function of time. Approximately 4-10 mg of the milled ASD-coated pellets were accurately weighed into a platinum pan (TA Instruments, Zellik, Belgium) and subsequently heated at 5 °C/min to 130 °C in ambient atmosphere. Resulting TGA profiles were analyzed using Universal Analysis software (Version 5.5, TA Instruments, Leatherhead, UK).










3. RESULTS AND DISCUSSION
3.1. Morphology of bilayer coated pellets
SEM images of cross-sectioned bilayer coated pellets, of which the inner ASD layer consists of NAP and PVP-VA in a 40:60 (w/w) ratio, are presented in Figure 1. In both cases, the smooth inner ASD layer can easily be distinguished from the rougher outer EC layer. The EC layer deposited from an aqueous dispersion (Figure 1A and 1A’) possesses a more granular-like roughness, whereas the EC layer deposited from EtOH (Figure 1B and 1B’) has a more layered structure. This finding is most probably attributed to the different film forming process when coating from an aqueous dispersion or from a solution. In addition, the EC layer applied from EtOH seems to be loosely attached to the inner ASD layer, with a discernible gap between the two coating layers. This finding was also described by Dereymaker et al. and, at least partially, attributed to immiscibility between EC and the ASD carrier polyvinylpyrrolidone (PVP) K25 (Dereymaker, Scurr, et al., 2017). This can, however, not serve as explanation for our observation as the only difference between Figure 1A and 1B is the way of applying the outer EC layer. It is thus hypothesized that the gap is created during the manipulation of making the cross-section. Identical morphology results were obtained for cross-sectioned bilayer coated pellets with an inner ASD layer consisting of NAP and PVP-VA in a 35:65 (w/w) ratio (data not shown).

3.2. Physical stability of pellets with 40 wt% NAP in the ASD layer
In a first step, it is investigated if and how the application of a supplementary EC coating layer influences the phase behavior of an ASD comprising NAP and PVP-VA in a 40:60 (w/w) ratio. It should be noted that 40 wt% has recently been determined as highest possible drug loading for NAP-PVP-VA ASDs coated onto beads from a MeOH solution (Boel et al., 2022). In that study, the physical stability of this high drug-loaded ASD-coated pellet formulation was also assessed, by means of XRPD analyses. For accelerated conditions (i.e. 40 °C/75 % RH), crystallinity could first be detected after four weeks of storage for the milled ASD-coated pellets, and after six weeks of storage for the ASD-coated pellets as such (see also Figure 2A). With SEM, however, it was possible to detect NAP crystals on coated pellets as such as of day 28 on, implying that the XRPD results for milled coated pellets provide a good representation for the SEM outcomes of coated pellets as such (Boel et al., 2022). When an additional EC layer is applied onto the ASD layer, it is with SEM virtually impossible to detect NAP crystals on the surface of the inner layer. Therefore, it is justified to rely on XRPD analyses for physical stability assessment of double-layered pellets, in comparison to ASD-coated pellets. Moreover, EtOH sprayed ASD-coated pellets were prepared as reference, which could be analyzed with both solid-state characterization techniques.
As already described in a previous study, and as shown in Figure 2A, a Bragg peak (i.e. indication for crystallinity) appears from week 6 on for the ASD-layered pellets (Boel et al., 2022). In contrast, a Bragg peak is already noticeable from week 3 on for the double-layered pellets, irrespective if the additional EC coating is applied from an aqueous dispersion or from EtOH (see Figure 2C and 2D). Bilayer coated pellets are thus physically less stable as compared to pellets with an ASD layer only. To gain more insight into the impact of the coating application phase, EtOH sprayed ASD-coated pellets were prepared and samples taken at various points throughout the application procedure were analyzed. A first sample was taken after the 45 min preheating step of the ASD-coated beads, but with SEM no NAP crystals could be detected on their surface (see Figure 3A). A second sample was taken after the 100.0 mL EtOH were sprayed onto the ASD-layered pellets and, as visualized in Figure 3B, SEM images reveal the presence of needle-shaped NAP crystals. As a reasonable consequence, EtOH sprayed ASD pellets additionally dried in an oven at 60 °C for 15 h were characterized by abundant NAP crystals (see Figure 3C). It is important to note that ASD-layered pellets only subject to oven drying at 60 °C for 15 h, did not exhibit NAP crystals upon SEM analysis (data not shown). It can thus be concluded that the most critical step of the application procedure is found to be the EtOH spraying part, inducing crystallization in the ASD layer. It is thus the contact with the solvent that potentially leads to plasticization and as a result crystallization because of increased molecular mobility (Boel, Panini and Van den Mooter, 2020). Contact with the solvent might also result in dissolving a NAP fraction, followed by crystallization upon solvent evaporation. To exclude that there might be an excess of EtOH sprayed, the same approach was implemented for 25.0 mL EtOH spraying onto ASD-layered pellets. Nevertheless, SEM images of the sample taken after the 25.0 mL EtOH were sprayed onto ASD-layered pellets also demonstrate needle-shaped NAP crystals, as illustrated in Figure 3D. This finding confirms that it is indeed the initial contact with EtOH that induces crystallization, and this result is expected to be transferable to water as the solvent. It is therefore hypothesized that applying the supplementary EC coating layer also induces crystallization in the ASD comprising NAP and PVP-VA in a 40:60 (w/w) ratio, i.e. at the drug-polymer miscibility limit, which explains the physical stability results. Lowering the initial feed rate to apply the EC coating layer might potentially prevent over-wetting and crystallization (Lugtu-Pe et al., 2021).
With respect to the physical stability outcome for additionally dried 100.0 mL EtOH sprayed ASD-coated pellets, the first indication of crystallinity with XRPD appears after five days of storage, as can be deduced from Figure 2B. This again affirms the limited sensitivity of XRPD to detect small traces of crystallinity, as Figure 3C demonstrates the presence of crystals at time point zero. These small traces of crystallinity could also not be detected with mDSC (data not shown), strengthening the importance of implementing SEM as solid-state characterization technique (Moseson et al., 2022). The same result was obtained for additionally dried 25.0 mL EtOH sprayed ASD-coated pellets, since a Bragg peak appears after five days of storage (data not shown), while SEM already reveals crystals at time point zero. Notwithstanding, it is still justified to rely on the XRPD outcomes for comparative evaluation. The fact that EtOH sprayed ASD-layered pellets are physically less stable than double-layered pellets can possibly be explained by the barrier effect of the EC coating. An overview of the relative crystallinity percentages calculated for the various analysis time points is provided in Table 1.
Table 1. Relative crystallinity percentages (i.e. degree of crystallinity relative to pure NAP) calculated for the various analysis time points (days upon storage) for (A) NAP_40_PVP-VA coated pellets, (B) 100.0 mL EtOH sprayed (and additionally dried) NAP_40_PVP-VA coated pellets, (C) NAP_40_PVP-VA coated pellets with additional EC coating deposited from an aqueous dispersion and (D) NAP_40_PVP-VA coated pellets with additional EC coating deposited from an EtOH solution, stored at 40 °C/75 % RH. Crystallinity percentage calculations were performed based on the AUC of the highest intensity Bragg peak, normalized by weight. The LOQ of XRPD for NAP is determined as 0.5 %. Hatched boxes imply that no NAP characteristic Bragg peak could be detected. ND = not determined.
	Days upon storage 
at 40 °C/75 % RH
	Relative crystallinity percentages (%)

	
	A
ASD-coated pellets
	B
EtOH sprayed ASD-coated pellets
	C
Double-layered
Aqueous dispersion
	D
Double-layered
EtOH

	Day 0
	
	
	
	

	Day 5
	
	0.6
	
	

	Day 7
	
	0.8
	
	

	Day 21
	
	5.3
	4.3
	0.9

	Day 28
	
	6.3
	3.8
	1.1

	Day 35
	
	6.5
	3.2
	2.2

	Day 42
	< LOQ
	6.7
	2.7
	1.8

	Day 49
	< LOQ
	ND
	3.7
	1.6

	Day 56
	< LOQ
	11.4
	5.6
	2.5

	Day 77
	2.2
	9.1
	4.4
	4.6

	Day 91
	1.3
	9.9
	8.3
	6.8



To further explore the potential surface crystallization inhibitory effect of the EC coating layer on the NAP-PVP-VA ASD coating layer, the drug load was lowered from 40 wt% (i.e. at the drug-polymer miscibility limit) to 35 wt%.
3.3. Physical stability of pellets with 35 wt% NAP in the ASD layer
In a next step, it is investigated if and how the application of a supplementary EC coating layer has an influence on the phase behavior of an ASD comprising NAP and PVP-VA in a 35:65 (w/w) ratio. As depicted in Figure 4A and 4A’, a Bragg peak appears from week 16 on (i.e. day 112) for the ASD-layered pellets, while the first indication of crystallinity was encountered on week 13 (i.e. day 91) for milled ASD-layered pellets, respectively. NAP crystals could however be detected with SEM on coated pellets as such as of day 91 on (data not shown), again implying that XRPD results for milled coated pellets provide a good representation for SEM outcomes of coated pellets as such. This part also provides the opportunity to directly compare the physical stability of the pellet formulation with its spray dried counterpart, which was previously published (Boel et al., 2022). The spray dried NAP_35_PVP-VA system, stored at 40 °C/75 % RH, was found to be physically stable up to week 7 (i.e. day 49). Thus, as formerly proven for ASDs at the drug-polymer miscibility limit, ASDs with a slightly lower drug load also exhibited an improved physical stability when coated onto pellets, in comparison to when spray dried. This finding can likewise be explained by the distinct extent of initial heterogeneity, as Tg widths were generally larger for the spray dried samples. Note that the difference in crystallization onset between coated and spray dried formulations is more pronounced for the lower drug load ASDs (i.e. six weeks difference for the 35 wt% formulations compared to two weeks for the 40 wt% NAP formulations).
As shown in Figure 4C and 4D, a Bragg peak becomes apparent from week 11 on for the double-layered pellets, irrespective if the additional EC coating is applied from an aqueous dispersion or from EtOH, implying that bilayer coated pellets are again physically less stable in comparison to pellets with an ASD layer only. To elucidate the impact of the coating application phase, EtOH sprayed ASD-coated pellets were prepared as reference. No needle-shaped NAP crystals could however be observed on the surface of EtOH sprayed (and additionally dried) ASD-coated pellets (see Figure 5). In contrast, one can only recognize some prints left by the spraying. Unlike the ASD system at the drug-polymer miscibility limit, where the initial contact with the solvent induced crystallization, no crystals were detected for the ASD system with a slightly lower drug load. Nevertheless, with respect to the physical stability outcome for additionally dried 100.0 mL EtOH sprayed ASD-coated pellets, the first indication of crystallinity with XRPD appears after 12 weeks of storage (i.e. day 84), as can be derived from Figure 4B. Because of this earlier onset of crystallization, as opposed to ASD-layered pellets, it is assumed that EtOH spraying still induces heterogeneity in the ASD layer. The contact with the solvent, leading to plasticization, hence increased molecular mobility, or NAP dissolution resulted in this case in all probability in the generation of drug-rich and polymer-rich domains. It is therefore hypothesized that applying the supplementary EC coating layer also induces heterogeneity in the ASD comprising NAP and PVP-VA in a 35:65 (w/w) ratio, which serves as an explanation for the physical stability outcome. In this case, no barrier effect of the EC coating was observed as crystals could first be detected for double-layered pellets around the same time point as EtOH sprayed ASD-layered pellets, which might be due to the XRPD limit concerning the detection of small amounts of crystallinity traces. An overview of the relative crystallinity percentages calculated for the various analysis time points is generated in Table 2.


Table 2. Relative crystallinity percentages (i.e. degree of crystallinity relative to pure NAP) calculated for the various analysis time points (days upon storage) for (A) NAP_35_PVP-VA coated pellets, (A’) milled NAP_35_PVP-VA coated pellets, (B) 100.0 mL EtOH sprayed (and additionally dried) NAP_35_PVP-VA coated pellets, (C) NAP_35_PVP-VA coated pellets with additional EC coating deposited from an aqueous dispersion and (D) NAP_35_PVP-VA coated pellets with additional EC coating deposited from an EtOH solution, stored at 40 °C/75 % RH. Crystallinity percentage calculations were performed based on the AUC of the highest intensity Bragg peak, normalized by weight. The LOQ of XRPD for NAP is determined as 0.5 %. Hatched boxes imply that no NAP characteristic Bragg peak could be detected. ND = not determined.
	Days upon storage 
at 40 °C/75 % RH
	Relative crystallinity percentages (%)

	
	A
ASD-coated pellets
	A’
Milled ASD-coated pellets
	B
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	C
Double-layered
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Double-layered
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	Day 70
	
	
	
	
	

	Day 77
	
	
	
	< LOQ
	< LOQ

	Day 84
	
	
	< LOQ
	< LOQ
	1.0

	Day 91
	
	< LOQ
	< LOQ
	< LOQ
	0.5

	Day 112
	< LOQ
	ND

	Day 130
	< LOQ
	1.0
	1.4
	1.4
	3.4



Bilayer coated pellets, of which the first layer constitutes an ASD and the second layer a polymer coating, generated with fluid-bed coating, have been studied previously. Dereymaker et al. investigated indomethacin (IND)-PVP K25 ASDs top-coated with either EC or Eudragit RL, and the application of the rate controlling membrane, whether formed from an EtOH solution or an aqueous dispersion, did not affect the solid-state properties of the underlying ASD (Dereymaker, Scurr, et al., 2017). This can most likely be explained by the fact that IND is a compound with a low crystallization tendency and in addition, that a relatively low drug load is incorporated (Van Eerdenbrugh, Baird and Taylor, 2010). The drug load of 30 wt% is indeed way lower than the IND-PVP K25 miscibility limit, i.e. 70 wt% (Everaerts et al., 2022). In the research of Lugtu-Pe et al., celecoxib (CEL)-PVP K30 ASDs were top-coated with Kollicoat®SR 30D, i.e. a polyvinyl acetate-based aqueous dispersion (Lugtu-Pe et al., 2021). They however acknowledge the selection of CEL as low crystallization tendency compound and a drug-polymer ratio well below the miscibility limit (Van Eerdenbrugh, Baird and Taylor, 2010; Lugtu-Pe et al., 2021). Puri et al. also studied coated CEL-PVP K30 ASDs but with higher drug loads, and reported the surface crystallization inhibitory effect of supplementary polymer coatings (Puri, Dantuluri and Bansal, 2012). This suggests that the glass forming ability (GFA) classification of the drug in the inner ASD layer is a crucial factor when considering the application of an additional coating layer with fluid-bed coating. Interestingly, to the best of our knowledge, no GFA Class I compounds were currently considered when depositing a polymer nano-coating from an aqueous solution to inhibit surface crystallization (Wu et al., 2007; Baird, Van Eerdenbrugh and Taylor, 2010; Van Eerdenbrugh, Baird and Taylor, 2010; Teerakapibal, Gui and Yu, 2018; Gui et al., 2019; Li et al., 2019; Zeng et al., 2019; Novakovic et al., 2020). It should be noted that 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 (Van Eerdenbrugh, Baird and Taylor, 2010). In the study of Hsu et al., polyethylene glycol (PEG)-coated NAP-PEG ASDs showed crystallization inhibition capabilities due to the barrier effect, however both the ASD and additional coating were deposited in the molten state via drop printing (Hsu et al., 2015). Moseson et al. found that an aluminum oxide atomic layer nano-coating was able to significantly delay the crystallization onset of NAP-hydroxypropyl methylcellulose acetate succinate (HPMCAS) ASD particles prepared by hot melt extrusion (HME) (Moseson et al., 2022). These findings highlight the potential of solvent-free processes to deposit coatings entailing surface crystallization inhibitory effects, hence physical stability improvements, for ASDs consisting of high loads of a fast crystallizing drug. Solvent-free coating processes encompassing compression coating, hot melt coating, electrostatic spray powder coating, dry powder coating, supercritical fluid-based coating and photocurable coating are nicely reviewed by Bose et al. (Bose and Bogner, 2007).
4. CONCLUSION
This study investigated the potential surface crystallization inhibitory effect of an additional polymer coating onto ASDs, comprising high drug loads of a fast crystallizing drug, layered onto pellets. For this purpose, bilayer coated pellets were generated with fluid-bed coating, of which the first layer constituted a solid dispersion of NAP in PVP-VA in a 40:60 or 35:65 (w/w) ratio, and EC composed the second layer. Double-coated pellets were however found to be physically less stable than pellets with an ASD layer only, hence no surface crystallization inhibitory effect was observed, to the contrary. The initial contact with the solvent upon applying the supplementary EC coating layer induced crystallization and heterogeneity in the 40:60 and 35:65 (w/w) NAP-PVP-VA ASDs, respectively. The application of a supplementary coating layer, either from an aqueous dispersion or from an EtOH solution, indeed had an impact on the ASD phase behavior. One should thus be cautious when applying an additional coating layer on top of an ASD layer with fluid-bed coating, for instance for controlled release purposes, especially if the ASD consists of high loads of a fast crystallizing drug.
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5. ABBREVIATIONS
	ASD
	Amorphous solid dispersion

	AUC
	Area under the curve

	CEL
	Celecoxib

	EC
	Ethyl cellulose

	EtOH
	Ethanol

	GFA
	Glass forming ability

	HME
	Hot melt extrusion

	HPMCAS
	Hydroxypropyl methylcellulose acetate succinate

	IND
	Indomethacin

	LOQ
	Limit of quantification

	MCC
	Microcrystalline cellulose

	mDSC
	Modulated differential scanning calorimetry

	MeOH
	Methanol

	NAP
	Naproxen

	PEG
	Polyethylene glycol

	PVP
	Polyvinylpyrrolidone

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

	RCS
	Refrigerated cooling system

	RH
	Relative humidity

	RHF
	Reversing heat flow

	SDS
	Sodium dodecyl sulfate

	SEM
	Scanning electron microscopy

	Tbed
	Bed temperature

	TEC
	Triethyl citrate

	TGA
	Thermogravimetric analysis

	Tinlet
	Inlet temperature

	XRPD
	X-ray powder diffraction
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[bookmark: _GoBack]FIGURES
Figure 1. SEM images of a NAP_40_PVP-VA coated MCC pellet with supplementary EC coating deposited from (A) an aqueous dispersion, (A’) with a detailed view of the coating layers and (B) EtOH, (B’) with a detailed view of the coating layers.
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[image: ][image: ][image: ][image: ]Figure 2. XRPD diffractograms for the various analysis time points (days upon storage) for (A) NAP_40_PVP-VA coated pellets, (B) 100.0 mL EtOH sprayed (and additionally dried) NAP_40_PVP-VA coated pellets, (C) NAP_40_PVP-VA coated pellets with additional EC coating deposited from an aqueous dispersion and (D) NAP_40_PVP-VA coated pellets with additional EC coating deposited from an EtOH solution, stored at 40 °C/75 % RH. Intensities are shown as arbitrary units.














Figure 3. SEM images of a NAP_40_PVP-VA coated MCC pellet (A) after 45 min preheating at a Tinlet of 63 °C, (B) after preheating and an additional 100.0 mL EtOH spraying, (C) after preheating, 100.0 mL EtOH spraying and an additional drying step at 60 °C for 15 h, (D) after preheating and an additional 25.0 mL EtOH spraying.
[image: Afbeelding met tekst, natuur, regen
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[image: ][image: ][image: ][image: ][image: ]Figure 4. XRPD diffractograms for the various analysis time points (days upon storage) for (A) NAP_35_PVP-VA coated pellets, (A’) milled NAP_35_PVP-VA coated pellets, (B) 100.0 mL EtOH sprayed (and additionally dried) NAP_35_PVP-VA coated pellets, (C) NAP_35_PVP-VA coated pellets with additional EC coating deposited from an aqueous dispersion and (D) NAP_35_PVP-VA coated pellets with additional EC coating deposited from an EtOH solution, stored at 40 °C/75 % RH. Intensities are shown as arbitrary units.














Figure 5. SEM image of a NAP_35_PVP-VA coated MCC pellet after 45 min preheating at a Tinlet of 63 °C, 100.0 mL EtOH spraying and an additional drying step at 60 °C for 15 h.
[image: Afbeelding met natuur, buiten

Automatisch gegenereerde beschrijving]
































Figure S1. XRPD diffractograms of NAP-PVP-VA physical mixtures (PM) in the assessment of the LOQ of XRPD for NAP, which was determined as 0.5 %. Intensities are shown as arbitrary units.
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