Long-Term Physical Stability of Amorphous Solid Dispersions: Comparison of Detection Powers of Common Evaluation Methods for Spray-Dried and Hot-Melt Extruded Formulations
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Abstract
Although physical stability can be a critical issue during the development of amorphous solid dispersions (ASDs), there are no established protocols to predict/detect their physical stability. In this study, we have prepared fenofibrate ASDs using two representative manufacturing methods, hot-melt extrusion and spray-drying, to investigate their physical stability for one year. Intentionally unstable ASDs were designed to compare the detection power of each evaluation method, including X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), and dissolution study. Each method did not provide the same judgment results on physical stability in some cases because of their different evaluation principles and sensitivity. DSC was an effective method to detect a small amount of crystals for both types of ASDs in a quantitative manner. Although the sensitivity of XRPD was always lower compared to that of DSC, interpretation of the data was the easiest. SEM was very effective for observing the crystallization of the small amount of drug for hot-melt extruded products, as the drug crystal vividly appeared on the large grains. The dissolution performance of spray-dried products could change even without any indication of physical change including crystallization. The advantage/disadvantage and complemental roles of each evaluation method are discussed for deeper understanding on the physical stability data of ASDs.
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1. Introduction
Amorphous solid dispersion (ASD) is among the most effective enabling formulations for enhancing the oral absorption of poorly soluble drugs1-4. Amorphous solids can create a supersaturated state during their dissolution process due to their high energy state, which is advantageous for increasing transmembrane flux compared to other solubilization techniques such as those using surfactant micelles and organic solvents, etc, which increase equilibrium solubility. The solubilization technologies based on increase in the equilibrium solubility may face the solubility-interplay issue5. Thus, the probability of success in enhancing oral absorption is generally higher for ASDs compared to other enable formulation technologies.
          The drawbacks of ASD technology include the requirement for specialized manufacturing facilities, difficulty in predicting oral absorption in humans, and concern about long-term storage stability. In particular, evaluation of long-term stability is time-consuming, as accelerated stability protocols as done for conventional crystalline dosage forms are not available6. Moreover, results may depend on the evaluation methodologies. The most familiar example is the contradiction between X-ray powder diffraction (XRPD) and differential scanning calorimetry (DSC) results. Small crystals may be overlooked in the X-ray diffraction study but may be detected by thermal analysis. The "apparent" amorphous state concluded by the XRPD analysis is referred to as X-ray amorphous7,8. Meanwhile, the DSC data is sometimes difficult to interpret, because the melting is not the only endothermic event in the thermal analysis9, and the peak may be difficult to find after mixing with excipients due to the significant broadening of the peak10. Although crystal nuclei are not detectable using conventional experimental techniques, their presence may influence the dissolution behaviors of ASD11. Thus, systematic studies to compare experimental technologies for evaluating the long-term storage stability of ASDs are needed from a practical viewpoint.
          In this study, we prepared ASDs using two representative production methods, hot melt extrusion (HME) and spray-drying (SD), using fenofibrate (FEN) as a model compound for investigating long-term physical stability. FEN was selected because of its low glass transition temperature (Tg), which allows prompt crystallization during the stability study, and high chemical stability. To compare the detection sensitivity of different analytical methods for the physical changes of the ASDs, unstable ASDs were prepared intentionally and subjected to the stability study for one year. In addition to common physical characterization techniques, which include XRPD, DSC, and scanning electron microscopy (SEM), focus was made on changes in the dissolution properties of ASDs. This property has a direct impact on the oral absorption of the loaded drug unlike the other physical parameters, and it may be affected by undetectable small physical changes in the formulation, such as the nucleation of the amorphous drug. The advantages/disadvantages and complemental roles of each characterization method are discussed in this study.

2. Material and methods
2.1 Materials
FEN was purchased from Tokyo Kasei (Tokyo, Japan). Mannitol and Tween 80 were supplied by Nacalai Tesque (Kyoto, Japan). Vinylpyrrolidone-vinyl acetate copolymer (Kollidon VA64, PVPVA), Eudragit (Poly(methacrylic acid-co-methyl methacrylate)) RLPO (Eud RLPO), and hydroxypropyl methylcellulose acetate succinate (MG and MPP grade) (HPMCAS) were provided from BASF (Ludwigshafen am Rhein, Germany), Evonik (Essen, Germany), and Shin-Etsu Chemical (Tokyo, Japan), respectively. All reagents were used as supplied.

2.2 Rheological Measurement
     Rheological measurements were made for polymers and polymer/FEN physical mixtures on Anton Paar MCR102 (Anton Paar, Graz, Austria) using a 25 mm parallel plate. The sample was loaded on the measurement stage, followed by heating at 150 °C (Eudragit samples), 180 °C (PVPVA samples), or 190 °C (HPMCAS samples). Then, the measurement was performed after equilibration at 150 °C (Eudragit samples) or 180 °C (PVPVA and HPMCAS samples) at a velocity of 0.1 rad/sec with a 1 mm gap. The samples were cooled at 2 °C/min from the equilibration temperature during the measurement, where the angular frequency of 0.1 rad/sec and 0.5% strain was applied under a constant normal force condition at 0 N. The measurement was repeated twice to confirm reproducibility.

2.3 HME
          HME ASDs were prepared on NANO-16 (Leistritz, Nürnberg, Germany). Approximately 50 g of physical mixtures were used for the preparation. Compositions and optimized processing temperatures are presented in Table 1. The extrudates were grounded using an impact mill (Sample Mill, Nara Machinery, Tokyo, Japan) at a rotation rate of 16,000 min-1, to which a 1-mm screen was attached.

Table 1 Compositions and processing conditions for HME.
	Sample Name
	Polymer
	Ratio (FEN/Polymer)
	Processing Temperature (°C)
	Maximum Torque (Nm)
	Tg (°C)

	HME 1
	Eud RLPO
	2/8
	130
	13
	33

	HME 2
	PVPVA
	
	
	13
	36

	HME 3
	HPMCAS (MPP)
	15/85
	120
	14
	36

	HME 4
	
	2/8
	120
	14
	39

	HME 5
	
	25/75
	120
	14
	36



2.4 SD
          Spray-dried ASDs were manufactured using a B290 spray-drier (Buchi, Flawil, Switzerland). Approximately 4 g of drug/polymer powders (in total) were dissolved in 80 mL of solvent and supplied at a rate of 5 g/min. Nitrogen at a flow rate of 350 L/h was applied for atomizing the solutions using a nozzle with a 14 mm diameter. The collected powder was subjected to vacuum drying at room temperature for one day to remove residual solvent. The compositions of solutions and operation temperatures, as well as the yields determined by the weight of the ASDs collected, are presented in Table 2. Thermogravimetric analysis was performed to confirm the amount of residual solvent to find that the weight decrease upon heating was below 3% for SD1 and SD2, and below 1% for SD3 and SD4. The slightly larger value for SD1 and SD2 was likely due to the adsorption of moisture because of the hygroscopic nature of PVPVA.

Table 2 Compositions and processing conditions of the spray-dried ASDs.
	Sample Name
	Polymer
	Ratio (FEN/Polymer)
	Solvent
	Temperature (Inlet/Outlet) (°C)
	Tg (°C)
	Yield (%)

	SD 1
	PVPVA
	2/8
	Dichloromethane
	50/35
	34,45
	62

	SD 2
	
	
	Acetone
	75/45
	38
	43

	SD 3
	HPMCAS
(MG)
	15/85
	Dichloromethane/Acetone＝1/1
	55/35
	38
	79

	SD 4
	
	2/8
	
	60/35
	37
	67



2.5 Long-Term Stability Study
          The ASDs were subjected to stability studies for one year at 4, 25, 40, and 60 °C, and at 40°C75%RH. The samples were separated into small vials (10 mg as a FEN equivalent for each), which were loaded in air-tight containers with silica gel. For the study under 40°C75%RH, a saturated sodium chloride solution in an open vial was provided in place of silica gel. The sodium chloride solution was replaced frequently to avoid drying during storage. After 1, 3, 6, and 12 months, two samples were collected from the storage to be subjected to XRPD, DSC, and SEM analysis. Separately, 20 mg of formulation as a FEN equivalent was stored at 4, 25, 40 °C, and 40°C75%RH in the same manner for dissolution studies for 1, 6, and 12 months. Three samples were stored for each condition. In addition to the physical stability studies as described above, the chemical stabilities of ASDs were also assessed using high-performance liquid chromatography to find that all ASDs were chemically stable. Thus, the chemical stability did not likely to influence the physical stability results. The chemical stability data is reported in the Supplementary Information.

2.6 Instrumental Analysis for Physical Stability
DSC measurements were performed on a Q2000 (TA Instruments, New Castle, DE, USA) calibrated using indium and sapphire. Dry nitrogen was used as the inert gas at a flow rate of 50 mL/min. Measurements were performed using crimped aluminum pans at a heating rate of 10 °C/min. The onset temperature was used for the determination of the Tg.
XRPD patterns of all the fresh and stored ASDs were obtained on a Rigaku RINT Ultima X-ray Diffraction System (Rigaku Denki, Tokyo, Japan) using CuK radiation. The voltage and the current were 40 kV and 40 mA, respectively. Data were collected between 3° and 40° (2 theta) at intervals of 0.02° with a scan speed of 2 °C/min.
The formulation morphology was observed by SEM (SU8000, Hitachi, Tokyo, Japan) with an accelerating voltage of 1 kV. Samples were loaded on dried carbon tapes and sputter-coated using a platinum coater (E-1030 ion sputter, Hitachi) prior to the analysis.

2.7 pH-shift Dissolution study
A non-sink pH-shift dissolution study was performed on SR8 Plus (Hanson Research, Chatsworth, CA, USA) using a paddle apparatus for fresh and stored ASDs, for which the procedure followed our previous studies12,13. Formulations were dispersed at a dose of 20 mg (as a FEN equivalent) in 500 mL of hydrochloride solution (the first fluid of the Japanese Pharmacopoeia: JP1, pH 1.2) at 37 °C, followed by the addition of an aqueous solution including sodium hydroxide (3.5 w/v%) and potassium dihydrogen phosphate (0.5 w/v%) at 30 min to change the pH to 7. The paddle was rotated at a rate of 75 rpm. The volume of the solution required to change the pH was approximately 75 mL, but the precise amount was determined for each lot of media prior to their use, and the final pH was confirmed to range from 6.9 to 7.1. Fifty-five milliliters of 1w/v% Tween 80 aqueous solution were also added. Approximately 5 mL of the solution was collected at predetermined time points without replenishment with fresh media, followed by filtration using a nylon syringe filter with a pore size of 0.45 m. FEN concentration was determined using high-performance liquid chromatography as described elsewhere12. The dissolution profiles result significantly depends on the condition. In particular, selection of the applied dose has a significant impact for the non-sink test of supersaturable formulations13. The experimental conditions used in this study was proved to provide results that explain the oral absorption behavior in rats in our previous study12.

3. Results
3.1 Determination of the Loading Limit of FEN
          To determine the ASD compositions, the screening study to comprehend the loading limit of FEN was conducted using DSC. Polymers and FEN were mixed at various ratios and subjected to melt-quench and reheating using DSC. The ASDs that did not exhibit the melting peak of FEN were subjected to storage at 25 °C for one week. This procedure is based on our previous observation where the mixing state of a polymer and a drug after one week almost remained the same even after one month14. As the Tg of FEN is -19 °C, immediate crystallization of FEN is expected once it is isolated from the ASD as a result of the phase separation. In other words, the phase separation could be assumed as the limiting step of the crystallization. Note that the accelerated stability study at elevated temperatures is not recommended for this purpose, because storage at higher temperatures may improve mixing behavior that can lead to stabilization14.
          The DSC results of the screening study are presented in Supplementary Information. Briefly, for PVPVA, although FEN was included in an amorphous state even at the 80% loading initially, the crystallization was observed after one week at a loading higher than 50%. The loading limit was determined to be 40%, which was much higher than the reported loading limit (25%) where almost the same preparation procedure was used except that the concentration of the feed solution differed15. As the concentration of our feed solution was half of the reported one, the drying process may be shorter for our system to inhibit the crystallization opportunity. Totally the same observation was made for HPMCAS to conclude that the loading limit of FEN for HPMCAS was also 40%. The miscibility of FEN with Eudragit was poor compared to the other two polymers. Although Eud L100 and L100-55 were initially tested as candidates, they could not include 30% of FEN stably. However, we found that Eud RLPO could accommodate FEN at 30%.
          The manufacturing of the ASDs using HME and SD was initiated using the composition of the maximum FEN loading for each polymer, and the obtained ASDs were subjected to storage at 25 °C for one week. The ASDs that contained the loading limit of FEN were unstable in most cases. Based on this observation, the final compositions were determined as presented in Tables 1 and 2.

3.2 Rheological Evaluation of FEN/Polymer Mixtures
          The appropriate viscosity of the solids for HME is generally thought as from 1,000 to 10,000 Pa・s16. Figure 1 shows the viscosities of the physical mixtures used for the preparation of HME ASDs. Pure HPMCAS and Eud RLPO are judged as inappropriate based on the viscosity criteria mentioned above, and a processing temperature higher than 180 °C is required for PVPVA. However, the viscosities decreased significantly by including FEN. We have controlled the operation temperature not to exceed the torque of 17.5 Nm to find that the extrusion was possible for mixtures that have viscosities of up to 1,000,000 Pa・s. The processing conditions were optimized as presented in Table 1.
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Figure 1. The complex viscosity of polymers and the polymer/FEN physical mixtures as a function of temperature. The compositions are presented in figures. The yellow area stands for the viscosity range generally considered to be suitable for hot-melt extrusion.

3.3 Initial Characterization of the ASDs
Figure 2 shows the XRPD patterns and DSC curves of the ASDs prepared either by HME or SD. The absence of diffraction peaks in the XRPD spectra and melting peaks in the DSC curves confirmed that all ASDs were in the amorphous state. The glass transition temperatures were similar for all the ASDs, which ranged from 35 to 40 °C. The DSC curve for SD1 indicated phase separation, because a two-step decrease in the heat flow curve was observed. This was improved by changing the solvent to obtain the SD2 ASD. The solvent effect to manipulate the miscibility of the drug and the polymer will be discussed later.

[image: ][image: ]
Figure 2.  (Left) XRPD patterns of ASDs. The ASD types are shown in the figure. The data for intact FEN is presented for comparison. (Right) DSC curves of ASDs. The ASD types are shown in the figure. The data for intact FEN (crystal) and its glassy state, which was prepared by melt-quench, is presented for comparison. The scale of the vertical axis was the same for ASDs and the FEN glass but different for the crystal as indicated in the figure.

Figure 3 shows SEM images of the ASDs. SD ASDs that used Eudragit or PVPVA as polymers were spherical in shape with a size of micro-order with polydisperse distribution. The particles spray-dried using HPMC exhibited a shrunk structure with wrinkles, which is a typical structure of spray-dried cellulose materials17. HME particles were much larger and irregular in shape, and their sizes ranged from 20 mm to 200 mm.
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Figure 3.  SEM images of ASDs. The ASD types are shown in the figure.

          Figure 4 shows the pH-shift dissolution study results for the ASDs. The dissolutions from Eud RLPO and PVPVA ASDs prepared using HME (HME1 and 2) were slow, from which FEN concentration did not reach the solubility during the test period; therefore, supersaturation was not observed for these ASDs. The poor aqueous solubility of Eud RLPO was likely to be responsible for the slow dissolution from HME1. In contrast, PVPVA has a high solubility in water; nevertheless, the dissolution from HME2 was also slow. We had a similar observation for the PVPVA/FEN ASD previously12. As only PVPVA is soluble during the initial period where Tween does not exist, FEN should be enriched in the formulation by losing PVPVA. Thus, incongruent release of the drug18-20 was likely the reason for poor dissolution from this ASD. Meanwhile, supersaturation was achieved for HPMCAS ASDs (HME 3 to 5), where HME4 exhibited the highest degree of supersaturation.
          All SD ASDs exhibited similar excellent dissolution behaviors except that a gradual decrease in concentration was observed for SD1. As the deviation was larger than that for other formulations, possible crystallization of FEN was suspected during the dissolution study. The phase separation in the formulation as found by the DSC study (Figure 2) was the likely the reason for this observation. SD1 and SD2 have the same composition but were prepared using different solvents. SD ASDs prepared using different solvents are known to have different dissolution properties due to differences in particle morphology and the accumulation of drug on the surface21.
          A supersaturated solution may cause liquid-liquid phase separation (LLPS) for reducing the Gibbs energy of the solution22-24. Although the concentration to cause LLPS is basically not influenced by the presence of a small amount of polymer12, it may be influenced by the partition of the polymer to the concentrated particles25. Moreover, the polymer addition may change the apparent LLPS concentration by influencing the crystallization kinetics12,26. For FEN, the apparent LLPS concentrations in the 0.1% Tween 80 solution are 35 and 60 mg/mL when formulated with PVPVA and HPMCAS, respectively12. Thus, the LLPS concentration in the presence of PVPVA corresponds to 90% dissolution in this study as indicated in the figures, and that with HPMCAS is higher than the complete dissolution. SD1 and SD2 almost reached the LLPS concentration, whereas the maximum concentrations of other ASDs were well below that.
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Figure 4. pH-shift dissolution profiles of ASDs. The study was initiated under pH1.2, followed by an increase in pH to 7 at 30 min. Tween 80 was also added at 30 min. The mean values for the three separated samples are presented with error bars to show standard deviations. The ASD types are shown in the figure. The crystalline solubility of FEN in the phosphate buffer (pH7) in the presence of 0.1% Tween is presented for guidance in the figure. An apparent LLPS concentration of FEN in the presence of PVPVA12 is also presented.

3.4 Stability of HME ASDs
          Figure 5 shows the summary of the stability study for HME ASDs. Although the judgement of the stability depended on the observation methods employed, the stability of HME1 was likely to be the lowest, as can be seen in its poor stability even at 25 °C for 1M; this can be explained by the lowest Tg. The stability of HME 5 was also poor as it could not be maintained at 25 °C for 3M; this may be explained by the largest loading of FEN. HME2 and HME4 were stable below 25 °C for one year, and HME3 was stable even at 40 °C for one year. Although the Tg of all ASDs were below 40 °C, rubbering was not visually confirmed for all ASDs at 40 °C. 
          DSC is generally more sensitive in detecting the crystallization of ASDs than XRPD. In our observation for HME ASDs, although some samples were judged to be stable by XRPD, a small melting endotherm that indicated the crystallization of FEN was observed for them (e.g., HME1 25°C1M, HME2 40°C1M, HME3 40°C75%RH1M, HME4 40°C75%RH1M, HME5 25°C3M). SEM was also a very sensitive tool to detect crystallization for HME ASDs as explained later.
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Figure 5 Summary of stability results for HME ASDs. The meanings of the colors are as follows: Blue: no significant changes; Yellow: Changes suspected; Red: Changes (crystallization) observed; Gray: No evaluation because of a significant change in the ASD appearance because of rubbering and/or aggregation; White: No evaluation (not planned).

          Below are some examples of the physical characterization. Figure 6 shows the characterization results for HME 1 after one month of storage. The XRPD results indicated crystallization for the ASDs stored at 40 °C and 40 °C 75%RH only. However, the presence of FEN crystals was proven in DSC curves by the melting peaks for all the ASDs except the one stored at 5 °C. The crystallization peaks were sufficiently large to detect for the ASDs at 40 °C and 40 °C 75%RH, and the peaks were small but detectable enough for those at 25 and 60 °C. SEM images clearly revealed the crystallization of FEN on ASD particles for these ASDs. Interestingly, the edge of the FEN crystals for the ASD stored at 60 °C appeared to melt after the crystallization, presumably because of the higher energy state of the FEN on the edge, which can explain the smaller melting peak in the DSC curves than those for 40 °C and 40 °C75%RH ASDs. The crystals were visible for the 25 °C ASD as well despite their low amount. As the dissolution rate of HME 1 was low even for the fresh ASD, the decrease in the dissolution rate after the storage was difficult to detect.
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Figure 6. Physical characterizations of HME1 after storage for one month. The (a) XRPD, (b) DSC, (c) SEM, and (d) dissolution study results are presented. The storage conditions are indicated in the figures. The small diffraction peaks in the XRPD figure were found at the circled area for the ASDs stored at 40 °C and 40 °C 75%RH. For the DSC curve of the ASD stored at 25 °C, the small melting peak is indicated by the asterisk. The dissolution profiles of three samples are presented independently. Only the data for the initial ASD and that at 40 °C 75%RH is presented, because no significant changes were observed for all the ASDs.

Figure 7 shows the physical characterization results for HME1 and HME2 after storage at 40 °C for three months. The dissolution study results are not presented because it did not work for the evaluation of the physical stability of HME 1 and 2 due to their slow dissolution. Both the XRPD and DSC results indicated the crystallization of FEN for HME1 and a trace amount of crystallization for HME2. SEM images visualized the appearance of small FEN crystals on the ASD particles. Thus, all the investigation methods except the dissolution study presented consistent results for these ASDs.
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Figure 7. Physical characterizations of HME 1 and 2 stored at 40 °C for three months. The (a) XRPD, (b) DSC, and (c) SEM results are presented. The dissolution study is omitted, because it did not change due to their slow dissolution properties.

Figure 8 shows the physical characterization results for HME 3, 4, and 5 after six or twelve months of storage at 40 °C. The diffraction peaks of the FEN crystals were found only for HME 5 in the XRPD study. The melting endothermic peak of crystalline FEN was detected for all the ASDs in the DSC analysis, and the SEM observation revealed that there were no conspicuous crystals for HME 3; however, small crystals were found on the ASD particles for HME 4 and 5. The dissolution properties for HME 3 did not change after six months of storage. However, the dissolution levels for HME 4 and 5 were slightly lower compared to those in their initial state. Although the final fractions dissolved for HME 4 and 5 were approximately 99 and 72% initially, they decreased to 86 and 56% after six months, respectively. After twelve months, the dissolution property of HME3 was still maintained, while that for HME 4 decreased to 83%, and HME 5 could not be subjected to the test because of shrinkage of the ASD. A comparison of HME 3, 4, and 5 clearly revealed that the stability was worse for the ASD with a higher drug loading.

[image: ]
Figure 8. Physical characterizations of HME 3, 4 and 5 stored at 40 °C for twelve months. The (a) XRPD, (b) DSC, (c) SEM images, and (d) dissolution study results are presented. Detailed information on the ASD types and storage periods is indicated in the figures.

3.5 Stability of SD ASDs
Figure 9 shows a summary of the stability study results for SD ASDs. HPMCAS ASDs (SD3 and SD4) exhibited better stability compared to PVPVA ASDs (SD1 and SD2) despite their similar Tgs. DSC provided the highest sensitivity for the crystallization of all ASDs. Unlike for HME ASDs, SEM was not a powerful tool to detect crystallization. Significant changes were found in the dissolution study after 6M for SD1 and SD2, and after 12M for SD3. All ASDs stored at 40 °C 75%RH exhibited a change in the dissolution properties even after one month, presumably because of the large surface area of SD ASDs that allows adsorption of much amount of moisture and aggregation of the particles. 

[image: ]
Figure 9. A summary of the stability results for SD ASDs. The meanings of the colors are the same as those for Figure 5.

          The physical characterization results for SD 2 after one month of storage are presented in Figure 10. Although the XRPD and SEM results did not provide any indication of crystallization, it was detected for the ASD stored at 40 °C as a small melting peak in the DSC curve. The crystallinity was calculated as 0.8% based on the melting enthalpy. Unlike the observation for HME ASDs, crystalline FEN cannot be observed in the SEM images. Instead, the fusion of the particles was investigated as can be seen for the image at 60 °C. In the dissolution study of the SD2 stored at 40 °C, two samples out of three exhibited significant change. Even for the samples stored at 25 °C, changes in the dissolution profiles were observed despite no difference for other evaluations. This observation means that the dissolution properties can change even without changes in the XRPD, DSC, and SEM results.



[image: ]
Figure 10. Physical characterization results of the SD2 stored for one month. The (a) XRPD, (b) DSC, (c) SEM, and (d) dissolution study results are presented. The dissolution profiles of three ASDs are presented independently. The storage temperatures are indicated in the figures. For the DSC curve of the ASD stored at 40 °C, the small melting peak is indicated by the asterisk.

Figure 11 shows the physical characterization results for SD ASDs stored at 25 and 40 °C for 12 months. The XRPD results indicated that all ASDs remained in the amorphous state at 25 °C but crystallization was found for SD2 and SD4 at 40 °C. SD1 could not be collected because of rubbering. The DSC results were difficult to understand because of the appearance of multiple endothermic peaks, which could be partially interpreted as the glass transition with the enthalpy recovery peak. Considering other characterization results together, the indication of the crystallization of FEN was presumably the sharp endothermic peak found at ca. 80 °C. Although SEM cannot provide information on the crystallization of FEN, the fusion of the particles was recognized for the SD4 stored at 40 °C. Some changes in appearance were suspected for SD2 at both temperatures; however, judgement was difficult. Only SD4 retained the same dissolution property when stored at 25 °C for one year. The dissolved fraction after 90 min for SD1, SD2, and SD3 were 44.3, 44.2, and 73.0%, respectively, although they were initially 60.7, 73.8, and 87.8%, respectively. As with the cases for HME ASDs, the dissolution property of ASDs can change even though no changes were found for the XRPD, DSC, and SEM analysis. It was unusual to observe that SD4 could exhibit better stability in terms of dissolution performance relative to SD3 despite its larger drug loading and lower stability of other characterization results. This was because of too excellent initial dissolution property of SD3, which could be destroyed easily by a small change in the physical state of the particles, including aggregation. In fact, in comparison of the dissolution performance of the 12M-aged ASDs, SD3 showed better dissolution property compared to SD4. As this change was not because of crystallization, it should be overcome by a further formulation process.
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Figure 11. Physical characterization results of SD 1-4 stored at 25 or 40 °C for twelve months. The (a) XRPD, (b) DSC, (c) SEM, and (d) dissolution study results are presented. The dissolution profiles of three ASDs are presented independently. Detailed information on the samples is indicated in the figures.

          Figure 12 shows the evolution of the crystallinity of FEN in each ASD stored at 40 °C and 40°C75%RH determined by the DSC measurements. The crystallinity was calculated from the enthalpy of the melting peak found at 80 °C. Despite the same drug loading at 20% for HME 1, 2, and 4, HME1 exhibited the fastest crystallization at 40 °C, which was likely because it had the lowest Tg. HME2 and HME4 showed similar crystallization profiles at 40 °C; however, HME2 was much more unstable at 40°C75%RH than HME4, most likely because of the hygroscopic nature of PVPVA. A comparison of HME 3, 4, and 5 clearly revealed that increasing drug loading made the crystallization faster. It may be interesting to note that the crystallization rate of FEN in HME1 was almost the same at 40 °C and 40°C75%RH until 3M, and the difference after that was solely the availability of the sample, although the crystallization in other ASDs was accelerated in the presence of moisture. This might be because Eudragit RLPO is not soluble in water, i.e., has extremely low affinity to water.
          As SD1 was seriously aggregated at elevated temperatures, comparison of the SD ASDs was only possible for SD 2, 3, and 4. No crystallization of FEN was found for SD3 at 40 °C, whereas crystallization proceeded in SD2 and SD4. The stability order remained the same at 40°C75%RH but the difference was emphasized. All ASDs of which the crystallinity could evaluated after storage for one year include HPMCAS as an excipient. Thus, the stability test at 40°C75%RH likely worked only for HPMCAS ASDs to emphasize the stability difference. 
          The crystallization kinetics of amorphous drugs can be explained through the Avrami-Erofeev equation in most cases27,28. However, the evolution of the crystallinity of almost all ASDs slowed down after three months of storage, for which steric hindrance by the polymers seemed to play an important role.
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Figure 12. Evolution of the crystallinity of FEN as a function of the storage period determined by DSC. The storage conditions are (a) 40 °C and (b) 40°C75%RH. The data is presented as the mean values of two samples. The ASD types are shown in the figures. Some missing samples and data points are because of the rubbering of the sample, except that SD3 at 40 °C is not presented because crystallization was not confirmed in the DSC analysis.

          The dissolution profiles of ASDs after storage at 5°C for two years are provided in Supplementary Information. The dissolution behaviors of all ASDs except SD1 and SD2 remained the same with those of the initial samples.

4. Discussion
4.1 Applicability of Each Characterization Method to HME and SD ASDs
          The properties of ASDs depend on production methods. For example, Dong et al. prepared ASDs with the same composition using HME and co-precipitation methods to find that dissolution was faster for the co-precipitated one because of the larger surface area, whereas the physical stability was better for the HME product due to the same reason29. Hou et al. found that co-precipitation could offer ASDs with better tabletability and flow properties compared to spray-dried ones30. There have been many reports where mixing state of the polymer and the drug was influenced by the preparation methods17,31. It is of paramount importance to understand the features of each manufacturing method and their impact on the product property during the developmental study of ASD. It is also necessary to pay attention to the compatibility between manufacturing methods and physical characterization methods.
HME and SD are the most representative manufacturing methods for ASDs. ASDs prepared by HME are initially in the form of pellets that require milling to reduce their particle size, whereas ASDs produced by SD are typically in the form of microparticles, which may have a wrinkled surface structure17,32. Therefore, the ASD particles produced by HME generally have a larger particle size even after milling and a smoother surface compared to the SD particles. In our study, FEN crystallized on the surface of the HME particles during storage, which was easily investigated using SEM. In the case of the SD ASDs, presumably the crystallized FEN was buried inside the particles, which should be difficult to find using SEM. The melting of the edge of the crystallized particles at 60 °C was noteworthy and can be explained by the high vapor pressure at the highly curved part based on the Kelvin equation. DSC was a very sensitive tool to find crystallization for both types of ASDs. However, DSC data can be interpreted only with the help of other data in some cases. As presented in Figure 11(b), multiple peaks are frequently found in the DSC data for formulations with multiple components. A broad peak just below the melting temperature of FEN was found for SD4_40°C12M. The same peak was found for SD3_40°C12M. This peak may be suspected to indicate the presence of crystals at the first look, but this idea was not supported by the other characterization results. In contrast, XRPD provides very clear information. Finding of the diffraction peaks easily enables judgement on crystallization, possibly with information on crystal forms and crystallinity. However, it cannot detect small crystals. Thus, in this study, there were many cases where no diffraction peaks were detected for the samples that provided the melting peaks of crystals in the DSC study.
The presence of even a small amount of crystals10,33,34or nuclei11 of the drug inhibits supersaturation behavior after dissolution of ASDs, which is critical to improve the oral bioavailability of the poorly absorbable drugs. Moreover, the dissolution property of ASDs can be worsened during storage even without crystallization35. In our study, the dissolution study was the more sensitive method to detect physical changes after the storage for SD 1, 2, and 3. Although the physical stability of these ASDs was acceptable at 5 and 25 °C after the one-year storage based on other characterization methods, their dissolution behaviors differed from those of the original ones. Possible reasons that influence the dissolution profile include crystallization, aggregation of the particles, and relaxation to change density. The dissolution process of ASDs is frequently described as “spring and parachute”1,2. The aggregation and relaxation should influence the spring process, whereas crystallization may change both. In this study, the rapid decrease in the concentration after 90 min indicates the presence of nuclei/crystals, whereas every reason could be suspected if the concentration at 90 min was lower than that of the initial ASD. The dissolution study may work as a more sensitive characterization method rather than XRPD, DSC, and SEM, and has more practical relevance to the product performance. The complemental roles of each characterization method were clearly demonstrated in this study.

4.2 Relationship between Formulation Tg and Physical Stability
          The ease of crystallization depends on compounds, which is summarized by the term “glass-forming ability” or “crystallization tendency”28. In the field of pharmaceutical science, the most popular method for the classification method was provided by Baird et al.36, where the DSC heating/cooling cycle was applied for the discrimination. If the compound has a high tendency of crystallization (class I and II), the most dominant factor to influence physical stability is Tg. Our previous study presented rough guidance that Tg must be higher than 48 °C to ensure the physical stability of the glass at 25 °C for three years27. For ASDs, addition of polymers improves stability more than expected from the increase in Tg, because of steric hindrance for the crystallization of drug molecules. Meanwhile, every formulation process such as milling should reduce the stability because of mechanical activation, increase in surface area, and so on. Their compensation makes the above prediction still valid, although the deviation of the data is quite large28.
ASDs prepared in this study have Tgs ranging from 33 to 39 °C, from which crystallization is supposed to be initiated within one year at 25 °C based on our previous prediction27. However, FEN is a class III compound28, of which the physical stability is expected to be much better than the general prediction and the predicted value can be regarded as the worst case37. In fact, most of the marketed compounds in the form of ASD belong to class III in the classification system38. The detailed prediction and its comparison with the observed stability are presented in Table 3. The judgement on the stability was basically made by the XRPD and DSC data. However, the dissolution property changed even without the detection of crystals by other methods. In this case, the shelf-life is presented with an asterisk in the table as it does not necessarily agree with the prediction on the crystallization. The stability was much better than the prediction for all ASDs. In particular, HME3 was stable for at least for one year even at 40 °C.

Table 3 A summary of the shelf-life of ASDs and comparison with predicted values.
	ASD
	Tg (°C)
	25 °C
	40 °C
	60 °C

	HME1
	33
	<1m (1.4m)
	< 1m (1.6d)
	< 1m (0.8h)

	HME2
	36
	> 1y (2.6m) 
	< 1m (3.0d)
	3m (1.4h)

	HME3
	36
	> 1y (2.6m) 
	> 1y (3.0d)
	1y (1.4h)

	HME4
	39
	> 1y (5.1m) 
	< 1m (5.6d)
	< 1m (2.5h)

	HME5
	36
	3m (2.6m) 
	< 1m (3.0d)
	< 1m (1.4h)

	SD1
	34
	> 1y* (1.7m)
	< 1m (1.9d)
	< 1m (0.9h)

	SD2
	38
	> 1y* (4.1m) 
	< 1m (4.5d)
	< 1m (2.1h)

	SD3
	38
	> 1y* (4.1m) 
	6m (4.5d)
	6m (2.1h)

	SD4
	37
	> 1y (3.3m) 
	6m (3.6d)
	3m (1.7h)


Values in parenthesis are the predicted initiation times of crystallization calculated by the master plot reported previously27,28. y: years, m: months, d: days, h: hours. The prediction is based on the observation of crystallization using DSC. The asterisk means that the shelf-life is shorter if a judgement is made with the dissolution study.

4.3 Selection of the Composition and Manufacturing Method/Condition
          In literature, vinyl polymers and their derivatives, such as PVPVA, are the most frequently used for preparing ASDs, followed by cellulose polymers and their derivatives, such as HPMCAS39. Polymer excipients possess two important roles: stabilization of the amorphous state of the drug and maintenance of the supersaturated state of the drug after the dissolution. Although hydrogen bonding between polymer and drug has frequently been reported to influence the stabilization15,40 and dissolution behavior20 of ASDs, it cannot be expected for FEN because of the absence of the hydrogen bond donor. Multiple polymers are sometimes used to achieve this mission41-43. For example, in the study of Mudie et al., Eudragit L100 and HPMCAS are responsible for improving storage stability and supersaturation behavior, respectively. The drug must be released from the formulation with polymeric excipients under the mechanism of the congruent release to achieve supersaturation effectively, where polymers with high hydrophilicity including vinyl polymers have an advantage44. On the other hand, as the LLPS concentration can be an important parameter to affect membrane permeability45,46, the excipient that offers a high apparent LLPS concentration may be a better selection from this viewpoint. Cellulose polymers are generally advantageous for stabilizing the supersaturation behavior12,26,42. In fact, there are many examples that LLPS concentration correlated with the oral absorption in animal studies12,47. As the dissolution process can be improved by further formulation efforts48-50, focusing on the LLPS concentration should be an effective strategy for achieving high exposure to the drug after the oral administration.
          As the effect of the polymer on the LLPS behavior of FEN was already comprehended in our previous study12, polymer screening in this study was made based on miscibility with FEN and processability during manufacture using HME and SD. The requirement for the Tg of polymers is totally opposite for HME and SD; low Tg and high Tg are favored for HME and SD, respectively. As the Tg of FEN was very low at -19 °C, the Tg of its mixture with polymers was also low. Thus, no problems were found for HME processing, whereas SD processing was quite challenging. The yield of the ASD product decreased significantly when the high inlet temperature was employed because of the rubbering of the formulation. Another possible problem associated with operation at high temperatures is phase separation in the formulation51, which can be caused by too rapid evaporation of the solvent17,32. Solvent selection is also important for designing SD ASDs. Even for the same combination of solutes, their interaction is influenced by the selection of the solvent, that is, solutes can be more attractive if their affinity with the solvent is low52. Thus, if an anti-solvent is added to the spraying solvent, the miscibility of the two components may be improved53. The solubility of FEN in dichloromethane and acetone was visually checked to find that FEN could dissolve in dichloromethane at a concentration above 1 g/mL, whereas its solubility in acetone was lower than that. Therefore, the use of acetone as a SD solvent is expected to provide better mixing of the two components, and in fact, SD2 exhibited better mixing compared to SD1. The difference in the spraying solvent made a substantial difference in the storage stability because of the appearance of the low-Tg portion in the ASD. The concentration of the feed solution also likely has an impact.
          High drug loading is gaining much attraction for designing patient friendly ASDs20,54,55. Thus, attempts have been actively made to clarify which production method offers the high drug loading. Dedroog et al. compared the highest drug loading in SD and HME ASDs to find that PVPVA/naproxen ASD had an advantage for HME, whereas HPMCAS offered higher drug loading for SD54. For developing challenging ASDs, which include high-drug-loading ASDs, ASDs with the class I compounds, and ASDs of low-Tg compounds, their physical stability must be investigated carefully. This study should help how to assess the physical stability data of ASDs after long-term storage.

5. Conclusions
FEN ASDs were prepared using two representative manufacturing methods, HME and SD, to investigate their physical stability for one year. All ASDs exhibited physical changes during storage under accelerated stability study conditions; however, the detection power of each characterization method differed. DSC was an effective method for detecting small amounts of crystals for both types of ASDs in a quantitative manner, whereas XRPD could provide clear information on crystallization despite its lower sensitivity. SEM was very effective for observing the crystallization of the small amount of drugs for HME products, as the drug crystal appeared on the large grains. SEM investigation revealed the reason why the crystallinity of the sample stored at 60 °C could be lower than that at 40 °C. It was explained by the melting of the edge of the crystals after the crystallization. Although crystallization is the most important physical change during ASD storage, the dissolution performance of spray-dried products could change even without any indication of crystallization. This study demonstrated complemental roles of each characterization method that should be helpful for understanding the physical stability data of ASDs after long-term storage.
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