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Abstract

:

In pharmaceutical applications, the porous particles of organic compounds can improve the efficiency of drug delivery, for example into the pulmonary system. We report on the successful preparation of macroporous spherical granules of mannitol using a spray-drying process using polystyrene (PS) beads of ~340 nm diameter as a sacrificial templating agent. An FDA-approved solvent (ethyl acetate) was used to dissolve the PS beads. A combination of infrared spectroscopy and thermogravimetry analysis proved the efficiency of the etching process, provided that enough PS beads were exposed at the granule surface and formed an interconnected network. Using a lab-scale spray dryer and a constant concentration of PS beads, we observed similar granule sizes (~1–3 microns) and different porosity distributions for the mannitol/PS mass ratio ranging from 10:1 to 1:2. When transferred to a pilot-scale spray dryer, the 1:1 mannitol/PS composition resulted in different distributions of granule size and porosity depending on the atomization configuration (two-fluid or rotary nozzle). In all cases, the presence of PS beads in the spray-drying feedstock was found to favor the formation of the α mannitol polymorph and to lead to a small decrease in the mannitol decomposition temperature when heating in an inert atmosphere.
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1. Introduction


Nowadays, powder engineering is increasingly used in the pharmaceutical field to improve the efficiency of drugs by enhancing their physicochemical, micromeritic and/or pharmacokinetic properties. In this context, porous particles are studied because their low density and/or their high specific surface area can help to control drug delivery [1,2,3] and improve bioavailability [4]. Some porous particles also display improved compaction ability during tablet manufacturing [4]. Porous particles have been reported in the literature for both active pharmaceutical ingredients (API) [5,6,7] and excipients [2,3,4], in addition to many other fields in materials science, such as electrocatalysis [8,9,10,11], gas sensing [12] and other applications [9,13,14,15].



Several of the methods used to prepare low-density porous excipient and/or APIs particles are based on spray drying, a technique where droplets of solution/suspension are converted into a dry powder by the evaporation of the solvent/liquid [16,17,18,19].



The different spray-drying strategies to create porous dried particles differ by the nature of the precursors that will be transformed into pores. In the PulmoSpheresTM technology [5], small emulsion droplets of a less volatile liquid are dispersed in the liquid containing the pharmaceutical substance; the evaporation of these emulsion sub-droplets during the last stage of the spray-drying process creates pores [6,7,17]. Another approach relies on ammonium bicarbonate as a pore-forming agent whose decomposition takes place after the vaporization of the solvent [17,20,21]. The strategy used in the present work involves spherical beads as a sacrificial template that is removed after the spray-drying step. This sacrificial templating approach has been much studied for the preparation of metal oxides or silica with controlled porosity using a polymer template removed by heat treatment [22,23,24,25,26,27,28]. Polystyrene beads are one of the most common sacrificial templates because their diameter can be controlled during the synthesis allowing a broad range of pore sizes [13,14,15,27,28,29].



However, the sacrificial template strategy has been much less studied in the case of porous organic particles [29,30], where the low thermal stability of the host requires that the template be removed by dissolution/etching instead of a heat treatment. In this context, the best-documented system is that of hyaluronic acid combined with polystyrene beads, later dissolved in toluene [29,30].



Here, we focus on mannitol, an excipient that is one of the most popular alternatives to lactose because it offers improved chemical stability and lower intolerance/allergy issues [31,32]. In the context of the Dry Powder Inhaler (DPI) technology, mannitol can act as an API to improve mucus clearance in people living with cystic fibrosis [33], but is more commonly used as a carrier of the API, for example in the treatment of asthma or chronical obstructive pulmonary disease (COPD) [34,35]. The most common DPI delivery strategy relies on fine (<10 µm) and/or coarse (20–100 µm) mannitol particles mixed together and then mixed with the API [36]. As a result, the API is located at the surface of the excipient particles. Co-spraying the API with the excipient would allow for process intensification but corresponds to a different drug delivery profile [16,37,38,39]. Using polystyrene beads as the sacrificial template, a 1:1 mannitol/polystyrene mass ratio would correspond to a maximum apparent density of 0.62 g/cm3 for the porous mannitol particles, compared to 1.514 g/cm3 for dense mannitol [40]. Porous mannitol granules are therefore expected to travel more efficiently into the pulmonary system.



Because toluene [29,30] is a Class 2 organic solvent suspected of causing irreversible and reversible toxicity [41], we selected ethyl acetate as the solvent to dissolve the polystyrene beads. Indeed, the Hildebrand solubility parameters of ethyl acetate and polystyrene are similar (18.2 and 18.3 MPa½, respectively) [42], and ethyl acetate is approved by the Food and Drug Administration (FDA) as a Class 3 solvent [43,44], and by the European regulatory committee for pharmaceutical applications [40,45].



In the present work, our main objective was to investigate the influence of the mass ratio between mannitol and polystyrene beads on the porosity observed after etching in ethyl acetate. The efficiency of the etching was examined through infrared spectroscopy and thermogravimetric analyses. We also report the influence of the mass ratio between mannitol and polystyrene beads on the polymorphism of mannitol. Then, we transferred the synthesis from lab-scale to pilot-scale conditions and considered how this affects the homogeneity of the porosity distribution. These final sections also include preliminary tests on the possibility of preparing formulations of the spray-dried porous mannitol with an API (budesonide) for inhalation therapy.




2. Materials and Methods


2.1. Materials


Mannitol Pearlitol® was obtained from Rocquette Frères (Lestrem, France). Potassium persulfate and styrene (≥99% purity) were purchased from Sigma-Aldrich. Ethyl acetate (≥99.8% purity) was purchased from VWR Chemicals. MilliQ (Millipore Milli-Q Plus) water was used for all syntheses. Budesonide was supplied by Sicor Societa Italiana Corticosteroidi Srl (Milano, Italy).




2.2. Aqueous Suspension of PS Beads


Aqueous suspensions of polystyrene beads were freshly prepared before each series of experiments by surfactant-free emulsion polymerization as described in the literature [46,47]. In a typical synthesis (Figure 1a), 2.72 g of styrene were added to 100 g of milliQ water in a round-bottom flask with a magnetic stirrer rotating at 450 rpm. After N2 flushing and heating at 70 °C in an oil bath, 175 mg of potassium persulfate (KPS) initiator dissolved in 25 g of milliQ water was introduced via a dropping funnel. The reaction mixture was maintained under stirring at 450 rpm for 24 h. The as-obtained PS latex with a concentration of 20.18 g/L was used without dilution for the syntheses in the pilot-scale GEA Niro Mobile Minor spray dryer. The latex was diluted by a factor of 6 for the syntheses in the lab-scale Büchi Mini B-191 spray dryer.




2.3. Spray Drying of Mannitol/PS Granules


Mannitol/PS granules were obtained by dissolving mannitol Pearlitol® powder in the water-based PS latex and spray drying the suspension. Table 1 provides an overview of the samples: mannitol/PS granules with different mannitol:PS ratios were prepared in the Büchi lab-scale spray dryer while upscaling experiments for the 1:1 ratio were carried out in the pilot-scale Niro spray dryer. The spray-drying parameters are listed in Table 2.




2.4. Etching of the PS Beads to Form Porous Mannitol Granules


Etching of the PS beads to produce porous mannitol granules was performed by dispersing 200 mg of mannitol/PS granules in 20 mL of ethyl acetate and stirring for 60 min. The etched granules were then recovered by filtration on a 0.45 µm membrane nylon filter, washing with small volumes of ethyl acetate and drying in an oven at 50 °C for 24 h.




2.5. Mannitol-Budesonide Formulations


Formulations containing 0.8% w/w of API were prepared in a Turbula® mixer (45 rpm for 30 min, Eskens Benelux, Mechelen, Belgium) by mixing about 1 g of porous mannitol granules (excipient) with micronized budesonide (active pharmaceutical ingredient). Cylindrical aluminum containers (3 cm diameter, 3 cm height) were used in order to minimize electrostatic charging.




2.6. Characterization Techniques


The hydrodynamic radius distribution of the PS beads was measured using dynamic light scattering (DLS-Viscotek model 802, DLS Viscotek Europe, London, UK) after 100× dilution of the latex. The stability of the latex over 24 h was studied using a Turbiscan®. The zeta potential was measured under constant stirring with a DT-1200 zetameter.



The shape and the surface of the granules were examined with a scanning electron microscope (FEI XL30 ESEM-FEG, FEI Eindhoven The Netherlands) operating at an acceleration voltage of 4 keV for mannitol-containing samples and at 15 keV for PS beads. Prior to imaging, a few milligrams of samples were dispersed onto carbon sticky tabs and coated with a gold layer of approximately 20 nm.



Thermal analysis of the granules before and after etching was performed with a TGA-DTA-DSC analyzer (Setaram labsys Evo instrument), previously calibrated using indium, tin, lead, zinc and aluminium fusion points. A total of 5 mg of each sample was heated at 5 °C/min in alumina crucibles under helium atmosphere. The temperatures for the fusion and the decomposition of mannitol reported later in the text were taken as the extremum in the DSC peak (fusion) and the middle of the mass loss in the TG curve (decomposition).



X-ray diffractograms were collected in Bragg–Brentano geometry using a Bruker D8 Twin-Twin diffractometer with a Lynxeye-XET 1D detector, Bruker, Karlsruhe, Germany (Cu-Kα radiation, 2θ = 5–60°, 0.02° step size and 0.1 s/channel step time). The percentages of the α and β mannitol phases were estimated by Rietveld refinement with the TOPAS software, Version 4.2 using the fundamental parameters approach to model the instrumental contribution [48]. The structural models were taken from the PDF4+ database (PDF 00-022-1793 for the α polymorph and PDF 00-022-1797 for the β polymorph).



Attenuated total reflectance infrared (ATR-IR) spectra were recorded on a few milligrams of powders using a Nicolet IS5 with an ID7 ATR accessory (Thermo Scientific) equipped with a diamond crystal.



The homogeneity of the budesonide–mannitol mixing was determined on two aliquots of 150 mg of the mixed powder dissolved in a 40/60 (v/v) MeOH/water solvent mixture (100 mL). The dosage of budesonide was carried out by an ultra-high performance liquid chromatography UHPLC (Agilent Technologies 1290 infinity) using a reversed-phase column (Acquity CSH C18 1.7 µm, Waters, Milford, USA) coupled to a UV detector for the detection and the quantification of budesonide. The amount of budesonide in the aliquots was determined using a calibration curve with a reference standard.





3. Results and Discussion


3.1. Preparation of the Aqueous Suspension of PS Beads


Figure 1b shows the radius size distribution of the PS beads measured by dynamic light scattering, revealing a narrow distribution with a diameter of 335 ± 40 µm (mean PS bead diameter ± 3 standard deviations). The SEM micrograph in Figure 2a shows the smooth spherical shape of the PS beads. The zeta potential of −96 mV ensures good dispersion and avoids the aggregation of the beads in the suspension. The migration rate inside the suspension was 0.2 mm/h, confirming the good stability of the suspension of the PS beads.




3.2. Preparation of Porous Mannitol Granules by Spray Drying and PS Etching


Figure 2 shows SEM micrographs and thermal analysis curves for (a, e) the PS beads, (b, f) a mannitol-only spray-dried sample and (c, d, g, h) 1:1 mannitol/PS spray-dried granules before and after etching in ethyl acetate. As can be seen in Figure 2c, the 1:1 mannitol/PS granules retain the spherical microstructure observed in the mannitol-only sample (Figure 2b). The possibility of dissolving the polystyrene beads in ethyl acetate without destroying the mannitol network is evidenced by the porosity clearly visible in the etched granules shown in Figure 2d. The dissolution of the PS beads is further confirmed by the absence of any mass loss in the temperature range of the thermal decomposition of the PS (~380 °C–420 °C) in the thermogravimetric curve of the etched granules (Figure 2h, to be compared to Figure 2e,g for the PS beads and the as-sprayed granules, respectively). The thermal events observed at lower temperatures correspond to the fusion of mannitol (160–165 °C, endothermic peak, no mass loss) and the decomposition of mannitol (endothermic peak + mass loss between 250 °C and 330 °C).




3.3. Influence of the Mannitol/PS Ratio on the Etching Efficiency and on the Mannitol Polymorphism


The left panel of Figure 3 compares the thermal analysis curves of the granules obtained for different mannitol/PS ratios. The data for the 10:6 mannitol/PS ratio (Figure 3b) are similar to those already described in the case of the 1:1 mannitol/PS ratio (shown again in Figure 3c). On the contrary, in the case of the lowest PS content (10:1 mannitol/PS ratio-Figure 3a), the mass loss curves before and after etching reveal that a significant fraction of the PS beads was not dissolved during the etching procedure. This can be explained by the SEM micrographs of sample B-10/1 in Figure 4a,e, where only a few PS beads can be observed at the surface of the as-sprayed granules, suggesting that most of the PS beads are trapped inside the mannitol matrix and cannot be reached by the ethyl acetate solvent.



As a complement to thermal analysis, the same set of samples were characterized by IR spectroscopy, following the approach used by Iskandar et al. (2009) [30] and Nandiyanto and Okuyama (2017) [29] for the hyaluronic acid/PS system. Selected wavenumber ranges of the attenuated total reflectance infrared (ATR-IR) spectra before and after etching are shown in the right-hand part of Figure 3 (see Figure S1 for typical complete spectra). In the ATR configuration, the evanescent IR beam probes only the top ~2 µm of the powder in contact with the diamond crystal and the PS content in the sample with 10:1 mannitol/PS ratio turned out to be too small to be detected, both in the as-sprayed state and after etching. This indicates that the absence of the characteristic PS peaks in the spectra of the etched 10:6 and 1:1 samples should not be considered sufficient proof of a successful etching and needs to be confirmed, as was done here and in Nandiyanto and Okuyama (2017) [29], by thermal analysis results.



The thermal analysis curves in Figure 2 and Figure 3 also provide information about the mannitol component of the granules: Figure 5 (left) plots the temperatures of the fusion and the decomposition of mannitol in the samples prepared with different mannitol/PS ratios. While the fusion temperature is hardly affected, the decomposition temperature decreases by about 40 °C when going from the mannitol-only spray-dried sample to the one prepared with a 1:1 mannitol/PS ratio. The heating rate and the sample masses used for the thermal analysis experiments were the same; therefore, the difference in decomposition temperature can be attributed to actual differences between the samples. The polymorphism was characterized by X-ray diffraction (Figure 5 DRX) and only α and β polymorphs were observed. The percentage of the thermodynamically favored β polymorph is plotted in Figure 5 (right): starting from 100% β polymorph in the mannitol-only spray-dried sample, the β content drops sharply as soon as PS beads are present in the spray-drying feedstock, suggesting that the surface of the PS beads could act as heterogeneous nucleation sites for the kinetically favored α polymorph. Comparing the evolution of the decomposition temperature in Figure 5 (left) and the percentage of β polymorph in Figure 5 (right) shows that polymorphism could be a factor contributing to the evolution of the decomposition temperature but that other effects must play a role. This is confirmed by the data for the commercial Pearlitol mannitol sample, which do not follow the trend. Finally, Figure 5 also shows that neither the decomposition temperature of mannitol nor its polymorphism are much affected by the etching procedure in ethyl acetate.
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Figure 5. Influence of the M/PS ratio on (left) the temperatures of fusion and decomposition of mannitol determined from TGA/DSC curves and (right) the percentage of the β polymorph, determined from XRD patterns (see Figure 6) for samples prepared with the lab-scale (Büchi) or the pilot-scale (Niro) spray-driers. The data for the commercial mannitol Pearlitol® is shown for comparison. Empty symbols correspond to the etched samples. The dashed lines are guides for the eye. 
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Figure 6. Influence of the M/PS ratio on the polymorphism of mannitol: XRD patterns of the spray-dried granules after etching (lab-scale Büchi spray dryer samples). 
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3.4. Influence of the Mannitol/PS Ratio on the Granule Microstructure


The SEM micrographs in Figure 4 show the evolution of the microstructure as a function of the mannitol/PS ratio. Micrographs of a sample with 1:2 mannitol/PS ratio prepared during preliminary tests are included here although this composition was not further investigated due to the irregular and fragile granule surface structure obtained after etching (Figure 4h). All the other samples are made up from partly agglomerated granules of roughly spherical shape. Table 1 lists the TGA-measured PS contents of these samples and finds them only slightly lower than the nominal ones, indicating that only a minor fraction of the PS beads are lost by attrition in the spray dryer (ending up in the back filter).



The granule size distributions, plotted as histograms of granule diameters measured on SEM micrographs (Figure 4i–l), are similar, with a modest broadening of the distribution towards larger sizes when the PS content increases. This suggests that the granule size is mostly controlled by the constant atomization parameters and the constant concentration of PS beads in this series of experiments (see Table 1). An explanation can be proposed by considering the transport phenomena taking place in the droplets during spray drying [16,50]: the granule size is established when the slowly moving PS beads come into contact with each other because the diffusion of liquid from the center to the surface of the shrinking droplets can no longer compensate for the solvent evaporation from the surface.



While the granule size seems to be dictated by the PS beads, the appearance of the granule surfaces in the SEM micrographs can be related to the mannitol concentration in the droplets, which decreases when the mannitol/PS ratio changes from 10:1 to 1:2 (see Table 1). For a mannitol/PS ratio of 10:1, the surface of the granules is mostly constituted of mannitol, with only a few visible PS beads (Figure 4a). This suggests that the precipitation of mannitol took place when the surface of the granules was still strongly impregnated by liquid. For the other samples, the lower mannitol concentration means that mannitol saturation (and hence precipitation) took place at a later stage of the droplet drying, so that the granules display exposed PS beads on their surfaces. The granules of the sample with an intermediate mannitol/PS ratio of 10:6 display surfaces where both behaviors co-exist (Figure 4b); the homogeneity of the PS bead distribution is much better for the mannitol/PS ratio of 1:1 (Figure 4c), while the highest mannitol/PS of 1:2 leads to such a low content of mannitol at the surface (Figure 4d) that the granules do not retain their spherical shape after etching (Figure 4h).



The micrographs of the etched granules (Figure 4e–h) confirm that ethyl acetate dissolves the PS beads in the samples where they are accessible from the surface through an interconnected network (see above, discussion of the thermal analysis results).



The results in this section cannot be compared in detail with the work of Nandiyanto et al. [29] and Iskandar et al. [30] on hyaluronic acid (HA)/PS beads because these authors used smaller beads (100 nm, 200 nm, 300 nm), lower concentrations (hence smaller granules with a diameter typically below 1 µm) and different ways of varying the HA/PS ratios. When keeping the HA concentration constant and decreasing the PS bead content, Nandiyanto et al. observed a decrease in the number of surface pores [29]. This is coherent with our results, where we kept the PS concentration constant and increased the mannitol concentration. More generally, our results on the mannitol/PS system confirm their conclusion that the “spray-drying + etching of PS beads” strategy is not limited to inorganic matrix materials and can be successfully applied to the preparation of the porous particles of organic compounds.




3.5. Upscaled Production for the 1:1 Mannitol/PS Ratio


Based on the results discussed in the previous section, the 1:1 mannitol/PS ratio was considered as the most suitable to obtain spherical granules with a good homogeneity of porosity. Therefore, granules with a 1:1 mannitol/PS ratio were produced in larger quantity in a pilot-scale spray dryer equipped with a two-fluid nozzle. In order to maintain a granule size similar to the granules prepared with the lab-scale spray dryer, the experimental parameters had to be adapted (see Table 1 and Table 2, N-1/1-TF sample): a higher concentration of the feedstock solution was required to achieve efficient drying at the higher liquid flow rate and was compensated by the smaller droplet size resulting from the higher atomization flow rate. As expected, due to the larger drying chamber, the yield (50%) was improved with respect to the values obtained with the Büchi lab-scale spray dryer (25%). A higher yield could probably be obtained for larger feedstock volumes.



The histogram of granule diameters in Figure 7a shows that the size range of the distribution is similar to the sample prepared in the lab-scale spray dryer (Figure 4k), although a larger proportion of granules seems to be found in the highest diameter zone of the range. This may explain why the distribution of the pores at the surface of the granules is less homogeneous (Figure 7b), while sufficient to ensure effective etching as seen in the thermal analysis curve (Figure 7c). Figure 5 shows that the shift to the pilot-scale spray dryer did not affect the fusion and decomposition temperatures of mannitol, or the percentage of β polymorph.



The pore distribution could have been optimized by fine-tuning the mannitol/PS ratio, possibly through a DoE (Design of Experiments) procedure. However, the preliminary tests of mixing the porous mannitol granules with the budesonide API revealed a severe agglomeration (Figure 7d), which would need to be solved before the porous mannitol granules could be considered for application as a fine porous excipient for DPI technology.




3.6. Larger Porous Granules Prepared with Rotary Nozzle Atomisation


As a complement to the experiments reported above for spray-drying conditions yielding granules with diameters < 5 µm, a solution with a 1:1 mannitol/PS ratio was also sprayed in the pilot-scale spray dryer equipped with a rotary nozzle. The larger droplet sizes and different trajectories in the drying chamber [51] offered by this atomization mode expand the panorama of possible microstructures for the 1:1 mannitol/PS ratio.



The histograms and SEM micrographs in Figure 8 reveal a broad distribution of granule diameters, especially for the granules collected at the bottom of the drying chamber (between 4 and 25 µm—Figure 8d) when compared to the granules collected at the bottom of the cyclone (between 3 and 12 µm—Figure 8a). The overall yield was about 20%, from which about 70 wt% was recovered at the bottom of the cyclone.



The micrographs of the etched granules in Figure 9 show that these spray-drying conditions result in a variety of microstructures and pore distributions. For the majority of the granules, only a fraction of their surfaces display open pores resulting from the etching of exposed PS spheres. As discussed in Section 3.4, the non-porous fraction of the surfaces probably corresponds to areas where the PS beads near the droplet surface were still impregnated by the solution when mannitol saturation was reached during spray drying [16,50]. A few broken spheres (marked with yellow arrows in Figure 9) reveal a thick, porous layer below the surface; the center of the largest amongst these spheres is occupied by a more disordered core including some large mannitol crystallites. A minority of granules, amongst the smallest ones, display a much more homogeneous distribution of surface pores (marked with light blue arrows in Figure 9) in agreement with the similar-sized granules obtained in the previous sections. Finally, a few large hollow granules, such as the one shown in Figure 9f, display open pores on their whole surface.



The SEM micrographs in Figure 8 and Figure 9 also reveal the presence of necks connecting the granules. The red arrow in Figure 8f points to one such neck, while several of the granules in Figure 8c,e display circular shallow craters that probably result from the breaking of such necks. Most of these observations suggest that these necks were created by the sticking together of still-wet granules and that the necks break easily to free the individual granules. However, in a few cases the degree of coalescence is more advanced, with the radius of the neck approaching that of the granules; an extreme case is that of the non-spherical granule in Figure 9e.



This microstructural inspection of the granules prepared with the rotary nozzle configuration confirms that larger droplet/granule sizes and the resultant change in surface/volume ratio require a modification of the mannitol/PS ratio to reach a good homogeneity of the distribution of the surface pores created by the etching of the exposed PS spheres. In its present state, the range of granule sizes prepared with the rotary nozzle configuration (3–25 µm) overlaps the ranges of fine (<10 µm) and coarse (20–100 µm) excipients. However, the fraction with the smaller granule diameters and narrower size distribution (i.e., the fraction collected at the bottom of the cyclone) was tested by mixing with 0.8 wt% budesonide API to check whether the severe agglomeration observed for the granules prepared in two-fluid mode would also be observed. As can be seen in Figure 9d, there was almost no agglomeration. Therefore, the budesonide content was measured by UHPLC in two aliquots taken from the formulation and values corresponding to 93.1% and 99.7% of the amount expected in the case of a perfectly homogeneous mixing were obtained. These preliminary tests are promising indications that the agglomeration problem could be solved and that the spray-dried porous granules could perform well as a porous fine excipient.





4. Conclusions


Porous mannitol granules with a diameter of about 2–3 microns were successfully produced by etching spray-dried composite granules of mannitol and polystyrene beads with ethyl acetate, an FDA approved solvent, in order to remove the polymer template. The lowest PS content (10:1 M:PS ratio) led to the encapsulation of most of the PS beads inside the mannitol matrix. Higher PS contents resulted in an open porous network after etching. In lab-scale conditions, the 1:1 M:PS ratio was found to provide the best homogeneity of porosity distribution, but the impact of other parameters (such as the droplet size) on the porosity distribution was evidenced when transferring to the pilot scale. The presence of the polystyrene beads in the spray-drying feedstock affected the polymorphism of mannitol (favoring the α polymorph) and its decomposition temperature in helium (decreasing by about 40 °C). The spray-drying configuration with a two-fluid nozzle yielded spherical porous mannitol granules with a diameter of about 2–3 microns (slightly larger for the pilot-scale system), which is in the suitable range for application as a porous fine excipient.
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Figure 1. (a) Schematic illustration of the apparatus used to produce the PS beads by surfactant-free emulsion polymerization and (b) distribution of hydrodynamic radius obtained with dynamic light scattering. 
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Figure 2. The SEM micrographs, TG and DSC curves (5 K/min in helium) for (a,e) PS beads, (b,f) spray-dried mannitol (B-1/0), (c,g) spray-dried granules with a mass ratio of mannitol to PS beads of 1:1 (B-1/1) and (d,h) the same granules after etching in ethyl acetate (B-1/1-E). The spray-dried samples shown in this figure were obtained with the lab-scale Büchi spray dryer. 
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Figure 3. Influence of the M/PS mass ratio on the etching efficiency: (a–c) TG–DSC curves (5 K/min in helium) of the spray dried granules before etching (black curves) and after etching (red curves); (d–l) zooms in three regions of the IR spectra of the spray-dried granules before etching (plain curves) and after etching (dashed curves), with the green-shaded areas highlighting characteristic PS vibrations: aromatic C–H stretching at 3025 cm−1, aromatic C=C stretching at 1500 cm−1 and 1600 cm−1 and aromatic C–H bending at 700 cm−1 [49]. The spray-dried samples in this figure were obtained with the lab-scale Büchi spray dryer. 
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Figure 4. Influence of the M/PS mass ratio on the granule microstructures: (a–d) SEM micrographs of spray-dried granules before etching; (e–h) SEM micrographs of spray dried granules after etching; (i–l) histograms of granule diameters before etching. The spray-dried samples shown in this figure were obtained with the lab-scale Büchi spray dryer. 






Figure 4. Influence of the M/PS mass ratio on the granule microstructures: (a–d) SEM micrographs of spray-dried granules before etching; (e–h) SEM micrographs of spray dried granules after etching; (i–l) histograms of granule diameters before etching. The spray-dried samples shown in this figure were obtained with the lab-scale Büchi spray dryer.
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Figure 7. Upscaling of the synthesis for the M:PS ratio = 1:1 composition in the Niro pilot-scale spray dryer with the two-fluid nozzle: (a) histogram of the granule diameters, (b) SEM micrograph of the granules after etching, (c) TGA/DSC curves before (in black) and after (in red) etching, (d) photograph of the agglomerated formulation after mixing with the budesonide API. 
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Figure 8. Histograms of granule diameters and SEM micrographs of as-sprayed granules prepared for the M:PS ratio = 1:1 composition in the Niro pilot-scale spray dryer with the rotary nozzle: (a–c) granules collected at the bottom of the cyclone (blue arrow on 8a); (d–f) granules collected at the bottom of the drying chamber (purple arrow on 8d). The red arrow highlights a neck between two granules. 
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Figure 9. (a–c,e–g) The SEM micrographs of etched granules prepared for the M:PS ratio = 1:1 composition in the Niro pilot-scale spray dryer with the rotary nozzle; (d) photograph of the formulation after mixing with the budesonide API. Figures corresponding to granules collected at the bottom of the cyclone or at the bottom of the drying chamber are outlined in dark blue and dark pink, respectively. The arrows highlight examples of granule microstructures discussed in the text. 
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Table 1. Overview of the M/PS granules obtained with different sets of synthesis conditions (M = mannitol, PS = polystyrene beads).






Table 1. Overview of the M/PS granules obtained with different sets of synthesis conditions (M = mannitol, PS = polystyrene beads).





	Label
	M/PS Ratio (w/w)
	Spray Dryer
	(Mannitol) (g/L)
	(PS Beads) (g/L)
	Expected PS

Content in Spray-Dried Granules
	TGA-Measured PS Content in Spray-Dried Granules
	Tmelting for Mannitol





	B-1/0
	1/0
	Büchi,

Two-fluid nozzle
	36
	0
	0 wt%
	Not applicable
	165



	B-10/1
	10/1
	Büchi,

Two-fluid nozzle
	33.6
	3.36
	9 wt%
	7.9 wt%
	165



	B-10/6
	10/6
	Büchi,

Two-fluid nozzle
	5.60
	3.36
	37.5 wt%
	34.9 wt%
	162



	B-1/1
	1/1
	Büchi,

Two-fluid nozzle
	3.36
	3.36
	50 wt%
	48.7 wt%
	160



	B-1/2
	1/2
	Büchi,

Two-fluid nozzle
	1.18
	3.36
	66.7 wt%
	-
	-



	N-1/1-TF
	1/1
	Niro,

Two-fluid nozzle
	20.18
	20.18
	50 wt%
	43.0 wt%
	161



	N-1/1-R
	1/1
	Niro,

Rotary nozzle
	20.18
	20.18
	50 wt%
	-
	162
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Table 2. Experimental parameters for the syntheses in the lab- and pilot-scale spray dryers.
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Spray-Drying Parameters

	
Büchi (Lab-Scale)

	
Niro (Pilot-Scale)




	
Two-Fluid Nozzle

	
Two-Fluid Nozzle

	
Rotary Nozzle






	
Inlet temperature (°C)

	
120

	
120

	
120




	
Outlet temperature (°C)

	
43

	
72

	
75




	
Atomization gas flow rate (m3/h)

	
0.6

	
6.7

	
6.7




	
Drying gas flow rate (m3/h)

	
29.4

	
67

	
67




	
Liquid flow rate (mL/min)

	
5

	
25

	
25




	
Injected volume (mL)

	
25

	
250

	
250




	
Typical experimental yield

	
25%

	
50%

	
20%
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